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Keratins are intermediate filament (IF) proteins of epithelial cells, expressed as pairs in a lineage/differentiation manner.
Hepatocyte and hepatoma cell IFs are made solely of keratins 8/18 (K8/K18), the hallmark of all simple epithelia. Cell
attachment/spreading (adhesion) and migration involve the formation of focal adhesions at sites of integrin interactions
with extracellular matrix, actin adaptors such as talin and vinculin, and signaling molecules such as focal adhesion kinase
(FAK) and member(s) of the protein kinase C (PKC) family. Here, we identify the novel PKC� as mediator of the K8/K18
modulation of hepatoma cell adhesion and migration. We also demonstrate a K8/K18-dependent relationship between
PKC� and FAK activation through an integrin/FAK-positive feedback loop, in correlation with a reduced FAK time
residency at focal adhesions. Notably, a K8/K18 loss results to a time course modulation of the receptor of activated
C-kinase-1, �1-integrin, plectin, PKC, and c-Src complex formation. Although the K8/K18 modulation of hepatocyte
adhesion also occurs through a PKC mediation, these differentiated epithelial cells exhibit minimal migrating ability, in
link with marked differences in protein partner content and distribution. Together, these results uncover a key regulatory
function for K8/K18 IFs in the PKC-mediated integrin/FAK-dependent adhesion and migration of simple epithelial cells.

INTRODUCTION

Keratins (Ks), the intermediate filament (IF) proteins of ep-
ithelial cells, constitute the largest family of cytoskeletal
proteins and are grouped into type I (K9-28) and type II
(K1-K8 and K71-K80) subfamilies (Schweizer et al., 2006).
Keratin IFs are obligate heteropolymers that include at least
one type I and one type II keratin, and they are coordinately
expressed as specific pairs in a cell lineage and differentia-
tion manner. For example, keratinocytes in the epidermis
(squamous epithelium) express the K5/K14 pair in the basal
layer and the K1/K10 pair in the upper layer upon terminal
differentiation (Coulombe and Wong, 2004). Cells of simple
(single-layered) epithelia, like those involved in the renewal
of the intestinal epithelium, express K7, K8, K18, K19, K20,
and K23 as different pair partners, with K8/K18 being a pair
common to all of them (Marceau et al., 2004; Omary et al.,
2009). Notably, K8 and K18 are the ancestral genes for the
multiple specialized type II and type I keratin classes, re-
spectively, and constitute the first keratin genes expressed in
the embryo (Oshima et al., 1996). Even though hepatocytes
progressively differentiate during development and un-
dergo maturation at the postnatal stage, they maintain K8
and K18 only (Marceau et al., 2001). Like all IF proteins, K8

and K18 consist of a central a-helical (rod) domain flanked
by N- and C-terminal globular “head” and “tail” domains
(Fuchs and Weber, 1994; Herrmann et al., 2004). Although IF
protein assembly into IFs takes place through heterodimer-
ization of rod domains (Coulombe and Omary, 2002), the
head and tail domains contribute to most of the structural
heterogeneity of IF proteins among tissues, and they serve
regulatory and functional purposes (Coulombe and Omary,
2002; Omary et al., 2006). In this regard, K8/K18 head and
tail domains contain phosphorylation motifs at serine sites
that are recognized by mitogen-activated protein (MAP)
kinases and also by protein kinase C (PKC) (Ridge et al.,
2005; Ku and Omary, 2006; Omary et al., 2006; Sivara-
makrishnan et al., 2009), and in turn changes in K8/K18
domain phosphorylation status modify their IF dynamics,
solubility, and organization (Omary et al., 2006). But con-
versely, K8/K18 IFs act as modulators of kinase and caspase
signaling pathways in hepatocytes (Toivola et al., 2001; Gil-
bert et al., 2004; Loranger et al., 2006; Gilbert et al., 2008), a
prominent functional trait that is in line with the genetic-
based evidence on the multifunctional features of K8/K18
IFs and their contribution to liver disease predisposition
(Omary et al., 2009). Of particular note, like other IF proteins,
K8/K18 seem to largely exert their functions through inter-
actions with associated proteins, such as plectin (Green et al.,
2005), a cytolinker that also possesses binding sites for actin
and microtubule-associated proteins (Rezniczek et al., 2004),
which makes it a key player in the integration of regulatory
and functional cytoskeleton-related events.

A tight control of cell adhesion and migration is crucial for
a wide variety of physiological and pathological processes,
such as embryogenesis, wound healing, and tumor metas-
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tasis (Lee and Juliano, 2004). These cellular processes mainly
occur through integrins, the heterodimeric (�/�) cell surface
receptors that mediate cell–extracellular matrix (ECM) in-
teractions (Geiger et al., 2001; Hynes, 2002). Integrin binding
to an ECM protein elicits signals that are transduced intra-
cellularly to regulate cell growth, migration, and survival;
conversely, integrin engagement is modulated by intracel-
lular signaling cascades leading to changes in attachment
and spreading efficiency (Hynes, 2002; Lee and Juliano,
2004). Cell migration actually involves cycles of cell attach-
ment to and detachment from ECM that require the dynamic
turnover (assembly and disassembly) of integrin-mediated
focal adhesions (FAs) (Caswell et al., 2009). In turn, there is
evidence indicating that FA disassembly occurs mainly
through a caveolin-1 (Cav-1)-regulated mechanism (Goetz et
al., 2008). Originally identified as a substrate for c-Src (Glen-
ney, 1989), Cav-1 has also been identified as a regulator of
Rho/Rho kinase-dependent FA dynamics and tumor cell
migration and invasion (Joshi et al., 2008). Still, as transmem-
brane components of FAs, integrins affiliate with ECM via
their extracellular domains and associate via their intracel-
lular domains with actin cytoskeleton adaptors such as talin
and vinculin, and with signaling molecules such as focal
adhesion kinase (FAK), a key partner of c-Src (Mitra and
Schlaepfer, 2006; Meng et al., 2009). In addition, PKC has
been found to play a pivotal role in integrin-mediated sig-
naling (Besson et al., 2002). PKC constitutes a 12-isoform
family of serine/threonine kinases that have been catego-
rized into conventional PKCs (�, �1, �2, and �), novel PKCs
(�, �, �, �, �, and 	), and atypical PKCs (
 and �), based on
their requirement or not for Ca2� and/or diacylglycerol
(DAG), and their differential activation by phorbol 12-my-
ristate 13-acetate (PMA), which acts as an alternative stim-
ulus to DAG (Parker and Murray-Rust, 2004). Depending on
cell type, different PKC isoforms are involved in integrin
engagement (Laudanna et al., 1998; Ng et al., 1999), and this
occurs through binding to anchoring proteins, such as re-
ceptor for activated C-kinase (RACK1), which regulates their
localization to specific subcellular compartments (Liliental
and Chang, 1998; Chang et al., 2002). Of note, RACK1 has
been shown to link novel PKC to �1-integrin and to be
required for glioma cell adhesion and migration (Besson et
al., 2002) and to affect keratinocyte migration in a plectin-
dependent manner (Osmanagic-Myers et al., 2006).

The ability of simple epithelial cells to migrate seems to be
linked to cell differentiation status and tissue homeostatic
features. For example, the renewal of the epithelium cover-
ing the intestine is characterized by stem cell production and
differentiation in the crypts, subsequent migration out of the
base of the villi and further migration as cohesive sheet of
differentiated cells to the tip of the villi where they are shed
by anoikis (Crosnier et al., 2006). The migrating cells tran-
siently adhere to an ECM, which composition varies differ-
entially along the crypt-villus axis, in an integrin-linked
kinase (ILK)-dependent manner (Gagné et al., 2010). In glan-
dular epithelia like liver, the hepatocyte differentiation starts
in the embryo as foregut endodermal cells migrate into the
new ECM environment of the surrounding mesenchyme;
already at that time, the liver mass constitutes a well defined
structure expressing typical glandular differentiated func-
tions (Lora et al., 1998). Although the surrounding matrix
remains of particular importance for the maintenance of
normal hepatocyte functions at the postnatal stage, varia-
tions in ECM deposition are not translated into hepatocyte
migration (Lora et al., 1998; Gkretsi et al., 2007). The devel-
opment of invasive hepatocellular carcinoma (hepatoma) is
associated with the capacity of the cancerous cells to form

metastatic nodules in the remaining liver parenchyma
through an intricate multiprocess cascade that includes dif-
ferential cell adhesion, migration and ECM proteolysis (Mi-
zuno et al., 2008). Thus, because hepatoma cells, like hepa-
tocytes, express solely the K8/K18 pair (Galarneau et al.,
2007; Bordeleau et al., 2008), the two cell types provide
models of choice to address the role of the K8/K18 pair by
itself as modulator of simple epithelial cell behavior, in-
cluding integrin-dependent adhesion and migration. In
this regard, we have found recently that K8-knockout
mouse hepatocytes and K8-knockdown H4-II-E-C3 (shK8b)
rat hepatoma cells exhibit a reduced capacity to spread on
fibronectin compared with their K8/K18-containing coun-
terparts, wild-type (WT) hepatocytes and H4ev cells (Galar-
neau et al., 2007). Here, the same liver epithelial cell models
were used to address the K8/K18 IF modulation of integrin-
dependent adhesion and migration of cancerous versus dif-
ferentiated simple epithelial cells on fibronectin, in terms of
cell adhesion/migration response to PKC activation/inhibi-
tion, PKC versus FAK phosphorylation, and interplay be-
tween RACK1, integrin and related partners. The results
indicate that PKC� works as a mediator of the K8/K18
modulation of hepatoma cell adhesion and migration, a
K8/K18 loss leading to perturbations in PKC� versus FAK
activations, PKC-dependent integrin/FAK feedback loop,
and RACK1/�1-integrin/plectin/PKC/c-Src complex for-
mation. Although a comparable K8/K18 modulation of the
adhesion occurs through a PKC mediation in hepatocytes,
these differentiated epithelial cells exhibit minimal migrat-
ing ability on fibronectin, in correlation with marked differ-
ences in binding partner content and distribution between
the two simple epithelial cell types.

