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ABSTRACT

The extracellular matrix protein Laminin B1 (LamB1)
regulates tumor cell migration and invasion.
Carcinoma cells acquire invasive properties by epi-
thelial to mesenchymal transition (EMT), which is a
fundamental step in dissemination of metastatic
cells from the primary tumor. Recently, we showed
that enhanced translation of LamB1 upon EMT of
malignant hepatocytes is mediated by an internal
ribosome entry site (IRES). We demonstrated that
the IRES transacting factor La binds the minimal
IRES motif and positively modulates IRES activity
of LamB1. Here, we show that platelet-derived
growth factor (PDGF) enhances IRES activity of
LamB1 by the increasing cytoplasmic localization
of La during EMT. Accordingly, cells expressing
dominant negative PDGF receptor display reduced
cytoplasmic accumulation of La and show no eleva-
tion of IRES activity or endogenous LamB1 levels
after stimulation with PDGF. Furthermore,
La-mediated regulation of LamB1 IRES activity
predominantly depends on MAPK/ERK signaling
downstream of PDGF. Notably, LamB1 expression
is not significantly downregulated by the impairment
of the translation initiation factor eIF4E. In vivo,
knockdown of La associated with decreased
LamB1 expression and reduced tumor growth.
Together, these data suggest that PDGF is
required for the cytoplasmic accumulation of La
that triggers IRES-dependent translation of LamB1
during EMT.

INTRODUCTION

Hepatocellular carcinoma (HCC) is a leading cause of
cancer death worldwide with increasing incidence over

recent years (1,2). The majority of HCC develops as a
consequence of chronic liver inflammation and is
preceded by liver fibrosis and cirrhosis (3). Main reasons
for the high mortality rate of patients with HCC are the
late diagnosis at an advanced stage of disease and
intrahepatic metastasis (4). HCC derives from the neopla-
sia of hepatocytes that are highly differentiated and meta-
bolically specialized epithelial cells (5). During HCC
progression, trans-differentiation of hepatocytes fre-
quently occurs through epithelial to mesenchymal transi-
tion (EMT), which is characterized by abrogation of cell–
cell contacts and acquisition of a fibroblastoid, highly
motile phenotype (6). EMT-transformed malignant hep-
atocytes show metastatic abilities by disseminating from
the primary tumor and invading the surrounding tissue
(7). Dissociation of adherence junctions is accompanied
by loss of cell polarity and cytoskeletal rearrangements
(8). It involves changes in integrin expression and distri-
bution (9). Integrins are a family of heterodimeric trans-
membrane receptors that connect the extracellular matrix
(ECM) to the cytoskeleton of the cell. In particular,
integrin b1 complexes are upregulated in Ras-transformed
cells that have undergone EMT in response to transform-
ing growth factor (TGF)-b (9–11). They potentiate growth
factor receptor-driven MAPK/ERK and PI3K/AKT sig-
naling and activate latent TGF-b (12,13). Moreover, b1
integrin-mediated MAPK/p38 activation was found to be
essential for EMT (14). The extracellular interaction
partners of integrins are laminins, which are the main
non-collagenous component of the ECM (15). Laminins
are heterotrimeric glycoproteins composed of several dif-
ferent a-, b- and g–subunits, which assemble in 15 laminin
isoforms that are expressed in a tissue-specific manner
(16). Laminin B1 (LamB1) is the b1-subunit of six
laminin isoforms including laminin 1 that is expressed in
hepatocytes (16,17). LamB1 mediates b1 integrin signaling
and activates a specific p67kDa laminin receptor (LamR)
that regulates cell migration, proliferation and survival
(18,19). Proteome profiling of HCC patients showed
elevated LamB1 levels in cirrhotic liver tissues and a
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further increased expression in HCC cells (20).
Concomitantly, b1 integrin receptors and LamR were
found to be upregulated in HCC correlating with
increased tumor aggressiveness as well as poor patient
survival (21,22). EMT-transformed cells rearrange their
extracellular surrounding by enhanced secretion of ECM
components as well as by cleavage through matrix
metalloproteinases (23,24). This ECM remodeling facili-
tates tumor cell migration and invasion, thus essentially
contributing to metastasis (24).

