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Abstract

Epithelial cells require contact with extracellular matrix (ECM) to inhibit detachment-induced apoptosis (anoikis). The ERK and
PI-3K/Akt signaling pathways have been identified to inhibit anoikis. We present here a different story. An adult rat liver cell line,
ARLIJ301-3, underwent apoptosis within 4h under suspension conditions even with active forms of Akt and ERK1/2. Once
ARLJ301-3 cells are plated on tissue culture plates coated with synthetic polymer, such as poly-(N-p-vinyl benzyl-O-B-p-galacto-
pyranosyl-D-gluconamide) (PVLA), poly-L-lysine or polystyrene, instead of functional ECM such as fibronectin, they could survive
and proliferate without activation of Akt and ERK1/2. The expression of Fas receptor ligand (FasL) are specifically detected in cells
under suspension conditions or treated with cytochalasin-D. We present here the first report that FasL expression is up-regulated by
the cytoskeletal disruption directed by cytochalasin-D treatment or cell detachment from ECM.
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Anchorage-independent growth is a hallmark of
malignant transformation [1,2]. Epithelial cells and fi-
broblasts undergo apoptosis (anoikis) and G1 cell cycle
arrest, respectively, when deprived of contact with ma-
trix (ECM) [3-5]. It has been reported that extracellular
factors such as insulin-like growth factor-I (IGF-I) and
epidermal growth factor (EGF) or genetically mutated
ras can rescue epithelial cells from anoikis via the PI-3K/
Akt signaling pathway [6-8,15-18]. Under adherent
conditions, cell-to-matrix contact itself mediates sur-
vival signals by the binding of cell surface integrin re-
ceptor with fibronectin or laminin, which has been
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confirmed to activate the PI3-K/Akt signaling pathway
by phosphorylation of focal adhesion kinase (FAK) [9-
15]. The specific integrin type -a5B1- suppressed anoikis
by upregulation of bcl-2 via fibronectin binding and
other types of integrin receptors such as -avp3- and
-a1B1-might give survival signals through the phos-
phorylation of the tyrosine residue of the adaptor pro-
tein Shc followed by activation of the mitogen-activated
protein kinase (MAPK) [14,19]. Taken together, cell
matrix contact via integrin/fibronectin binding is ap-
parently a prerequisite factor for epithelial cell survival,
leading to activation of PI-3K/Akt and ERK pathways.

However, we think these results were obtained from
only limited cell types and present here a different story in
that an adult rat liver cell line, ARLJ301-3, underwent
anoikis even though the Akt and ERK pathways were
fully activated. Furthermore, we identified that FasL was
specifically expressed in cells under anchorage-deprived
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conditions or treated with cytochalasin-D which induced
apoptosis in ARLJ301-3 as well. The cells could survive
when in contact with plates coated with different kinds of
synthetic polymers, PVLA, poly-L-lysine and polysty-
rene, on which no integrin/fibronectin signaling pathway
was activated. These cells grown on synthetic polymer
showed no difference in Akt and ERK activation profile
compared with the functional cel/ECM systems. From
these observations, we propose here that any type of cell-
to-matrix contact can protect cells from anoikis not by PI-
3K/Akt or ERK activation but down-regulation of FasL
expression and in addition this FasL expression is stim-
ulated by cytoskeletal disruption.

Materials and methods

Cell culture. The rat liver cell line, ARLJ301-3 [20], was obtained
from the Riken Cell Bank (Tsukuba, Japan) and maintained in Wil-
liam’s medium E containing 10% FCS on regular tissue culture plates
(Corning, NY, USA). We think this cell line is an immortalized cho-
langiocyte, but not hepatocyte, because we observed little expression
level of asialo-glycoprotein-receptor (ASGPR) and a-fetoprotein (data
not shown) and positive staining with anti-cytokeratin antibody in
ARLIJ301-3. To generate an adherent condition, cells were cultured on
polystyrene plates or plates coated with fibronectin (Becton—Dickinson
Labware, Franklin Lakes, NJ, USA), collagen type I (Funakoshi,
Tokyo, Japan) or type IV (Becton-Dickinson Labware), poly-(N-p-
vinyl benzyl-O-B-D-galactopyranosyl-p-gluconamide) (PVLA) or po-
ly-L-lysine (Becton-Dickinson Labware). PVLA-coated plates were
prepared as previously described [20-22]. Briefly, PVLA was dissolved
in PBS at a concentration of 100 mg/ml at room temperature, sonicated
for 8 min, and then used to coat the plates. To obtain a culture con-
dition for suspension, cells were allowed to stand without rocking and
grown on 10mg/ml poly-HEMA (Sigma Aldrich, St. Louis, MO,
USA) coated polystyrene plates (Becton-Dickinson Labware) or 1%
BSA-coated plates. Poly-HEMA was dissolved in 100% ethanol at
10 mg/ml and added onto polystyrene plates to cover the surface of the
plate. After casting away the ethanol, the surface was rinsed with PBS
three times and the plate was used for the experiments [23]. On poly-
styrene plates, half of the cells attached onto the plate surface and
others did not attach and continuously floated. We collected cells
separately as an adherent fraction (polystyrene (adh) in Fig. 2) and a
floating fraction (polystyrene (sus) in Fig. 2). When cells were treated
with PD98059 or LY294002, they were washed with PBS, incubated in
serum free medium containing 50 pM of PD98059 (New England Bio-
labs, Beverly, MA, USA) or LY294002 (Sigma Aldrich) for 30 min at
4°C with rocking, and then transferred to plates that provided either
adherent or suspension conditions supplemented with 10% FCS at
37°C. Trypan blue exclusion assay was used to count the number of
dying or surviving cells.