MATERIALS AND METHODS

Reagents
Primary antibodies used were as follows: mouse monoclonal anti-Talin
(T3287) and anti-vinculin (V9131; Sigma-Aldrich Canada, Oakville, ON, Can-
ada); mouse monoclonal anti-RACK1 (sc-17754; Santa Cruz Biotechnology,
Santa Cruz, CA); mouse immunoglobulin (Ig)M anti-RACK1 (610178), rabbit
polyclonal anti-caveolin-1 (610060), mouse monoclonal anti-�1-integrin
(610467), anti-PKC� (610107), anti-PKC� (610397), and anti-FAK (610087; BD
Biosciences Pharmingen, Mississauga, ON, Canada); rabbit anti-phospho
Y397 FAK (44624G; Invitrogen, Burlington, ON, Canada); mouse monoclonal
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (10R-G109a;
Fitzgerald Industries, Concord, MA); mouse monoclonal anti-Src(L4A1)
(2110), rabbit polyclonal anti-PKC� (2058), anti-phospho-PKC�(Thr-505)
(9374), and anti-caveolin-1 (3238; Cell Signaling Technology, Danvers, MA);
rabbit polyclonal anti-PKC� (06–991) and anti-ILK (06-550-MN; Millipore,
Billerica, MA); Alexa Fluor 488 Armenian hamster IgG anti-mouse/rat �1-
integrin (102212; BioLegend, San Diego, CA); and rabbit polyclonal anti-
plectin, rat monoclonal anti-mouse K8, and mouse monoclonal anti-rat K8
(Galarneau et al., 2007). Secondary antibodies used were as follows: Alexa
488-goat anti-mouse IgG, Alexa 555-goat anti-mouse IgG, and Alexa-594-goat
anti-rabbit IgG (Invitrogen, Burlington, ON, Canada); Texas Red-goat anti-
mouse IgM (Jackson ImmunoResearch Laboratories, West Grove, PA); and
horseradish peroxidase-goat anti-rabbit IgG and anti-mouse IgG (Bio-Can,
Mississauga, ON, Canada). Fetal bovine serum (FBS) was purchased from
Wisent (Quebec, QC, Canada); green fluorescent protein (GFP)-FAK was
kindly obtained from Dr. L. H. Tsai (Harvard Medical School, Boston, MA),
GFP-Paxillin was from Dr. K. Jacobson (University of North Carolina, Chapel
Hill, NC), and GFP-vinculin was from Dr. B. Geiger (Weizmann Institute of
Science, Rehovot, Israel). Empigen BB, Src family inhibitor PP2 and PKC
inhibitors bisindolylmaleimide I (BIM) and Gö6976 (Gö) were purchased from
Calbiochem (Mississauga, ON, Canada). Small interfering RNA (siRNA)
against PKC� (Rn-Prkca-7 HP siRNA [SI03092348]), PKC� (Rn-Prkcd-5 HP
siRNA [SI03055073]), and PKC� (Rn-Prkce-6 HP siRNA [SI03059959]) were
purchased from QIAGEN (Mississauga, ON, Canada). All other chemicals
were from Sigma-Aldrich Canada.

Hepatocyte Isolation and Culture
Details on the establishment, maintenance, and genotyping of the K8-deficient
FVB/N mouse line were reported previously (Marceau et al., 2004). The
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experiments were performed according to the rules of the Laval University
Animal Care Committee. Hepatocytes were isolated according to a version of
the two-step collagenase method as described previously (Galarneau et al.,
2007). The cells were plates on fibronectin-coated 35-mm dishes in DME/F-12
modified medium supplemented with sodium selenite (5 	g/l), insulin (5
mg/l), transferrin (5 mg/l), streptomycin (100 	g/ml), and penicillin (100
U/ml). After a 3-h attachment period, the culture medium was replaced by
the same medium supplemented with dexamethasone (10�7 M) and epider-
mal growth factor (20 ng/ml). Cells were maintained in a humidified atmo-
sphere of 5% CO2, 95% air at 37°C.

Stable K8-Knockdown and Empty Vector H4-II-E-C3 Cells
Stable K8-knockdown (shK8b) and empty vector (H4ev) H4-II-E-C3 cells have
been generated by short hairpin RNA technique as described previously
(Galarneau et al., 2007). Cells were maintained in DMEM supplemented
with 10% FBS and neomycin at 37°C in a humidified atmosphere of 5%
CO2, 95% air.

Cell Attachment and Spreading
Attachment and spreading assays were performed as described previously
(Galarneau et al., 2007). In some experiments, cells were collected and incu-
bated for 30 min before seeding with dimethyl sulfoxide (vehicle) or with 100
nM PMA alone or in combination with 1 	M BIM or Gö.

Cell Migration
Two complementary assays were used to provide evaluations of collective cell
migration and single cell locomotion, respectively: collective cell migration
assay and single-cell locomotion assay.

Collective Cell Migration Assay. For H4ev and shK8b cells, scratch wounds
were created across the cell monolayer with a sterile plastic micropipette tip,
and the collective cell migration was assessed by phase-contrast images
captured at 10-min intervals over a 20-h period, as described previously
(Besson et al., 2002; Vomastek et al., 2007). WT and K8-null hepatocyte were
plated at a density of 1.5 � 105 cells/cm2 inside 0.22-cm2 Culture-Insert (Ibidi,
Martinsried, Germany). The culture-insert was removed after 24 h of culture,
and collective migration was assessed as described above. In some experi-
ments, the monolayer was pre-treated with BIM, Gö, PP2 (25 	M), and/or
PMA 30 min before the assay. Cell cultures were observed with a wide-field
digital imaging system (TE2000 inverted microscope [Nikon, Tokyo, Japan],
HQ CoolSNAP camera [Photometrics, Tucson, AZ], and MetaMorph software
[Moleculare Devices, Sunnyvale, CA]) equipped with an environmental
chamber. Phase-contrast images were captured at 10-min intervals over a 20-h
period, by using a 10�/numerical aperture (NA) 0.5 ph1 dry objective.

Single-Cell Locomotion Assay. A modified version of the procedure de-
scribed by Chon et al. (1997) was used. H4ev and shK8b cells were seeded at
a density of 104 cells/cm2 in dishes precoated with fibronectin, and then they
were allowed to attach and spread for 2 h, i.e., complete spreading. They were
then incubated for 30 min with the fluorescent probe calcein (1 	M), pre-
treated with BIM or Gö for an extra 30-min period, and then cell locomotion
was assessed using fresh medium containing the inhibitor in presence or
absence of PMA. Phase-contrast or fluorescence images were captured at
10-min intervals over a 3-h period, by using a 20�/NA 0.5 ph1 dry objective.
The cell locomotion was tracked using ImageJ software (National Institutes of
Health, Bethesda, MD). The procedure allowed us to assess the relative
contribution of PKC�, PKC�, and PKC� in mediating H4ev versus shK8b cell
migration. Accordingly, the locomotion of individual cells was measured
following a 48-h transfection with 25 nM control siRNA, PKC� siRNA, PKC�
siRNA, and PKC� siRNA. The transfections were performed with the Tran-
sIT-TKO transfection Reagent (MIR2154; Mirus, Madison, WI), according to
the manufacturer’s instructions; the PKC down-regulation was monitored by
Western blotting.

Western Blotting
Total proteins were extracted with preheated (90°C) 2� sample buffer (Gilbert
et al., 2001). Ten to 20 	g was subjected to SDS-polyacrylamide gel electro-
phoresis (PAGE) and electrotransferred onto a polyvinylidene difluoride
membrane. The blots were incubated with the primary antibody for 16 h at
4°C and then with the appropriate horseradish peroxidase-conjugated sec-
ondary antibody for 1 h at room temperature. Signal was revealed with the
SuperSignal West Pico kit (Pierce Chemical, Rockford, IL) or Chemilumines-
cent Peroxidase Substrate (Sigma Sigma-Aldrich Canada).