To study EMT of HCC cells, we previously established
p19ARF-deficient immortalized hepatocytes that become
tumorigenic upon expression of oncogenic H-Ras and
further undergo EMT in response to TGF-b treatment
(25). EMT-transformed hepatocytes establish an autocrine
TGF-b signaling loop that upregulates platelet-derived
growth factor (PDGF) signaling components including
PDGF receptor a (PDGF-Ra) (26). LamB1 is translation-
ally upregulated in hepatocytes that have undergone EMT
(27) through an internal ribosome entry site (IRES)
located in the 50-untranslated region (UTR) of LamB1
mRNA. IRES-mediated translation of LamB1 is
enhanced upon EMT by the cytoplasmic accumulation
of the IRES transacting factor (ITAF) La that binds the
minimal IRES motif (28). In this study, we show that the
cytoplasmic accumulation of La is regulated by PDGF
and downstream MAPK/ERK signaling in EMT-
transformed cells. Cytoplasmic levels of La are essentially
required for the enhanced IRES translation of LamB1 in
mesenchymal hepatocytes. In vivo, stable knockdown of
La results in reduced LamB1 expression and impaired
tumor formation.

MATERIALS AND METHODS

Construction of plasmids

The bicistronic plasmid containing the 50-UTR of LamB1
between b-galactosidase (b-gal) and chloramphenicol
acetyltransferase (29) reporters was constructed as
described recently (28). Primers were designed according
to GenBank sequence NM_002291. The monocistronic
vector contains the LamB1 50-UTR upstream of a
Firefly luciferase reporter as described recently (27).
Vectors expressing 2A protease of rhinovirus serotype 2
(2Awt) or the inactive mutant C106A (2Amut) were
generated as outlined (27).

Cell culture

Immortalized p19ARF-deficient MIM-1-4 hepatocytes
were grown on collagen-coated culture dishes in RPMI
1640 plus 10% fetal calf serum, 40 ng/ml human TGF-a
(Sigma, St Louis, USA), 30 ng/ml human insulin-like
growth factor II (IGF-II, Sigma, St Louis, USA),
1.4 nM insulin (Sigma, St Louis, USA) and antibiotics,
as described previously (30). Epithelial MIM-R,
MIM-S35 or MIM-C40 hepatocytes were derived from
MIM-1-4 cells by stable retroviral transmission with a
bicistronic construct expressing either oncogenic v-Ha-
Ras and green fluorescent protein (GFP) or the Ras
mutants S35-V12-Ras or C40-V12-Ras, respectively (25).

For interference with PDGF signaling, MIM-R cells were
retrovirally transmitted with a bicistronic vector express-
ing the dominant negative (dn)PDGF receptor a and red
fluorescent protein, resulting in MIM-RdnP (26,31).
Treatment of the epithelial cell lines MIM-R, MIM-S35,
MIM-C40 and MIM-RdnP with TGF-b1 (R&D Systems,
MN, USA) for >2 weeks resulted in cells with a stable
mesenchymal phenotype, namely MIM-RT, MIM-ST,
MIM-CT and MIM-RTdnP, respectively. TGF-b1 was
used at a concentration of 2.5 ng/ml for the first 72 h of
EMT induction. For long-term treatment of epithelial
hepatocytes, 1 ng/ml TGF-b1 was supplemented to the me-
dium (25). Recombinant human PDGF-A/B (PeproTech,
Rocky Hill, NJ, USA) was used at a concentration of
10 ng/ml. The pharmacological inhibitors LY294002
(Cell Signaling, MA, USA) against PI3K and UO126
(Cell Signaling) against MEK1/2 were used at a concen-
tration of 10 mM. The inhibitor LY02109761 against
TGF-b receptor I/II kinase (Lilly, IN, USA) was used at
a concentration of 1 mM (32). All cells were kept at 37�C
and 5% CO2 and routinely screened for the absence of
mycoplasma.