Apoptosis assay. For DNA laddering, total genomic DNA was
extracted from cells attached to plates or cultivated under suspension
conditions using the Quick apoptotic DNA ladder detection kit (MBL,
Nagoya, Japan) according to the manufacturer’s instructions and an-
alyzed on 2% agarose gel electrophoresis. DNA content was analyzed
by flow cytometric analyzer (FACScan) after nuclear staining with
propidium iodide (PI) [24]. The sub-Gl population was counted as
apoptotic cells.

Immunoblot analysis. Cells were lysed on ice for 30 min with ELB
solution (250 mM NaCl, 0.5% NP40, 1l mM DTT, 20 mM Hepes, pH
7.4, containing 1 mg/ml aprotinin (Sigma Aldrich), 1 mg/ml leupeptin
(Sigma Aldrich), 50 mg/ml PMSF (Sigma Aldrich), 0.1 mM NaVO,,

0.5mM NaP,0, and 5.0 mM NaF) and cell lysates were collected as a
supernatant after centrifugation at 15 krpm for 15min and separated
on SDS-PAGE. After being transferred to a nitrocellulose membrane,
proteins were reacted with antibodies and detected with ECL (Amer-
sham Biosciences, Piscataway, NJ, USA). The specific antibodies used
for this experiment were: anti-caspase-9 (MBL 54-3), anti-phospho-
Akt (Cell Signaling Technology, Beverly, MA, USA #9274), anti-Akt
(Cell Signaling Technology #9272), anti-phospho-ERK (Cell Signaling
Technology, #9101), anti-ERK (Santa Cruz Biotechnology, SC94-6),
and anti-FasL (Transduction Laboratories, Lexington, KY, USA).

FasL expression by RT-PCR. Total RNA was extracted from cells
using Trizol solution according to the manufacturer’s instruction (In-
vitrogen). One pug total RNA was used as a first-strand reaction that
included oligo(dT) primer and reverse transcriptase (Invitrogen). These
reverse-transcribed products were amplified with the following prim-
ers, corresponding to the rat FasL cDNA, 5-TGCCTCCACTAAGC
CCTCTA-3 and 5-CCTCCATTAGCACCAGATCC-3 by Ex Taq
polymerase (Takara Biomedicals, Otsu, Japan). The PCR products
were analyzed on 2% gel electrophoresis.

Results

Rat liver cell line underwent anoikis under suspension
conditions

The rat liver cell line, ARLJ301-3, proliferated under
adhesion conditions on regular plates, however, de-
creased after incubation under suspension conditions
even with supplementation of 10% FCS over poly-
HEMA-coated plates (Fig. 1A). On the other hand, the
human hepatocellular carcinoma cell line, HuH7, sur-
vived and increased at the same doubling time when
kept in suspension as when grown under adherent con-
ditions on regular plates (Fig. 1A). We confirmed that
death of ARLIJ301-3 cells was due to an apoptotic
process by showing a DNA ladder formation on gel
(Fig. 1B) and an increase of a sub-G1 population of cells
by FACScan after staining nucleus with PI at different
incubation times (Fig. 1C).