RACK1 Immunoprecipitation
Cells in suspension were prepared as described above for the spreading assay.
For protein extraction, 3,5 � 106 cells were allowed to attach on 15-cm dishes
precoated with fibronectin for the indicated time, and the proteins were
extracted as described previously (Liao and Omary, 1996) with Empigen BB
(Calbiochem, LaJolla, CA). Extracted proteins (300 	g) were precleared with

20 	l of protein G-Sepharose (GE Healthcare, Little Chalfont, Buckingham-
shire, United Kingdom) for 1 h at 4°C and then combined to 25 	l of protein
G-Sepharose precoated with 1 	g of RACK1 antibody followed by incubation
overnight at 4°C with agitation. Beads were recovered by centrifugation for 1
min at 10,000 � g at 4°C and washed three times with 500 	l of washing
buffer; the supernatant provided the flowthrough fraction. The beads were
suspended in 40 	l of SDS sample buffer and submitted to SDS-PAGE and
Western blotting.

Subcellular Proteome Extraction
The detergent-based extraction of proteins from the cytosolic (F1), mem-
brane/organelle (F2), nuclear (F3), and cytoskeletal (F4) fractions of H4 cells
or hepatocytes was performed with the ProteoExtract subcellular proteome
extraction kit (Calbiochem), according to the manufacturer’s protocol, as
described above; GAPDH (cytosol), superoxide dismutase-2 (mitochondria),
histone H3 (nucleus), and lamin/K18 (cytoskeleton) were used as fraction
markers (Mathew et al., 2008). Of additional note, the surface membrane
receptor Fas is present in F2 and F4 (Gilbert et al., unpublished data).

Confocal Cell Imaging

�1-Integrin. At 60-min postseeding, the cells were washed twice with phos-
phate-buffered saline (PBS) and then fixed for 10 min at room temperature
with 4% paraformaldehyde in PBS. Next, they were incubated 1 h at room
temperature with anti-�1-integrin Alexa 488-tagged antibody (1/100 in PBS).

Vinculin. At 60-min post seeding, the cells were washed twice with PBS, fixed
for 10 min at room temperature with 3.7% formaldehyde in PBS, followed by
methanol/acetone (3:7) for 5 min at �20°C. They were then incubated over-
night at 4°C with anti-human vinculin antibody (1/400 in PBS), followed by
1-h incubation with Alexa Fluor 488 anti-mouse IgG antibody at room tem-
perature.

RACK1, c-Src, PKC�, or PKC�. Cells were washed twice with PBS, fixed for
10 min at room temperature with 4% paraformaldehyde in PBS, followed by
permeabilization with 0.01% Triton X-100 (with 1% bovine serum albumin
[BSA] in PBS) at room temperature for 1 h. They were then incubated
overnight at 4°C with anti-RACK1 (1/100 in PBS), anti-c-Src (1/20 in PBS),
anti-PKC� (1/20 in PBS), or anti-PKC� (1/100 in PBS), and then for 1 h at
room temperature with Texas Red-goat anti-mouse IgM or Alexa-555 anti-
mouse IgG, respectively, with anti-�1-integrin Alexa 488-tagged antibody
(1/100 in PBS).

Plectin or K8. Cells were washed twice with PBS, fixed for 10 min at room
temperature with 3.7% formaldehyde in PBS, followed by methanol/acetone
(3:7) for 10 min at �20°C. They were then incubated successively overnight at
4°C with anti-plectin (1/50 in PBS) or with with anti-rat K8 (1/100 in PBS)
followed with Alexa Fluor 488 anti-rabbit IgG or with Alexa Fluor 647
anti-mouse IgG antibody, respectively, at room temperature with anti-�1-
integrin antibody (1/100 in PBS).

Talin. Cells were washed twice with PBS, fixed for 10 min at room temper-
ature with 3.7% formaldehyde in PBS, followed by methanol/acetone (3:7) for
10 min at �20°C. They were then incubated successively, overnight at 4°C
with anti-plectin (1/50 in PBS) or with anti-rat K8 (1/100 in PBS) followed
with Alexa Fluor 488 anti-rabbit IgG or with Alexa Fluor 647 anti-mouse IgG
antibody at room temperature, respectively, and in combination with anti-
�1-integrin antibody (1/100 in PBS).

Caveolin-1. At 48 h postseeding, the cells were washed twice with PBS and
fixed for 15 min at room temperature with 4% paraformaldehyde/PBS. Then,
samples were rinsed three times in PBS for 5 min and blocked for 60 min in
a blocking buffer (5% normal rabbit serum and 0.3% Triton X-100 in PBS).
Samples were incubated overnight at 4°C in a humid box with anti-rabbit
caveolin antibody diluted 1/200 in antibody dilution buffer (1% BSA and 0.3%
Triton X-100 in PBS), followed by a three-time washing in PBS for 5 min and
90-min incubation with Alexa Fluor 488 anti-rabbit IgG antibody at room
temperature in the dark.

After immunostaining, samples were rinsed three times in PBS and
mounted with a glycine buffer (0.2 M; pH 8.6) 50%/glycerol 50% mounting
medium. Images were captured with an FV1000 confocal system (Olympus
Canada, Markham, ON, Canada), using the 488, 543 and 633 nm excitation
laser lines and a 100�/1.40 NA oil immersion objective. Quantification of
protein colocalization after image acquisition was based on the calculation of
the Pearson’s r (Humphries et al., 2007). To that end, two captured images
were background subtracted, an overlay image was created, a threshold was
set to restrict the analysis to an FA region, and the r value was calculated by
using the Volocity software (Improvision/PerkinElmer, Woodbridge, ON,
Canada).
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Fluorescence Recovery after Photobleaching (FRAP)
Cells were transfected using the FuGENE HD Transfection Reagent (Roche
Diagnostics, Indianapolis, IN) following the manufacturer’s instructions.
Cells expressing GFP-FAK or GFP-vinculin were cultured at high density, and
scratch wounds were made across the monolayer. FRAP experiments were
performed with an FV1000 confocal system (Olympus Canada) equipped
with an SIM unit and an environmental chamber, according to a protocol
described previously (Goodwin and Kenworthy, 2005). Photobleached re-
gions consisted of a rectangular region (2 	m wide) enclosing a selected FA
at the migrating front. Fluorescence within the region was measured at low
laser power before bleaching and then photobleached with five iterations at
405 nm by using the SIM unit at 100% laser power. Recovery was monitored
at 488 nm at 0.5-s time intervals for 50 s for GFP-FAK, 90 s for GFP-paxillin,
and 120 s for GFP-vinculin. In some experiments, cells expressing GFP-FAK
were pretreated with 1 	M BIM. Fluorescence during recovery was normal-
ized to the prebleach intensity and for the bleaching occurring during image
acquisition, as described previously (Goodwin and Kenworthy, 2005). Rela-
tive recovery rates were computed with the Prism (GraphPad Software, San
Diego, CA). The half-time for fluorescence recovery toward the asymptote
was extracted from the plots after curve fitting of the data to a single
exponential association algorithm.

Quantification of FA Dynamics
A modified version of an adhesion dynamics assay (Webb et al., 2004) was
used to measure FA disassembly rate. In brief, an Ultraview Spinning Disk
imaging system (PerkinElmer) was used to perform time-lapse imaging on
cells expressing GFP-FAK or GFP-paxillin. The fluorescence of individual FA
was measured as function of time with the Volocity software, and the back-
ground fluorescent intensity subtracted. No bleaching was observed during
the assay. The disassembly dynamics of FAK- and paxillin-containing FAs
was reported on a semilogarithmic plot of the fluorescence intensity as
function of time. The disassembly rates were computed from the slope of the
linear regression on these graphs with the Prism software. Each disassembly
rate constant was calculated from measurements performed on 12–15 indi-
vidual FAs in five cells.

Statistical Analysis
Two groups of data were compared by performing a t test statistical analysis
using Matlab software (The Mathworks, Natick, MA). A p value �0.05 is
considered statistically significant.