RNA interference

MISSION� shRNA lentiviral transduction particles
(Sigma, St Louis, USA) were used to stably knockdown
La (NM_009278) in MIM-R and MIM-RT cells as
outlined recently (28).

Western blot analysis

The preparation of cellular extracts, separation of proteins
by SDS–PAGE and immunoblotting were performed as
described (28). Cytoplasmic and nuclear cell fractions
were generated using a Proteo-JET� kit (Fermentas, St
Leon-Rot, Germany) according to the manufacturer’s
description. Thirty micrograms protein extract was
loaded onto gels and immunological detection of proteins
was performed with the Super Signal detection system
(Pierce Chemical Company, Rockford, IL, USA). The
following primary antibodies were used: anti-LamB1
(Neo Markers, Fremont, CA, USA), 1:1000; anti-actin
(Sigma, St Louis, USA), 1:2000; anti-La (Cell Signaling),
1:1000; anti-tubulin (Sigma), 1:1000; anti-nucleoporin (BD
Biosciences, NJ, USA), 1:1000; anti-phospho-ERK (Cell
Signaling), 1:1000; anti-ERK (Cell Signaling), 1:1000;
anti-phospho-AKT (Cell Signaling), 1:1000; anti-AKT
(BD Biosciences, NJ, USA), 1:1000; anti-phospho-eIF2
(Cell Signaling), 1:1000; anti-eIF2 (Cell Signaling),
1:1000; anti-phospho-p38 (Cell Signaling), 1:1000;
anti-p38 (Santa Cruz Biotechnology, CA, USA), 1:1000;
anti-PDGF-receptor a (Cell Signaling), 1:1000; anti-GFP,
1:1000 (Santa Cruz Biotechnology); anti-eIF4G, 1:2500
(33). Secondary antibodies (Calbiochem, LaJolla, CA,
USA) were used at dilutions of 1:10 000. Signals were
scanned and quantified with ImageQuant 5.0 (Amersham
Biosciences, Little Chalfont, UK).

Quantitative polymerase chain reaction

RNA was extracted, DNaseI treated and reverse
transcribed using a RNA isolation and cDNA synthesis
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kit (Quiagen, Hilden, Germany) as recommended by the
manufacturer. Aliquots of cDNA were employed for Fast
SYBR green quantitative polymerase chain reaction
(qPCR) (Applied Biosystems, CA, USA) and quantified
with the 7500 Fast Real-Time PCR System (Applied
Biosystems, CA, USA). Primer sequences are shown in
Supplementary Table S1.

Transient transfection and reporter assays

Cells were seeded on six-well plates and transfected after
24 h with Lipofectamine Plus as recommended by the
manufacturer (Invitrogen, Carlsbad, CA, USA). Cells
were lysed 48 h post-transfection and reporter activities
were determined. Luciferase activity was measured
with a Luminoskan microplate reader (Labsystems,
Farnborough, UK) as described recently (27).
b-Gal activity was photometrically determined using
o-nitrophenyl-b-D-galactopyranoside and CAT activity
was measured by ELISA (Roche, Mannheim, Germany)
as recommended by the manufacturer. In assays analyzing
the interference of cap-dependent translation, reporter
activities were normalized to mRNA levels as quantified
by qPCR. Otherwise, relative IRES activity of the
bicistronic assay was calculated as the ratio of
CAT/b-gal. Assays were performed in triplicate and
results represent the average of three independent
experiments.

Subcutaneous tumor formation

Cells were detached from tissue culture plates and washed
with PBS. 1� 106 cells in 100 ml Ringer solution were each
subcutaneously injected into immunodeficient C.B-17
SCID mice. Each cell line was injected four times.
Experiments were performed according to the Austrian
guidelines for animal care and protection.