Synthetic polymer rescued cells from anoikis

The fact that the rat liver cell line ARLJ301-3 un-
dergoes anoikis soon after being kept under suspension
conditions prompted us to determine what type of cell
surface-to-matrix contacts can efficiently abrogate
anoikis in rat liver cells. We adopted plates coated with
collagen type I, collagen type IV or fibronectin as
physiological adhesion model systems, which mimicked
regular plates, and plates coated with PVLA, poly-L-
lysine or polystyrene as synthetic adhesion substrates.
Tissue culture plates coated with synthetic polymer,
PVLA, efficiently adhere primary hepatocytes through
binding to asialo-glycoprotein-receptor (ASGPR) on the
cell surface and this adhesion stimulates [*H]thymidine
incorporation into the cell [21]. More than 70% of
ARLIJ301-3 cells could bind with PVLA-coated plates
and survive. We analyzed the sub-G1 population of
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Fig. 1. ARLJ301-3 underwent anoikis under an anchorage-deprived condition. (A) Number of ARLJ301-3 cells and HuH7 cells on regular plates
(ARLJ301-3 @&—@, HuH7 B—#) and poly-HEMA-coated plate (ARLJ301-3 @------ @, Huh7 B----- ) at indicated time. Cells were
counted with the trypan blue exclusion assay. (B) DNA ladder formation of ARLJ301-3 on regular plate (adhesion) and poly-HEMA-coated plate
(suspension). (C) FACS profile of HuH7 and ARLJ301-3 in suspension. DNA content was analyzed by FACScan after cell nuclei were stained with

propidium iodide.

cellular DNA after an 8-h incubation under various
adhesion or suspension conditions (Fig. 2A). As ex-
pected, the sub-G1 populations of ARLIJ301-3 cells
grown on collagen I, collagen IV or fibronectin were
2-6%, as low as control cells on regular plates. Sur-
prisingly, poly-L-lysine-coated plates, on which cells
presumably attached to the surface by some electrical
charge, could grow cells with a sub-G1 population as
low as collagen IV. ARLJ301-1 cells attached to poly-
styrene plates and PVLA-coated plates had a relatively
low sub-G1 population compared with cells floating on
polystyrene plates (Fig. 2 polystyrene (sus)) or poly-
HEMA-coated plates.

Recently accumulated data have shown that different
types of cysteine protease were activated in anoikis
[26,27]. By immunoblotting, we detected an active form
of caspase-9 in anchorage-deprived cell lysates, such as
on poly-HEMA- or 1% BSA-coated plates and the

floating fraction on polystyrene plates (Fig. 2B). On
collagen I-coated plates, some fraction of cells did not
attach onto the plates surface, floated, and underwent
apoptosis (Fig. 2A). These apoptotic cells were collected
together with adherent cells to make a cell lysate. That is
a reason why the cell lysate from collagen I-coated
plates provided a relatively high level of the active form
of caspase-9 (Fig. 2B). Adherent cells gave no active
form of caspase-9. Caspase-3 was processed and acti-
vated in cells under suspension conditions in which
caspase-9 was activated as well (data not shown).

PI-3K/Akt and ERK activation
ARLJ301-1 cells from anoikis

could not rescue

Signaling pathways for PI-3K/Akt and ERK have
been identified to play a central role in protecting cells
from apoptosis, including anoikis. While PI-3K/Akt
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Fig. 2. Different types of adherent conditions reduced the population of apoptosis in ARLJ301-3 and suppressed caspase-9 activity. (A) Cells were
plated onto the indicated plates and sub-G1 populations were determined by FACS analysis at 8 h of incubation. (B) Intermediate and active forms
of caspase-9 were detected in floating, apoptotic cells at 8 h of incubation. Adherent conditions are: regular dish, collagen type I, collagen type IV,
fibronectin, poly-L-lysine, PVLA, and adherent fraction of polystyrene (polystyrene (adh)). Anchorage-deprived culture conditions are: suspended
fraction of polystyrene (polystyrene (sus)), 1% BSA and poly-HEMA. Note, on polystyrene plates, half of the cells were attached to plate surface and
grew, however, another set of cells did not attach to the plates, floated during experiments, and underwent apoptosis. We termed the former as

polystyrene (adh) and the latter as polystyrene (sus).

acts as a protective molecule against anoikis in different
cell types [7,28,29], it is controversial whether ERK
functions as an anti-apoptotic or a pro-apoptotic
molecule [16-18,30-32]. We studied ERK activation
following the loss of adherence by detection of the
phosphorylated form of ERK by immunoblotting.
Surprisingly, phosphorylated ERK was detected only
on non-adherent cells after an 8-h incubation in sus-
pension (Fig. 3A). In sharp contrast, no active form of
ERK was detected on adherent cells. As these results
indicated that ERK activation might promote an ap-
optotic process in ARLJ301-1 cells, we attempted to
confirm whether the pretreatment of PD098059, a
specific inhibitor of the ERK cascade, rescued cells
from anoikis. This pretreatment to suppress the ERK
cascade increased the apoptotic population of cells
under both adherent and suspension conditions (Fig.