RESULTS

PKC Requirement in the Differential Adhesion of H4ev
and shK8b Cells
We have shown previously that both K8-null hepatocytes
and shK8b cells attach more efficiently but spread more

slowly on fibronectin than their counterparts, namely, WT
hepatocytes and H4ev cells (Galarneau et al., 2007). These
�5/�1-integrin-dependent processes occurring at FAs have
been reported to depend on PKC-mediated signaling events
(Ng et al., 1999; Besson et al., 2002). As shown in Figure 1A,
nontreated shK8b cells attached more efficiently than H4ev
cells during the first 10-min period, and a pretreatment with
BIM, an inhibitor of both conventional and novel PKCs, led
to a threefold reduction in H4ev cell attachment on fibronec-
tin, whereas a pretreatment with Gö, an inhibitor of conven-
tional PKCs only, had no significant effect. However, BIM or
Gö did not significantly affect the spreading of H4ev and
shK8b cells, respectively (Figure 1B). But upon addition of
PMA, an activator of conventional and novel PKCs, we
observed a significant increased spreading of H4ev cells, but
not of shK8b cells as result of the K8/K18 loss (Figure 1B).
Notably, this H4ev cell PMA spreading induction was in-
hibited by a pretreatment with BIM (Figure 1B), whereas Gö
was unable to provide a complete reduction in spreading.
Moreover, in line with our previous fluorescence-activated
cell sorting data (Galarneau et al., 2007), �1 integrin immu-
nostaining on nonpermeabilized cells revealed a comparable
integrin exposure at the surface of H4ev versus shK8b
cells (Figure 1C), meaning that the reduction in shK8b cell
spreading was not due a difference in integrin recruitment
at FAs.

The tandem adaptor talin/vinculin, known to link inte-
grins to actin, has been shown to orchestrate the formation
and distribution of FAs (Geiger et al., 2001; Humphries et al.,
2007). Using vinculin as a FA marker, we have reported
before that the K8/K18 loss perturbed the FA status in
spreading hepatocytes (Galarneau et al., 2007), and our data
in spreading hepatoma cells provided similar FA perturba-
tions (Supplemental Figure S1). We thus examined to which
extent this K8/K18 modulation of the FA distribution occurs
through a PKC mediation. As shown in Supplemental Fig-
ure S1, a PKC stimulation with PMA had minimal effect on
the FA size but resulted to a FA alignment at the margin of
both H4ev and shK8b cells, which was reversed by BIM but
not Gö. Together, these results indicate that the K8/K18

Figure 1. PKC requirement in the K8/K18
modulation of hepatoma cell attachment and
spreading. H4ev and shK8b cells were main-
tained in serum-free media for 24 h before cell
dispersion and subsequent seeding in fi-
bronectin-coated dishes. (A) Cell attachment
was assayed in absence (C) or presence of BIM
(B) or Gö (G). Cells were fixed at 10-min post-
seeding time, and attached cells were counted
in 10 randomly chosen fields per dish. The
number of attached cells at 1 h, in absence of
inhibitor, was taken as 100%, based on our
previous published data (Galarneau et al.,
2007) (B) Cell spreading was assayed in ab-
sence (C) or presence of BIM (B), Gö (G), PMA
(P), or in combination with BIM (P�B) or Gö
(P�G). Cells were fixed at 60 min postseeding,
and the area of at least 36 cells per time point
was calculated. The graph shows the mean cell
surface (%) values in reference to H4ev cell
surface (100%). (C) DIC image of H4ev and
shK8b cells fixed at 1 h postseeding and cor-
responding wide field fluorescence images of
Alexa Fluor 488 anti-�1-integrin. The mean
values � SEM of three independent experi-
ments, plus the p values �0.05, are provided.
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modulation of hepatoma cell spreading does not occur
through direct structural changes at FAs, but probably
through a novel PKC mediation of integrin signalization and
related FA dynamics.

PKC-mediated Differential Migration of H4ev versus
shK8b Cells
In addition to their role in cell spreading, there is ample
evidence for a key involvement of PKCs in the regulation of
integrin-dependent cell migration (Buensuceso et al., 2001;
Besson et al., 2002; Vomastek et al., 2007). We thus sought to
assess to which extent the K8/K18 loss affects hepatoma cell
migration and whether it occurs through a novel PKC me-
diation. We first examined cells migrating collectively, by
using the scratch-wound assay. As shown in Figure 2, A and
B, compared with H4ev cells, shK8b cells exhibited a slower
migration during a 20-h period, implying that K8/K18 con-
tribute to the induced migration of hepatoma cells. More-
over, in light of the above-mentioned data on cell spreading,
we assessed the migration of H4ev versus shK8b cells with
or without PMA, in the presence or absence of BIM or Gö.
As shown in Figure 2B, a pretreatment with BIM alone
resulted in a significant reduction in H4ev but not shK8b cell
migration. In parallel, a PMA pretreatment amplified the dif-
ferential migration response of H4ev versus shK8b cells, which
was significantly inhibited by BIM but not by Gö (Figure 2B).
These data can be visualized in the attached videos (Fig
2B_H4ev.mov, Fig 2B_shK8b.mov, Fig 2B_H4evPMA.mov,
and Fig 2B_shK8bPMA.mov). It is worth noticing that no cell
death occurred during the spreading process. By combining
these results with the cell attachment/spreading data (Figure
1), we concluded that a novel PKC(s) mediates the K8/K18
modulation of hepatoma cell adhesion and migration.

Of particular note, because c-Src constitutes an interme-
diary regulator of cell migration (Wu et al., 2008), we
assessed its requirement in PKC-mediated migration of
H4ev versus shK8b cells. As shown in Supplemental Fig-
ure S2, a pretreatment with PP2, a Src family inhibitor, led
to a migration reduction to identical levels for both cell
types. In addition a PP2 pretreatment in presence of PMA
in this case yielded a return at control levels, i.e., not at
the level of PP2 alone. Our interpretation is that the
differential PKC-mediated migration is in part c-Src inde-
pendent.

PKC� as Preferential Mediator of the K8/K18 Modulation
of H4 Cell Adhesion/Migration
Although BIM and Gö are quite reliable as tools for evalu-
ating the contribution of conventional versus novel PKCs in
cell adhesion and migration, the available chemical inhibi-
tors that have been proposed to distinguish PKCs within
each subfamily are not necessarily reliable. Moreover, the
wound-scratch assay implies a 20-h cell locomotion of not
only cells at the migration front but also those behind in the
monolayer, which may respond differently to PKC inhibi-
tion. So, to address these technical limitations, we used
siRNA-mediated knockdown procedure to assess the rela-
tive capacity of PKC�, PKC�, and PKC� in mediating H4ev
versus shK8b cell migration, by using a single-cell locomo-
tion assay at the 3-h postseeding period, at which time the
cells are fully spread. As expected, under control conditions
H4ev cells and shK8b cells exhibited a similar locomotion in
term of travel distance, i.e., between the starting and final
points (Figure 3, A, B, and E). Moreover, the addition of BIM
slightly increased the H4ev cell travel distance, whereas Gö
exerted a low stimulation on shK8b cell travel distance (Fig-
ure 3E). A PMA pretreatment increased preferentially the

travel distance of H4ev cells over shK8b cells (Figure 3, C–E).
However, for both cell types, the PMA-induced distance was
inhibited by BIM, but not Gö (Figure 3E). As shown in
Figure 3F, efficient knockdowns of PKC�, PKC�, and PKC�
were obtained at 48 h posttransfection. The PKC� knock-
down had no effect on the migration of either H4ev or shK8b
cells (Figure 3G). The PKC� knockdown led to a massive
reduction in the PMA-stimulated migration of H4ev cells,

Figure 2. PKC requirement in the K8/K18 modulation of collective
hepatoma cell migration. Scratch wounds were made in confluent
cultures of H4ev and shK8b cells. (A) Phase-contrast images were
taken immediately after scratching (0 h) and at 20 h postscratching.
Cells were pretreated with vehicle (control) or PMA. (B) Quantifi-
cation of the wound closure at 20 h postscratching of cells pretreated
with vehicle (C), BIM (B), Gö (G), PMA (P), PMA � BIM (P�B), or
PMA � Gö (P�G). The mean values � SEM of three independent
experiments, plus the p values �0.05, are provided.
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but not of shK8b cells (Figure 3H). In comparison, the PKC�
knockdown did not lead to a significant reduction in the
PMA-stimulated migration of H4ev cells, but not of shK8b
cells (Figure 3I). Overall, the data indicated that although
PKC� was required for the migration of H4ev cells, the
K8/K18 loss rendered the migration of shK8b cells PKC�
independent.

PKC Mediation of FAK Activation in Adhering H4ev and
shK8b Cells
PKC� activation is a rather complex process that involves a
series of sequential phosphorylations, including a PDK1 or
PKC�-dependent activation-loop phosphorylation on Thr-
505, which in turn plays a distinctive role in generating a
fully competent form of activated PKC� (Rybin et al.,

2007). So, using Thr-505 phosphorylation as an activation
event, we assessed the PKC� activation kinetics in adher-
ing H4ev and shK8b cells. Notably, a relatively high PKC�
activity was detected in both cell suspensions followed by
a 60 – 80% drop during the first 10- to 20-min attachment,
and a subsequent small increase activity that reached a
maximum at 60 min in H4ev cells and a gradual slight
increase over the 120-min spreading period in shK8b cells
(Figure 4, A and B). However, a PMA pretreatment led to
higher PKC� activation with a maximum at 60 min in both
cell types, with no significant increase (p � 0.05) on the
PKC� phosphorylation in shK8b cells (Figure 4, A and C).
As expected, the presence of BIM brought the differential
PKC� phosphorylation levels back to those observed in
the non-PMA–treated cells.