Immunohistochemistry

Mice were sacrificed and tumors were fixed in
paraformaldehyde as previously described (31). Paraffin-
embedded tumor sections of 4 mm were stained with
hematoxylin and eosin (H&E). Primary antibodies
against LamB1 (Neo Markers) and La (Cell Signaling)
were used at a dilution of 1:100. Biotinylated secondary
antibodies were diluted 1:200. The immunoperoxidase
procedure was performed using a Vectastain
Elite ABC kit (Vector Laboratories Inc., CA, USA) as
described by the manufacturer. DAB-Ni substrate
(Vector Laboratories Inc.) was employed for color devel-
opment. Sections were counterstained with hematoxylin
and mounted in Entellan�.

Immunocytochemistry

Cells were grown on collagen coated Superfrost� plus
glass slides (Thermo Scientific, MA, USA) and fixed
with paraformaldehyde. Primary antibodies against
LamB1 (Neo Markers) and La (Cell Signaling) were
used at a dilution of 1:100. Immunological stainings
were performed as described for immunohistochemistry.

Statistical analysis

Data were expressed as means±standard deviation. The
statistical significance of differences was evaluated using a
paired, non-parametric Student’s t-test. Significant differ-
ences between experimental groups were: *P< 0.05,
**P< 0.01 or ***P< 0.005.

RESULTS

IRES-mediated translation of LamB1 during EMT is
enhanced by cytoplasmic La

To study hepatocellular tumorigenesis, we employed a
cellular HCC model based on p19ARF�/� hepatocytes
transformed with oncogenic H-Ras (MIM-R), which syn-
chronously underwent EMT in response to TGF-b treat-
ment [MIM-RT; (25)]. Upon EMT, we found LamB1 to
be translationally upregulated by an IRES element in the
LamB1 50-UTR (27,28). We identified La as an ITAF that
interacts with the LamB1 IRES (28). Increased levels of
La were bound to the minimal IRES motif in
EMT-transformed cells suggesting a role of La in the regu-
lation of LamB1 IRES translation during EMT. In this
study, we verified the increase of LamB1 expression in mes-
enchymal cells by western blot analysis. Quantification of
LamB1 protein levels revealed a 2.5-fold upregulation
during EMT (Figure 1A). Accordingly, de novo pro-
tein synthesis of LamB1 is increased upon EMT
(Supplementary Figure S1). In contrast, qPCR displayed
similar LamB1 mRNA levels in epithelial MIM-R and
mesenchymal MIM-RT cells (Figure 1B). Quantification
of western blots further showed that shRNA-mediated La
knockdown significantly reduced LamB1 expression in
mesenchymal MIM-RT but not in epithelial MIM-R
cells. These data indicate that La enhances LamB1 IRES
activity after EMT [Figure 1A and Supplementary Figure
S2 (28)].

La is a nuclear protein, which has been described to
shuttle to the cytoplasm during apoptosis or cellular
stress, where it activates IRES translation of target
mRNAs (34–38). We investigated the cytoplasmic local-
ization of La during EMT by western blot analysis of
subcellular fractions (Figure 1C and Supplementary
Figure S3). Cytoplasmic fractions showed accumulation
of La in EMT-transformed cells, whereas total La levels
were not changed (Figure 1A and C). Interestingly, we
found increased cytoplasmic La not only in completely
EMT-transformed cells but also in epithelial cells after
TGF-b treatment for 24 h (Figure 1C), suggesting
LamB1 IRES activity after induction of EMT. To
analyze IRES-mediated LamB1 translation during
kinetics of EMT, we stimulated epithelial MIM-R cells
with TGF-b and examined the expression of a bicistronic
b-gal/CAT reporter (Figure 1D). b-Gal activity of the first
reporter shows cap-dependent translation, whereas CAT
activity indicates the translation of the second reporter
that is regulated by the LamB1 IRES. Reporter activities
were normalized to mRNA levels of the bicistronic
transcript allowing an independent monitoring of
cap- and IRES-dependent translation during EMT.
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Interestingly, b-gal levels decreased during the first 48 h of
TGF-b treatment, indicating downregulation of
cap-dependent translation. At later time points of
TGF-b treatment as well as in EMT-transformed cells
(RT), cap-dependent b-gal expression was even slightly
but not significantly elevated (Figure 1D). These data
indicate that epithelial cells respond to TGF-b treatment
with a transient downregulation of cap-dependent trans-
lation that does not persist after EMT transformation.
IRES-dependent LamB1 translation responded to
TGF-b with a transient downregulation, however,
increased at later time points of TGF-b treatment and
showed a persistent upregulation in EMT-transformed
cells. Taken together, we found no significant modulation
of cap-dependent translation during EMT that would
suggest predominant IRES-mediated translation.