3B). With the thought that transient activation of ERK
at an early stages in the anchorage-deprived condition
was of importance in protecting cells from anoikis [33],
we analyzed the early expression profile of the active
form of ERK. Notably, the phosphorylated form of
ERK was detected constantly for 8h in anchorage-
deprived cells. However, in adherent cells, active ERK
was expressed as early as 4h and gradually declined,
leading to absence at 8 h after plating (Fig. 3C). These
results imply that in our system, activated ERK did
not act as an executioner for anoikis but acted as a
survival factor for ARLJ301-1 cells in suspension even
with little effects.

In contrast, phosphorylated Akt was easily detected
in cells under both adherent and anchorage-deprived
conditions, and there was no difference in the expres-
sion level among functional and non-functional adhe-
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Fig. 3. The active form of ERK was detected only in cells in suspension. (A) Phosphorylated ERK (upper panel) was detected in the suspended
fraction of cells on polystyrene, 1% BSA and poly-HEMA-coated plates by immunoblotting. Lower panel shows total ERK protein. (B) Pre-
treatment with PD098059 enhanced the apoptotic cell population to some extent. Sub-G1 population was analyzed with FACScan. (C) Phos-
phorylated ERK (upper panel) was determined at the indicated time after cells were transferred to adherent or anchorage-deprived conditions.

sion substrates (Fig. 4A). Furthermore, the time course anchorage-deprived conditions (Fig. 4C). We wished to
experiment revealed a slight decrease in the active form confirm that this detectable, phosphorylated form of
of PI-3K/Akt at 8 h of culture under both adherent and PI-3K/Akt still worked as a protector of ARLJ301-3
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Fig. 4. Active form of Akt constitutively expressed in ARLJ301-3. (A) Phosphorylated Akt (upper panel) was readily detected under adherent and
suspension conditions. Lower panel shows total Akt protein. (B) Pretreatment with LY294002 enhanced the apoptotic cell population to some extent.
Sub-G1 population was analyzed with FACScan. (C) Phosphorylated Akt was determined at the indicated time after cells were transferred to
adherent or anchorage-deprived conditions.
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Fig. 5. The FasL expression was determined by RT-PCR. (A) The FasL was already expressed in cells after trypsinization (most left side lane, 0 h)
and its expression continued for 8 h. The ARLIJ301-3 cells attached to plate showed no FasL expression. GAPDH expression was determined as an
internal positive control for RT-PCR. (B) FasL was specifically expressed in cells not under adherent but anchorage-deprived conditions. (C) Anti-
FasL antibody was added into medium at the same time with plating cells on poly-HEMA plates and sub-G1 populations were analyzed by FACS.
(D) Cells were incubated for 6 h after plating on regular plates and then treated with cytochalasin-D with further incubation for 4 or 8 h. Note, this

treatment did not induce cell detachment.

cells from anoikis. To do this, we pretreated cells with
LY294002, a specific inhibitor of PI3-K/Akt, at 4 °C for
30min and then transferred them to suspended or ad-
herent conditions. This pretreatment induced apoptosis
in adherent cells and further enhanced the proportion
of apoptotic cells deprived of anchorage (Fig. 4B).

The up-regulation of FasL expression in cells under
cytoskeletal disruption

Thus, we could not find out any survival function in
PI-3K/Akt and ERK signaling pathways and considered
that our system of anoikis could be a fast type of anoikis
because it took place within 2-4 h after ARLJ301-1 cells
were transferred to the anchorage-deprived conditions.
That is the reason why we investigated the involvement
of death receptor signaling pathways. The FasL ex-
pression determined by RT-PCR revealed that its up-
regulation was specifically observed in cells under
anchorage-deprived conditions and not in adherent cells
(Figs. 5SA and B). Interestingly, ARLJ301-1 cells that
expressed FasL soon after detached from regular plates
by treatment with trypsin—-EDTA (Fig. 5A, 0h). This is
the first report about Fas/FasL signaling pathway im-
plicated in anoikis aside from that about the involvement
of FAS-associated death domain protein (FADD) [34].