Figure 3. PKC requirement in the K8/K18
modulation of single-hepatoma cell locomo-
tion. (A–D) Phase-contrast images of the cell
locomotion were taken during 3 h after treat-
ment with vehicle (A and B, respectively) and
PMA (C and D). The dotted lines correspond
to the locomotion paths during the 3-h period.
Insets in C and D show migrating cells with
lamellipodia. (E) Histograms showing the
mean travel distance � SEM (linear gap be-
tween white dot and star in A–D) calculated
for 60 cells per experiment. Cells were treated
with vehicle (Control, C), BIM (B), Gö (G), PMA
(P), PMA � BIM (P�B), or PMA � Gö (P�G).
(F) Western blotting on total cell extracts pre-
pared from H4ev and shK8b showing the dim-
inution in protein content of PKC� (�), PKC�
(�), or PKC� (�) at 48 h posttransfection of the
respective siRNA. C, control siRNA. (G) His-
togram showing the mean travel distance of
H4ev and shK8b cells transfected with control
siRNA (C) or with PKC� siRNA (�) and fur-
ther treated with PMA (P). (H) Histograms
showing the mean travel distance of H4ev and
shK8b cells transfected with control siRNA (C)
or with PKC� siRNA (�) and further treated
with PMA (P). (I) Histogram showing the
mean travel distance of H4ev and shK8b cells
transfected with control siRNA (C) or with
PKC� siRNA (�) and further treated with PMA
(P). The p values �0.05 are provided; *p � 0.01
relative to control.

K8/K18-PKC in Migrating Hepatic Cells

Vol. 21, May 15, 2010 1703



FAK activation, as monitored by its autophosphorylation
at Tyr-397, reflects a primary signaling step triggered by
�1-integrin engagement on fibronectin (Hamadi et al., 2005).
We thus used this signaling endpoint in an attempt to po-
sition the K8/K18 modulation of the PKC-mediated signal-
ing of the hepatoma cell spreading. As shown in Figure 4, D
and E, the integrin engagement induced an FAK activation
that started at 20 min postseeding and peaked at 30 min in
H4ev cells and at 60 min in shK8b cells. Of note, the FAK
content also was reduced in shK8b cells (Figure 4D), which
is in line with our previous report revealing a reduction in
plectin and �1-integrin expression at shk8b cell surface,
along with a 20% reduction in total protein (Galarneau et al.,
2007). In addition, previous work on cultured muscle cells
has indicated that PKC is involved in a positive feedback
loop of the integrin/FAK-dependent signaling, a cycle that

seems to be essential for cell spreading (Disatnik and Rando,
1999). Notably, in line with the above-mentioned PKC� ac-
tivation kinetics, a PMA pretreatment led to a stronger but
transient FAK activation with the maximum remaining at 60
min in shK8b cells, with little additional effect on the FAK
response in H4ev cells (Figure 4, D and F). Intriguingly, as
observed with the PKC� kinetics, the relative increase in
FAK Tyr-397 level was higher in shK8b cells than in H4ev
cells, in spite of their slower spreading (Figure 1B), suggest-
ing a dysfunctional PKC�/FAK signaling as result of the
K8/K18 loss. Nevertheless, the presence of BIM led to a return
in the differential FAK phosphorylation observed in the non-
PMA–treated H4ev versus shK8b cells. Overall, the data con-
firm that a signaling link exists between PKC� and FAK in H4
hepatoma cells and that a K8/K18 loss perturbs the PKC con-
tribution to the integrin/FAK positive feedback loop.

Figure 4. PKC� and FAK activations in spreading H4ev and shK8b cells. Western blotting on total protein extracts from H4ev (H) and shK8b
(S) cells at indicated postseeding times on fibronectin. (A) PKC� phosphorylation on Thr-505 and (D) FAK phosphorylation on Tyr-397 (FAK;
p-FAK) in presence of vehicle (control), PMA, or PMA � BIM. H4ev and shK8b densitometric quantifications of PKC� (B and C) and FAK
(E and F) phosphorylation levels normalized over the total respective PKC� and FAK levels at 2 h postspreading, in absence (B and E) or
presence of PMA and PMA � BIM (C and F). GAPDH was used as loading control. The mean densitometric values � SEM of three
independent experiments are provided. *p � 0.05 for H4ev versus shK8b, and H4ev � PMA versus shK8b � PMA conditions.
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FAK Residency at FAs in Migrating H4ev and shK8b Cells
In light of the above-mentioned data showing that the K8/
K18 loss perturbed FAK activation and protein levels during
H4 cell spreading, and considering that cell spreading con-
stitutes a primary event associated with remodeling and
reorganization of FAs upon cell migration (Hamadi et al.,
2005), we extended our FAK analysis to assess its residency
at FAs during H4ev versus shK8b cell migration. Remark-
ably, measurements of the recovery half-time after photo-
bleaching (FRAP analysis) of GFP-FAK yielded an average
value of 4.3 s in H4ev cells, compared with 1.2 s in shK8b
cells, implying that the reduced migration of these K8/K18-
lacking hepatic epithelial cells was associated with a greater
FAK turnover (Figure 5, A, B, and E). Paxillin, an important
partner of FAK signaling, can be recruited to FAs indepen-
dently of FAK by vinculin (Humphries et al., 2007). We thus
assessed the dynamics of this protein to determine the spec-
ificity of the K8/K18 action on FAK residency. As shown in

Figure 5, D and E, FRAP measurements on paxillin revealed
a minimal but not significant K8/K18-dependent reduction
in the paxillin recovery half-life, with values of 8.2 and 6.8 s
at FAs of H4ev and shK8b cells, respectively. Moreover, in
support of the primary role of vinculin in FA formation
(Humphries et al., 2007), the present FRAP measurements of
vinculin residency yielded much longer, and again with no
K8/K18-dependent effect on the recovery half-times, respec-
tive values of 18.3 and 19.2, at H4ev and shK8b cell FAs
(Figure 5, C and E). Moreover, parallel measurements of FA
turnover during a 20-min period, by using either GFP-FAK
or -paxillin and time-lapse confocal imaging, revealed a
one-third reduction in the disassembly rate in shK8b cells
(Supplemental Figure S3), implying a perturbation in the FA
dynamics as result of the K8/K18 loss. Finally, in light of the
above-mentioned data on the K8/K18 modulation of FAK
residency and the previous data on cell attachment and FAK
activation (Figures 1A and 4), we extended our PKC inhibi-

Figure 5. Residency of FAK, paxillin, and
vinculin at FAs in spreading H4ev and shK8b
cells. (A) Confocal live cell images of H4ev
(left) and shK8b (right) cells expressing GFP-
FAK were taken before photobleaching the re-
gions of interest (ROIs) (white squares) con-
taining FAs. Time-lapse sequence (below, in
seconds) of the selected ROIs show recovery
after photobleaching for H4ev cells (ev, top
row) and shK8b cells (K8, bottom row). PB,
prebleach; AB, immediately after photobleach-
ing. Kinetics of recovery of GFP-FAK (B), GFP-
paxillin (C), and GFP-vinculin (D) after photo-
bleaching of FAs from H4ev (top) or shK8b
(below) cells is illustrated. The measured flu-
orescence intensity in eight independent ROIs
per cell type was normalized and the mean
values � SEM are shown. The histogram in E
depicts the recovery half-time � SEM obtained
from FRAP analyses of GFP-FAK (FAK), GFP-
paxillin (Pax), and GFP-vinculin (Vinc) in
H4ev and shK8b cells. The histogram in (E)
depicts the recovery half-time � SEM obtained
from FRAP analyses of GFP-FAK in cells pre-
treated with vehicle (C) or BIM (B).
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tion analysis to the FRAP recovery half-life measurement.
Interestingly, the use of BIM reduced FAK residency in FAs
to 2.8 s in H4ev cells, whereas it was maintained �2.0 s in
shK8b cells (Figure 5F). Thus, the K8/K18 loss impairs the
PKC-mediated FAK recruitment/stabilization at FAs, con-
sistent with impaired shK8b cell spreading. Together, these
data confirm the preponderance of PKC-FAK signaling over
vinculin/actin coupling as intermediary in the K8/K18-de-
pendent modulation of integrin-mediated spreading and
migration in hepatoma cells.