PDGF was reported to modulate phosphorylation and
subcellular localization of La in glioma (39). Recently, we
described the upregulation of PDGF signaling compo-
nents including PDGF-Ra in EMT-transformed hepato-
cytes [Supplementary Figure S4A and S4C; (26)]. Kinetics
of TGF-b-induced EMT showed activation of PDGF-Ra
expression at an early phase as well as in EMT-
transformed cells (Figure 1E). Expression of PDGF-Ra
correlated with LamB1 protein levels (Figure 1E) and
IRES activity (Figure 1D), pointing to an involvement
of PDGF signaling in the regulation of LamB1 IRES
translation. Investigation of pathways downstream of
PDGF that are activated during EMT revealed that
MAPK/ERK rather than PI3K/AKT signaling
(Figure 1F) correlated with the regulation of LamB1
expression (Figure 1E). In summary, these data show

Figure 1. LamB1 IRES translation is enhanced by La during EMT. (A) Expression of shRNA against La (sh84, sh87) resulted in a stable
knockdown of La in epithelial MIM-R (R) and fibroblastoid MIM-RT (RT) cells. Non-target shRNA (shNT) was used as control. Protein levels
of La and LamB1 were detected by western blotting and were quantified. The protein levels of MIM-R cells were set to a value of 1 for normal-
ization. (B) qPCR of LamB1 mRNA levels in MIM-R and MIM-RT cells. (C) Cytoplasmic fractions of MIM-R and MIM-RT cells as well as
MIM-R cells treated for 24 h with 2.5 ng/ml TGF-b were analyzed by western blotting and protein levels were quantified. The protein levels of
MIM-R cells were set to a value of 1 for normalization (D) EMT of epithelial MIM-R cells was induced by administration of 2.5 ng/ml TGF-b in
intervals of 24 h. Cells were transfected with the bicistronic vector containing the LamB1 50-UTR between the b-gal and CAT reporter. b-Gal and
CAT activities were detected 48 h after transfection and normalized to mRNA levels as quantified by qPCR. Relative reporter activities of MIM-R
cells were set to a value of 1 for normalization. (E) Total protein or (F) phospho-protein levels were detected by western blotting and were quantified.
The protein levels of MIM-R cells were set to a value of 1 for normalization. ***P< 0.005.
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that LamB1 IRES translation is enhanced by La that
accumulates in the cytoplasm of EMT-transformed cells.
Stimulation of epithelial cells with TGF-b leads to a tran-
sient downregulation of cap-dependent translation and
results in cytoplasmic localization of La. PDGF-Ra
expression is induced by TGF-b during EMT and correl-
ates with LamB1 expression and IRES activity, suggesting
a role in the regulation of LamB1 translation.