As Fas receptor was constitutively expressed in cells
under either adherent or anchorage-deprived conditions
(data not shown), adherent conditions including syn-
thetic polymer presumably function to maintain the
down-regulation of FasL expression to protect cells from
anoikis. In the next step, we confirmed the fact that this
up-regulated FasL could induce apoptosis in cells under
suspension conditions. Anti-FasL antibody was added
to the medium at the same time on plating cells on poly-
HEMA-coated plates. As shown in Fig. 5C, apoptotic
population of ARLJ301-1 cells decreased in a dose-
dependent manner with anti-FasL. antibody. Thus, the
detachment-induced FasL stimulated anoiki in the cells.

ARLIJ301-3 cells turned out to be of a round shape
from spindle shape when transferred to an anchorage-
deprived condition and in addition this morphological
change was observed when cells are treated with cy-
tochalasin-D as well, which disrupt filamentous actin.
On next step, we confirmed that cytochalasin-D treat-
ment induced the FasL expression and apoptosis in
ARLIJ301-3 cells (Fig. 5D), however, this treatment did
not induce cell detachment. These results suggested
that the morphological change such as round shape
triggered by cytoskeletal disruption plays an important
role in anoikis through the up-regulation of FasL ex-
pression.
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Discussion

The regular process of adhesion of epithelial cells to
ECM is initiated with the contact of cell surface Bl-in-
tegrin receptors to fibronectin, an ECM component,
leading to recruitment of a wide variety of proteins,
including FAK, and the formation of focal adhesions
which mediate survival signals to downstream targets
[10-14]. However, we wished to address the question as
to whether the integrin/fibronectin cell adhesion system
is necessary and sufficient to protect ARLJ301-3 cells
from anoikis or what substrate is able to maintain sur-
vival signals much higher than integrin/fibronectin sys-
tem. ARLJ301-3 cells could efficiently attach to
synthetic polymer-coated plates and survive, as did cells
to collagen- or fibronectin-coated and regular plates
(Fig. 2). To exclude the possibility that components in
serum, including fibronectin, might conceal the dish
surface and allow cells to adhere to the plate during a
long cultivation and de novo synthesis of matrix com-
ponents from ARLJ301-3 could aid cells in contacting
the plate surface, we examined the efficiency of cell ad-
hesion at 4°C. ARLIJ301-3 cells could not attach to fi-
bronectin-coated plates (adherent: 31.5%, floating:
68.5%) whereas cells efficiently adhered to poly-L-lysine-
coated plates (adherent: 94.1%, floating: 5.9%) at 8h.
Thus, cell adhesion with synthetic polymer-coated plates
proved not to be mediated by fibronectin in serum or
produced by de novo synthesis.

To identify the anti-apoptotic signaling pathway, we
analyzed the ERK and PI-3K/Akt cascades by immu-
noblotting. Surprisingly, ERK was extensively phos-
phorylated throughout the 8-h incubation under
anchorage-deprived conditions, whereas under an ad-
herent condition ERK was activated only at an early
phase after plating (Fig. 3). In sharp contrast to ERK,
PI-3K/Akt was extensively and equally phosphorylated
under all adherent or anchorage-deprived conditions
(Fig. 4). These results suggest that PI-3K/Akt and ERK
activation could not inhibit anoikis under a physio-
logical condition.

Recently, it was shown that cell shape was another
influential factor in protecting cells from anoikis [25,35],
where the cell surface area for attachment to plates was
crucial. If the area would be small, cells were rounded
and were susceptible to apoptosis. On the other hand, if
cells were forced to stretch and maintain a wide cell-to-
ECM contact area, spindle-shaped cells could survive
and proliferate [25,35]. Microscopic examination re-
vealed that the morphological phenotype of cells on
synthetic polymers was very similar to that under
functional ECMs (data not shown). These previous re-
ports led us to investigate the involvement of death re-
ceptor signaling pathways in cells in anoikis or under
cytoskeletal disruption. The FasL expression was spe-
cifically up-regulated in cells in anoikis and treated with

cytochalasin-D. Cytochalasin-D treatment changed the
cell morphology from spindle to round shape and
stimulated apoptotic process, consistent with anoikis.
The evidence obtained by anti-FasL antibody which
could inhibit anoikis in a dose-dependent manner sup-
ports the fact that the up-regulated FasL actually in-
duced anoikis in ARLJ301-3 cells. In contrast, Fas was
expressed at the same level between adherent and an-
chorage-deprived ARLJ301-3 cells (data not shown)
consistent with constitutive expression in hepatocytes.

This is a first report that FasL expression is regulated
by cytoskeletal disruption and related to anoikis. We
need further investigation on how so fast FasL is in-
ducible soon after being detached from ECMs and this
may give us the new insight into anchorage-independent
growth in cancer cells.
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