RACK1/�1-Integrin/Plectin/PKC/c-Src Interplay in
Spreading H4ev and shK8b Cells
RACK1 is known to provide a link between PKC and �1-
integrin in cultured glioma cells (Besson et al., 2002) and to
interact with plectin during cell adhesion (Osmanagic-My-
ers and Wiche, 2004) and, as mentioned above, plectin binds
to different types of IF proteins, including K8/K18 (Reznic-
zek et al., 2004). We thus examined the time/composition
differences in RACK1, �1-integrin, plectin, PKC�, PKC�,
and PKC� complex formation in H4ev versus shK8b cells.
To that end, proteins from whole H4ev and shK8b cell
lysates taken at different postseeding time points were
solubilized with Empigen, RACK1 was immunoprecipi-
tated and the flowthrough kept, and then the binding part-
ners were identified by Western blotting. Of note, the blotting
data from the flowthrough indicated that all the proteins
were solubilized at comparable levels, respectively, at all
time points (Figure 6A). As shown in Figure 6B, we con-
firmed that RACK1 was present in the isolated complexes
from both cell populations at all time points. Intriguingly,
although �1-integrin was present only at time 0 in H4ev
cells, it remained present at the subsequent time points in
shK8b cells, with a maximum occurring at 20 min postseed-
ing. Plectin was found at a low level in the immunoprecipi-
tation (IP) complex at all time points in both cell popula-
tions. PKC� largely matched the time-dependent content of
�1 integrin in the IP complex. PKC� and PKC� were both
predominant at time 0 in H4ev cells, but PKC� was essen-
tially excluded of the complex at any postseeding periods in
shK8b cells. Moreover, in line with a previous report showing
its capacity to bind RACK1 (Mamidipudi et al., 2007), c-Src was
present in the complex during the first 60 min postseeding in
H4ev cells, whereas it peaked at 10–20 min in shK8b cells.
However, despite the use of an Empigen-based procedure,
which has been shown to solubilize large amounts of keratins

(Liao and Omary, 1996), essentially no K8 was coimmuno-
precipitated with this complex. However, the use of the
same immunoprecipitation protocol with a radioimmuno-
precipitation assay buffer demonstrated the presence of K8/
K18 in the RACK1-containing complex (data not shown),
indicating that K8/K18 are complex partners. Still, it re-
mains that the immunoprecipitation was performed on de-
tergent-soluble protein preparations from whole cell lysates.
So, we used a confocal imaging-based procedure to verify
the extent to which the immunocomplex partners were ac-
tually detectable at FAs. To that end, we used �1-integrin
and talin as FA makers and first confirmed that a coimmu-
nolocalization of talin and �1-integrin indeed occurred at
FAs in both H4ev and shK8b cells (Figure 7A). Then, we
compared the localization of RACK1, PKC�, PKC�, c-Src,
plectin, and K8 with that of �1-integrin at FAs. Quantifica-
tion of colocalization in image overlays was performed
based on the calculation of the Pearson’s r. Using talin as a
reference FA protein that directly binds �1-integrin and
considering 1 as a perfect correlation, the 0.6 values for
PKC�, c-Src, plectin, and K8 reflected very good colocaliza-
tions at FAs (Figure 7B). Even though the 0.45 coefficient
value for RACK1/�1-integrin indicated less colocalization,
�1-integrin was immunoprecipitated with RAKC1, meaning
that although RACK1 localized at FAs, a much larger frac-
tion remained in the cytoplasm. In the same way, a localiza-
tion of the other complex partners at FAs did not exclude
their presence in the intracellular compartments. On the
overall, the main findings are that a RACK1–plectin–PKC–
c-Src interplay occurs in H4ev cells and that a K8/K18 loss
in shK8b cells results to alteration of the complex assembly.

K8/K18 Modulation of PKC-mediated Integrin-dependent
Adhesion in Nonmigrating Hepatocytes
We have reported before that, as in the case of hepatoma
cells, K8-null hepatocytes attach more efficiently but spread
more slowly on fibronectin than WT hepatocytes (Galarneau
et al., 2007). On these grounds, we have assessed the extent
to which the K8/K18 modulation was occurring through a
PKC mediation. As shown in Figure 8A, we first confirmed
that nontreated K8-null hepatocytes attached more effi-
ciently than WT hepatocytes during the first 30-min period,
and then we found that a pretreatment with BIM or Gö led
to no significant reduction in hepatocyte attachment. More-
over, PMA yielded a 1.9- and 1.5-fold enhancement in WT
and K8-null hepatocyte spreading, respectively (Figure 8B),

Figure 6. Complex formation between RACK1, �1-integrin, plectin, PKCs, and Src in spreading H4ev and shk8b cells. Cells were
maintained in serum-free media for 24 h before their seeding on fibronectin, proteins were solubilized with Empigen, RACK1 was
immunoprecipitated, and the flowthrough was kept. (A) Western blotting with antibodies against �1-integrin, plectin, PKC�, PKC�, PKC�,
Src, and K8 in the flow through from the RACK1 immunoprecipitates at the indicated postseeding times. (B) Western blotting with antibodies
against the corresponding proteins, after RACK1 immunoprecipitation (IP: �RACK1).
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and notably this PMA spreading induction was readily in-
hibited by a pretreatment with BIM or Gö, suggesting a
predominant PKC� involvement (Figure 8B). As expected,
both WT and K8-null hepatocytes constitute nonmigrating
simple differentiated epithelial cells (Figure 8, C and D).
Hepatocyte motility can be visualized in the attached video
(Fig 8C_WT.mov, Fig 8C_K8n.mov, Fig 8C_WTPMA.mov,
and Fig 8C_K8nPMA.mov). Still, in line with the data we
have reported previously (Galarneau et al., 2007), the kinet-
ics of FAK phosphorylation matched with the reduced
spreading of K8-null hepatocytes (Figure 8E). Little variation
was detected in FAK content in either WT or K8-null hepa-
tocytes. However, unlike with hepatoma cells, a PMA pre-
treatment led to a difference in FAK phosphorylation only at
60 min between WT and K8-null hepatocytes. The presence
of BIM led to a return in the differential FAK phosphoryla-
tion observed in the non-PMA–treated hepatocytes.

RACK1, �1-Integrin, Plectin, PKCs, c-Src, and K8
Distributions in Subcellular Fractions
Because the IP results indicate that the nature of the deter-
gent can affect the cohesive formation of the protein complex
and because the fluorescence images of the proteins localiz-
ing at FA cannot exclude their presence in the intracellular
space in H4ev and shK8b cells (Figures 5–7), we used the
subcellular proteome extraction assay we had described pre-
viously (Mathew et al., 2008) to document the relative dis-
tributions RACK1, �1-integrin, plectin, PKCs, c-Src and K8,
respectively, among the cytosolic (F1), membrane/organelle
(F2), nuclear (F3), and cytoskeletal (F4) fractions. Our initial
attempts to perform the fractionation on adhering cells
turned out to be nonfeasible, so we decided to use H4 cell
suspensions and monolayers, the two “initial” conditions for
cell adhesion and scratch-induced migration, respectively
(Figure 9A). The content of each protein also was assessed in
whole cell extracts. For example, in line with our previous
data on adhering H4ev and shK8b cells (Galarneau et al.,
2007), we found that the content of plectin was lower in
shK8b than in H4ev cells under both the suspension and
monolayer conditions (Figure 9A). Although a little differ-
ence in total �1-integrin levels was found in H4ev versus
shK8b cells under the suspension condition, its total level
was slightly higher in shK8b cells under the monolayer
condition. Nevertheless, under the suspension condition, we
uncovered a predominant restriction of RACK1 in F1 in
H4ev and shK8b cells, a lower �1-integrin level in F2 in
shK8b versus H4ev cells, and a large portion of plectin in F2
in H4ev cells compared with F1 and F2 in shK8b cells. In
addition, we found a larger PKC� proportion in F2 in H4ev
cells and comparable c-Src in F1 and F2 in both H4ev and
shK8b cells. Under the monolayer condition, RACK1 was
distributed in F1 and F2, whereas �1-integrin was essentially
restricted to F2 in both H4ev and shK8b cells, with a higher
level in shK8b cells. Plectin was predominantly found in F4,
the most insoluble fraction containing K8 as well. Although
PKC� was largely found in F1, the cytosolic fraction, PKC�
and PKC� were distributed in different proportions between
F1 and F2 in both H4ev and shK8b cells. Finally, c-Src was
distributed among F2, F3, and F4 in a comparable manner
between the two cell monolayers. So, we consider that the
differential intracellular distributions we observe here for
RACK1, �1-integrin, plectin, PKC, and c-Src probably apply
to adhering and migrating H4ev and shK8b cells. In this
context, we extended our proteome analysis to adhering but
nonmigrating hepatocytes (Figure 9B). Of note, the content
of �1-integrin, was lower in K8-null than in WT hepatocytes
under both the suspension and monolayer conditions. In the
same way, as reported before for adhering hepatocytes (Ga-
larneau et al., 2007), the K8/K18 loss led to a lower total
plectin content under either the suspension or monolayer
condition. Under the suspension condition, the main pro-
teome finding was a restriction of RACK1 to F1 and �1-
integrin to F4 in both WT and K8-null hepatocytes. Under
the monolayer condition, RACK1 was essentially found in
F2 and F3 in both WT and K8-null hepatocytes. Moreover,
the presence of �1-integrin in F2 and PKC� in F1/F2 was
more pronounced in K8-null hepatocytes, whereas PKC�
and PKC� were largely restricted to F1, and c-Src was found
at comparable levels in all fractions. Still, it seems that the
observed disparity in the ability of hepatocytes versus hep-
atoma cells to migrate cannot be explained by differences in
the subcellular distributions of these integrin-dependent sig-
naling molecules.