The cytoplasmic accumulation of La in
EMT-transformed cells is regulated by PDGF

La was reported to translocate from the nucleus to the
cytoplasm where it functions as an ITAF by enhancing
IRES translation of target mRNAs (35,40,41). Multiple
phosphorylation sites or cleavage of the C-terminal
nuclear localization signal have been described to
regulate the subcellular localization of La (38,42,43).
Yet, less is known about the regulation of La distribution.
To examine whether PDGF signaling is responsible for
cytoplasmic accumulation of La and enhancement of
LamB1 IRES translation, we used hepatocytes expressing
a dn version of PDGF-Ra (dnP) (31). EMT-transformed
cells show an autocrine TGF-b regulation and activate
downstream PDGF signaling (26). During PDGF stimu-
lation, cells were therefore simultaneously treated with the
TGF-b receptor I/II kinase inhibitor LY02109761 to inter-
fere with TGF-b-driven endogenous PDGF signaling and
to exclude the involvement of other TGF-b-activated
pathways. Western blot analysis of subcellular fractions
revealed that cytoplasmic accumulation of La and
enhanced LamB1 expression is induced by PDGF in mes-
enchymal MIM-RT but not in epithelial MIM-R cells
(Figure 2A). Expression of dnP impaired the upregulation
of cytoplasmic La and LamB1. Relative protein levels
were quantified and normalized to tubulin resulting in a
3.2-fold higher level of cytoplasmic La and a 1.8-fold
stronger expression of LamB1 in PDGF-stimulated RT
cells as compared to RTdnP cells treated with PDGF.
These data suggest a link between PDGF-Ra expression,
cytoplasmic La and LamB1 levels. Immunocytochemical
stainings confirmed the impact of PDGF signaling on the
cytoplasmic localization of La (Figure 2B).
To investigate whether the cytoplasmic localization of

La affects IRES-mediated translation of LamB1, we
assessed IRES activity with the bicistronic reporter
assay. Importantly, cap-dependent translation did not
change significantly as shown in Supplementary
Figure S5. MIM-RTdnP (TGF-b inhibitor+PDGF)
showed decreased LamB1 IRES activity when compared
to MIM-RT (TGF-b inhibitor+PDGF), indicating a role
of PDGF in LamB1 IRES regulation (Figure 2C).
Impairment of TGF-b and downstream PDGF signaling
by treatment with the TGF-b receptor I/II kinase inhibitor
LY02109761 resulted in decreased LamB1 IRES activity
in mesenchymal MIM-RT cells (RT: white bars) but not
after dnP expression (RTdnP: white bars; Figure 2C). In
contrast, LamB1 IRES activity was not reduced in
MIM-RT cells (RT: light gray bars) upon the simultan-
eous treatment with TGF-b inhibitor and PDGF stimula-
tion. These data indicate that PDGF is downstream of

TGF-b signaling and that LamB1 IRES translation in
EMT-transformed cells depends on PDGF signaling.
Noteworthy, epithelial MIM-R cells express only low
levels of PDGF-Ra. Thus, treatment with PDGF had no
effect on LamB1 IRES translation (R, RdnP; Figure 2C),
whereas stimulation with TGF-b induced PDGF-Ra
expression and LamB1 IRES activity in MIM-R cells.
As expected, expression of dnP impairs the TGF-b-
mediated induction of LamB1 IRES translation (RdnP).
Together, these data indicate that induction of EMT by
TGF-b activates PDGF signaling, which triggers cytoplas-
mic accumulation of La to enhance LamB1 IRES
translation.

PDGF signals via PI3K and MAPK pathways

To characterize the pathways that are involved in the
PDGF-mediated regulation of La, western blot analysis