Figure 7. Colocalization of �1-integrin with talin, RACK1, plec-
tin, PKCs, Src, and K8 in spreading H4ev and shk8b cells. (A) Cell
were allowed to spread for 1 h and then fixed and colabeled with
�1-integrin antibody and the corresponding antibody for the
second protein. Images were captured with a FV1000 confocal
system. (B) The Pearson’s colocalization r of each protein versus
�1-integrin was computed for a region rich in �1-integrin (boxed
area in A).
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Although a detailed investigation of alternative candi-
dates susceptible of being responsible for the nonmigrating
feature of cultured hepatocytes is beyond the scope of the
present work, our subcellular distribution analyses of ILK
revealed a predominant restriction in F2 in hepatoma cells
compared with a relatively even repartition among F2 and
F4 in hepatocytes (Supplemental Figure S4A). Notably, par-
allel analyses yielded subcellular repartitions of cav-1 that
matched those of ILK, except for its more obvious presence
in the F1 of hepatoma cells. Even more relevant, concomitant
confocal immunofluorescence imaging analyses indicated
that the preferential restriction of cav-1 in F1/F2 reflected a
massive cytoplasmic vesicular localization in hepatoma cells
(Supplemental Figure S4B), whereas its F2/F4 repartition in
hepatocytes matched with a cytoplasm versus surface mem-
brane distribution (Supplemental Figure S4C). How these
results are related to the close link between ILK and cell
motility (Gagné et al., 2010), and the cav-1/integrin interplay
in migrating epithelial cells (Vassilieva et al., 2008), deserves
future detailed investigation.

DISCUSSION

Much of our knowledge on the signaling-related functions
of K8/K18 IFs has come from work examining the link
between their phosphorylation at specific Ser sites by vari-
ous kinases and their rearrangement/solubility under dif-
ferent cellular conditions (Omary et al., 2006), including the
PKC-mediated reorganization of K8/K18 IFs in alveolar ep-
ithelial cells exposed to a shear stress (Ridge et al., 2005;
Sivaramakrishnan et al., 2009). Here, we provide the first
direct evidence for the involvement of novel PKC� as me-
diator of the K8/K18 modulation of hepatoma cell adhesion
and migration, namely, through integrin/FAK-dependent
signalization. The relevant components of the integrin-sig-
naling pathways in H4ev versus shK8b cells, in relation to
the RACK1/�1-integrin/plectin/PKC/c-Src complex as-
sembled at FAs are depicted in Table 1 and schematically
represented in Figure 10A. The K8/K18 loss in shK8b cells
modulates the PKC-dependent integrin/FAK feedback loop
that normally occurs in H4ev cells (Figure 10B), due to

Figure 8. (A) PKC requirement in the K8/
K18 modulation of WT and K8-null hepatocyte
attachment. The attachment assay was per-
formed in absence (C) or presence of BIM (B)
or Gö (G). The cells were fixed at 30 min post-
seeding, and attached cells were counted in 10
randomly chosen fields per dish. The number
of attached cells at 3 h, in absence of inhibitor,
was taken as 100%. The mean values � SEM of
two independent experiments are indicated.
(B) PKC requirement in the K8/K18 modula-
tion of hepatocyte spreading. WT and K8-null
hepatocytes were seeded in absence (C) or
presence of BIM (B), Gö (G), PMA (P) or with
PMA � BIM (P�B) or PMA � Gö (P�G) and
allowed to spread. Images from fixed cells
were captured at 60 min postseeding, and the
area of 30 cells per time point was calculated.
The graph shows the mean cell surface (%)
values � SEM, in reference to WT cell surface
(100%). (C) Scratch wound assay on WT and
K8-null hepatocyte monolayers, revealing the
absence of hepatocyte collective cell migration.
Phase contrast images were taken immediately
after scratching (0 h) and at 20 h postscratch-
ing. Cells were pretreated with vehicle (Con-
trol) or PMA. (D) Hepatocyte migration was
quantified during the 20-h period, after pre-
treatment with vehicle (C), BIM (B), Gö (G), or
PMA (P). (E) Western blotting on total protein
extracts from WT (W) and K8-null (K) hepato-
cytes at the indicated postseeding times, show-
ing the kinetics of FAK phosphorylation on
Tyr-397 (p-FAK) in absence (Control) or pres-
ence of PMA or PMA � BIM. GAPDH was
used as loading control.
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perturbations in the subcellular distribution and interplay of
RACK1, integrin, plectin, and other partners (Figure 10C),
Notably, although a similar K8/K18-PKC-FAK interplay oc-
curs during the spreading of hepatocytes, these integrin-

dependent signaling events are not transduced into migra-
tion for either WT or K8-null hepatocytes (Table 1).

Binding of integrins to their ECM ligands activates intra-
cellular signaling cascades, so-called “outside-in signaling,”
that differ depending on the specific integrin/ligand inter-
action and the cell type (Disatnik and Rando, 1999). One of
the early events initiated by the engagement of integrins is
their clustering at FAs associated with the subsequent in-
duction of FAK autophosphorylation at Tyr-397, which in
turn is considered as a critical step for the downstream
signaling that promotes cell spreading (Hamadi et al., 2005;
Meng et al., 2009). Conversely, cell attachment and spread-
ing involves an “activation” of integrins themselves (“in-
side-out signaling”), which leads to an increased affinity of
the integrin for its ligand that, in turn, largely constitutes an
important step in the morphological changes associated
with cell spreading on a solid substrate (Disatnik and
Rando, 1999). Much relevant to the work reported here,
previous studies have indicated that PKC is one of the key
intermediates in integrin-dependent signaling in many cell
types (Vuori and Ruoslahti, 1993; Lee and Juliano, 2004),
particularly through their involvement in both outside-in
and inside-out integrin signaling in a positive feedback loop
(Disatnik and Rando, 1999). The present results derived
from our PKC activation/inhibition analyses indicate that
the K8/K18 pair behaves as a modulator of the PKC-medi-
ated integrin-dependent attachment of hepatoma cells, and
spreading of both hepatoma cells and hepatocytes, before
the induced FAK phosphorylation after integrin engage-
ment (Figure 10). Still, the autophosphorylation of FAK at
Tyr-397 creates a binding site for c-Src, which in turn phos-
phorylates other tyrosine sites in FAK and thereby maxi-
mizes c-Src kinase activity and creates additional protein-
binding sites (Mitra and Schlaepfer, 2006). For example, an
active FAK/c-Src complex mediates the activation of Rho-
GTPase effector pathways that act downstream to execute
cell adhesion and migration (Huveneers and Danen, 2009).

Figure 9. Intracellular distributions of RACK1,
�1-integrin, plectin, PKCs, Src, and K8 in hepa-
toma cells and hepatocytes. Suspensions or
monolayers of H4ev (H) and shK8b (S) cells (A)
or WT (W) and K8-null hepatocytes (K) (B) sep-
arated into fractions enriched in cytosolic (F1),
membrane/organelle (F2), nuclear (F3), and cy-
toskeletal (F4) proteins were analyzed by West-
ern blotting for changes in the relative distribu-
tions of the individual proteins. The relative
contents the same proteins in the total protein
extracts also were determined.

Table 1. Relevant components of the integrin-signaling pathways
in liver epithelial cells

Observation

Hepatomas Primary cells

H4ev shK8b WT K8-null

Cell attachment � ��� � ���
PKC requirement Yes No No No

Cell Spreading ��� � ��� �
PMA stimulation High None High Low
PKC requirement Yes No Yes Yes

Integrin recruitment �� �� ���� �����
FA size �� �� �� ��
PMA stimulation Yes Yes N/A N/A

FAK activation ���� ��� ��� ��
PMA stimulation �����a ������a ���a ���a

PKC requirement Yes Yes Yes Yes
Collective migration ��� �� � �

PMA stimulation ����� ��� � �
PKC requirement Yes No
Src requirement Yes Yes

Single cell locomotion � �
PMA stimulation ��� ��
PKC requirement Yes Yes N/A

FA protein residency
FAK �� �
PAX ��� ���
Vinculin ������ ������
BIM effect on FAK � �

N/A, not applicable and/or available.
a Delayed activation.
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Of particular note, the present results on the migration of
H4ev versus shK8b cells indicate that, although RACK1
binds PKC and c-Src (Mamidipudi et al., 2007), the differen-
tial PKC-mediated migration remains in part c-Src indepen-
dent. Nevertheless, by combining these findings with those
derived from our complex formation and colocalization
analyses, it seems that K8/K18 IFs are modulating the PKC-
mediated inside-out signaling during attachment and also
the PKC-mediated outside-in signaling feedback loop dur-
ing spreading, via an interplay between integrins, RACK1
and plectin (Figure 10, B and C).

A previous report on glioma cell migration has demon-
strated that PKC� positively regulates this integrin-depen-
dent cellular process, whereas PKC� plays an opposite role

(Besson et al., 2002). But a similar study using renal carci-
noma cells suggests instead a PKC�-dependent mediation
(Brenner et al., 2008), suggesting that the PKC isoform selec-
tion as mediator of cell migration regulation is cell type
dependent. The present results on the inhibition/stimula-
tion and/or knockdown of PKC�, PKC�, and PKC� suggest
a specific PKC� mediation in the K8/K18 modulation of
hepatoma single cell migration, which matches the mediat-
ing events of novel PKC during cell spreading. In compari-
son, the data on PKC stimulation and/or inhibition suggests
a conventional PKC mediation during hepatocyte spreading
(Table 1).

Vinculin is a key regulator of FA formation, and vinculin-
null cells exhibit reduced adhesion to ECM proteins, in-

Figure 10. Schematic representations of the integrin/FAK-dependent signaling in adhering and migrating H4ev and shK8b cells. (A)
Kinetics of H4ev and shK8b cell attachment and spreading, along with changes in PKC versus FAK phosphorylation and RACK1/�1-
integrin/plectin/PKC/c-Src complex assembly. (B) In H4ev cells, the K8/K18 modulation of the integrin/FAK-dependent signaling occurs
through a plectin/RACK1/PKC mediation. It involves FAK phosphorylation at Tyr-397 (P-FAK) through a feedback loop, and subsequent
activation of downstream c-Src-dependent signaling cascades regulating cell adhesion and migration; note that part of the PKC-mediated
migration remains c-Src independent. (C) In light of the immunocomplex and proteome data, a coherent conclusion would be that the
K8/K18 loss in shK8b cells leads to a mislocalization of plectin and RACK1, which in turn perturbs their interplay with PKC and integrin
related-signaling proteins at FAs.
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creased migration, fewer and smaller FAs compared with
wild-type cells (Saunders et al., 2006; Humphries et al., 2007).
This contrasts with the present findings that shK8b cells
display higher attachment, decreased migration and similar
FA size, providing a first indication that the K8/K18-lacking
hepatoma cell phenotype does not go through a vinculin
involvement. Vinculin is an adaptor protein that exerts its
function through interactions with actin and talin, so that the
vinculin-talin binding drives the clustering of integrins in
cell–matrix adhesions, whereas the vinculin–actin interac-
tion provides the major link of the FA core to the actin–
cytoskeleton (Saunders et al., 2006; Humphries et al., 2007).
In epithelial cells, keratins interact with actin through the
cytoskeletal linker plectin (Rezniczek et al., 2004), implying
that any keratin IF perturbation can be transmitted to the
actin–cytoskeleton only in an indirect manner. Notably, the
present results show that the FA size is not particularly
affected by the K8/K18 loss in simple epithelial cells, indi-
cating that K8/K18 IFs, along with plectin and actin, are not
modulators of the vinculin-dependent FA formation per se.
This observation is in line with the finding that in 3T3
fibroblasts the vinculin-mediated formation of FAs takes
place independently of the tensile force exerted by the acto-
myosin machinery (Humphries et al., 2007). However, we
have reported recently that in liver epithelial cells, K8/K18
IFs constitute a cytoskeletal network that greatly contributes
to the mechanical stress response at FA (Bordeleau et al.,
2008). Intriguingly, another line of work has revealed that
the assembly of K8/K18 into IFs takes place through IF
particle precursors that originate from FAs, a dynamic pro-
cess that implicates talin, and probably vinculin (Windoffer
et al., 2006). Whether these localized IF formations can mod-
ulate the FA dynamics and the signal transduction triggered
at �5/�1 integrin in simple epithelial cells constitute an
interesting issue.

FRAP analysis on migrating astrocytoma cells has dem-
onstrated that FAK Tyr-397 autophosphorylation increases
specifically the time residency of FAK at FAs but not in the
cytoplasm (Hamadi et al., 2005). Using the same experimen-
tal approach, we show here that the time-residency of FAK
at FAs in hepatoma cells compares well with those in other
cell types and that a K8/K18 loss results to a reduced FAK
residency. Although no definitive explanation can be pro-
vided for this difference at this time, it remains that the FAK
residency is dependent on multiples interactions with FA
structural and signaling components (Hamadi et al., 2005).
So, assuming that the same molecular mechanisms take
place in hepatoma cell FAs, the faster FAK recovery half-
time we observe in migrating shK8b cells, which contrasts
with the quasi immobility of most vinculin-tagged FAs,
emphasizes the signaling function of FAK over a structural
role. These data, when combined with those on the FAK
phosphorylation kinetics, further indicate that the K8/K18
loss in shK8b cells perturbs FAK activation through a dys-
functional PKC� activation, which in turn affects FAK time
residency, FA disassembly, and cell migration.

Still, the assembly and disassembly of FAs during cell
migration requires integrin endocytic internalization and
recycling (Roberts et al., 2004; Caswell et al., 2009). The
process involves the ECM stimulation of signaling cascades
to modulate integrin internal transport at endosomal com-
partments, with Akt being among the key signaling compo-
nents. Actually, after integrin engagement, the FAK/c-Src
complex activates Akt through a phosphatidylinositol 3-ki-
nase mediation and in turn, Akt has the ability to act on
glycogen synthase kinase-3 and ACAP1 to promote the
recycling of integrins (Roberts et al., 2004; Li et al., 2005).

Notably, our previous results have revealed differential
Akt activations in spreading H4ev versus shK8b cells and
WT versus K8-null hepatocytes that largely parallel the
FAK autophosphorylation kinetics (Galarneau et al.,
2007), with a major overall difference in Akt activation
between hepatoma cells and hepatocytes. These differen-
tial Akt activations are likely linked to differences in
�5�1-integrin recycling (Figure 10B).

ILK and cav-1 are both scaffold proteins that modulate cell
migration, but their respective involvement relies on differ-
ent molecular mechanisms. For example, ILK and its scaf-
fold-function interacting partners PINCH and parvins are
expressed according to a decreasing gradient as differenti-
ating epithelial cells migrate along the crypt–villus axis in
the intestine, in association with a decrease in fibronectin
deposition (Gagné et al., 2010). Moreover, a similar line of
work using cultured epidermal keratinocytes has also re-
vealed that the joint expression of ILK and ELMO2 actually
promotes cell polarity and directional migration in this cell
model (Ho et al., 2009). But in contrast, a recent study using
targeted ILK-null mouse hepatocytes has shown that the ILK
loss does not lead to migration perturbation, but to apopto-
sis (Gkretsi et al., 2007). Thus, whether the differences we
report here on the subcellular repartitions of ILK in hepa-
toma cells and hepatocytes contribute to the observed dif-
ferential migration remains an appealing issue. With regard
to cav-1, this multifunctional protein is involved in the en-
docytic-mediated recycling of surface receptor proteins
(Lanzetti and Di Fiore, 2008; Caswell et al., 2009). Of partic-
ular note, it is mainly involved in �1-integrin recycling in
migrating intestinal epithelial cells (Vassilieva et al., 2008), in
line with recent evidence on its key participation in direc-
tional migration (Grande-Garcia et al., 2007). So, in light of
the present data on the dramatic differences in cav-1 subcel-
lular distributions between hepatoma cells and hepatocytes,
future work along this line, by using, for example, K8/K18-
lacking versus -containing liver epithelial cells, will provide
key knowledge on the mechanistic differences between mi-
grating and nonmigrating simple epithelial cells.

Together, the results reported here have significant impli-
cations for our understanding of the complex signaling in-
volved in the K8/K18-PKC modulation of integrin/FAK-
mediated liver epithelial cell adhesion and migration. In
addition, liver cells offer a cell reference for further analyses
on the relative contribution of K8/K18 versus the other
keratins present in migrating epithelial cells of other lin-
eages, for example in epidermis, where an injury triggers the
induction of K6 and K16 (and K17) in keratinocytes at the
wound edge, and a K6 loss leads to an enhanced directional
migration (Wong and Coulombe, 2003); in this case, one
possibility might be a keratin modulation of the ILK/ELMO-
mediated promotion. Finally, the results offer a new view on
the cytoskeletal IF-related signaling relevant to molecular
cell mechanisms by which embryogenesis can proceed and
metastatic carcinoma may emerge.
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