Figure 2. The EMT-induced cytoplasmic accumulation of La is
regulated by PDGF. Epithelial MIM-R and mesenchymal MIM-RT
hepatocytes and those expressing dominant negative PDGF-Ra (dnP)
were employed to study the subcellular localization of La. All cells were
treated with 1mM TGF-b receptor I/II kinase inhibitor LY02109761 or
stimulated with 10 ng/ml PDGF for 32 h in the presence of 1mM
TGF-b inhibitor. (A) Cytoplasmic (c) and nuclear fractions (n) were
analyzed by western blotting. The purity of subcellular fractions was
assessed by detection of tubulin (c) and nucleoporin (n).
(B) Immunocytochemical staining of La. Arrows indicate cytoplasmic
localization of La. (C) The effect of impaired PDGF signaling on
LamB1 IRES activity was analyzed with a bicistronic reporter assay.
Cells were transfected with a bicistronic vector containing the LamB1
50-UTR. b-Gal and CAT activities were detected 48 h after transfection.
Relative reporter activities of MIM-RT cells treated with TGF-b
inhibitor were set to a value of 1 for normalization. *P< 0.05.
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of epithelial MIM-R, mesenchymal MIM-RT cells and
those expressing dnP (RdnP, RTdnP) was performed
(Figure 3). Treatment with TGF-b resulted in the activa-
tion of PI3K/AKT as well as MAPK/ERK signaling and
LamB1 expression in epithelial and EMT-transformed
cells, the latter exhibiting autocrine TGF-b production
(6). Expression of dnP significantly reduced activation of
these pathways and impaired the enhancement of LamB1
expression, suggesting that PDGF contributes to
TGF-b-induced PI3K and MAPK signaling and regulates
LamB1 expression. In order to estimate the effect of
PDGF stimulation, the TGF-b triggered endogenous
PDGF expression was pharmacologically inhibited by
intervention with upstream TGF-b signaling using the
TGF-b receptor I/II kinase inhibitor LY02109761. In
contrast to TGF-b, PDGF was exclusively able to
induce AKT and ERK signaling in mesenchymal
MIM-RT but not in epithelial MIM-R hepatocytes that
express low levels of PDGF-Ra. Interference with PDGF
signaling by dnP expression impaired PDGF-induced
AKT as well as MAPK signaling and enhancement of
LamB1 expression. In contrast, the expression of La was
not changed (Figure 3). Interestingly, expression of dnP
strongly impaired AKT and ERK signaling in response to
PDGF. Thus, the correlation of both ERK and AKT
phosphorylation with LamB1 expression point to their in-
volvement in PDGF-mediated regulation of LamB1 IRES
translation during EMT.

LamB1 IRES translation is predominantly regulated
by MAPK signaling

To analyze PDGF downstream signaling for the regula-
tion of LamB1 IRES translation, we used cell lines
expressing mutated Ras versions. C40-V12-Ras predom-
inantly activates PI3K/AKT, whereas S35-V12-Ras
induces the MAPK/ERK signaling (25). Cells that
activate the MAPK/ERK pathway undergo TGF-b-
induced EMT resulting in MIM-ST cells, whereas those
activating PI3K/AKT signaling acquire a scattering
phenotype in response to TGF-b and fail to undergo
complete EMT [MIM-CT; (25)]. Cells were treated with

TGF-b receptor I/II kinase inhibitor LY02109761 and
PDGF to trigger PDGF but not TGF-b-induced signal-
ing. As expected, PDGF treatment stimulated PI3K/AKT
and MAPK/ERK signaling (Figure 4A). Activation of
AKT was stronger in MIM-CT and MIM-RT
(2.5- and 3.2-fold respectively, as compared to 1.5-fold
in MIM-ST), whereas activation of ERK was higher in
MIM-ST and MIM-RT cells (3.1- and 2.8-fold, respect-
ively, as compared to 1.7-fold in MIM-CT). All cell lines
expressed comparable levels of total La, thus being not
regulated in response to PDGF treatment. LamB1 expres-
sion was increased in PDGF-stimulated MIM-ST but not
in MIM-CT cells, suggesting the involvement of MAPK/
ERK signaling in the regulation of LamB1 expression.
Accordingly, PDGF treatment significantly elevated
LamB1 IRES translation in MIM-ST and MIM-RT cell

Figure 4. LamB1 IRES translation is enhanced by PDGF-driven
MAPK signaling. Hepatocytes expressing S35-V12-Ras undergo EMT
in response to TGF-b (MIM-ST), whereas cells expressing
C40-V12-Ras acquire a scattering phenotype (MIM-CT). All cells
were treated with 1 mM TGF-b receptor I/II kinase inhibitor
LY02109761 or stimulated with 10 ng/ml PDGF for 32 h in the
presence of 1 mM TGF-b inhibitor. (A) Western blot analysis of cells
in response to PDGF. (B) Cells were transfected with a bicistronic
vector containing the LamB1 50-UTR to analyze LamB1 IRES
activity. b-Gal and CAT reporter activities were measured 48 h
post-transfection. Relative reporter activities of MIM-RT cells treated
with TGF-b inhibitor were set to a value of 1 for normalization.
(C) The subcellular localization of La was analyzed by western
blotting of cytoplasmic (c) and nuclear (n) fractions. Tubulin and
nucleoporin served as cytoplasmic or nuclear marker, respectively.
*P< 0.05.

Figure 3. PDGF activates PI3K and MAPK signaling in
EMT-transformed cells. MIM-R and MIM-RT cells or those expressing
dnP were employed to analyze PDGF-induced signaling by western
blotting. MIM-R and MIM-RdnP cells were treated with 2.5 ng/ml
TGF-b for 24 h (RdnP, R) or persistently cultured with 1 ng/ml
TGF-b (RTdnP, RT) to analyze TGF-b signaling. Cells were cultured
with 1 mM TGF-b receptor I/II kinase inhibitor LY02109761 and sim-
ultaneously treated with 10 ng/ml PDGF for 32 h to study PDGF
signaling.
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lines but showed less effect in MIM-CT cells (Figure 4B
and Supplementary Figure S5). In agreement with these
data, cytoplasmic localization of La was induced by
PDGF treatment in MIM-ST and MIM-RT but not in
MIM-CT cells (Figure 4C and Supplementary Figure
S6). These data suggest that the PDGF-induced IRES-
mediated translation of LamB1 is predominantly
regulated by MAPK/ERK signaling, which triggers the
cytoplasmic accumulation of La.

PI3K affects MAPK-dependent regulation of
cytoplasmic La localization

To further examine the PDGF signaling on LamB1
IRES translation, we selectively inhibited PI3K/AKT or
MAPK/ERK signaling in EMT-transformed MIM-RT
cells using small molecule inhibitors targeting PI3K or
MEK1/2. Inhibition of the PI3K/AKT signaling did
neither affect LamB1 expression nor cytoplasmic levels
of La (Figure 5A). In contrast, MEK1/2 inhibition
resulted in a significant reduction of LamB1 and cytoplas-
mic La levels, which was even more lowered by combined
inhibitor treatment. In accordance, inhibition of MEK1/2
reduced LamB1 IRES activity that was even more
inhibited through the combined treatment, whereas inter-
ference with PI3K/AKT alone had no significant effect
(Figure 5B and Supplementary Figure S5). These results
suggest that cytoplasmic accumulation of La and the
enhanced IRES-driven expression of LamB1 is mainly
regulated by MAPK/ERK signaling with an additional
impact of the PI3K/AKT pathway.
Inhibition of the MAPK/ERK pathway leads to

reduced eIF4E activity (44) that could be involved in the

downregulation of cap-dependent LamB1 expression.
To estimate whether decreased eIF4E availability could
influence the expression of LamB1, a reporter assay was
performed in the presence of 2A protease, which cleaves
eIF4G (Supplementary Figure S7). This enzyme cleaves
the eIF4E binding site on eIF4G and therefore disrupts
the association of eIF4E with the translation preinitiation
complex (45). We expressed 2A protease (2Awt) or the
inactive mutant (2Amut) together with a reporter
plasmid containing the LamB1 50-UTR in front of a
Firefly luciferase reporter (Figure 5C, left panel). Firefly
luciferase activity therefore reflects both the cap-
dependent and IRES-mediated translation of LamB1. To
detect the impairment of cap-dependent translation by 2A
protease, 2Awt or 2Amut was co-transfected with the
empty reporter vector expressing Firefly luciferase
(Figure 5C, right panel). Interestingly, cap-dependent
translation was significantly reduced by 2A protease activ-
ity, whereas translation of the LamB1 50-UTR containing
reporter was not impaired (Figure 5C). The translation of
LamB1, consisting in this experimental setting of both
cap-dependent and IRES-mediated translation, therefore
remains not affected by reduced eIF4E availability.
Recently, we performed a comparable experiment with a
bicistronic vector showing that 2A protease activity leads
to increased IRES translation of LamB1 (27). Together,
these results suggest that reduced eIF4E availability leads
to enhanced IRES-mediated translation of LamB1, which
compensates a possible reduction of cap-dependent trans-
lation and stabilizes protein expression of LamB1.
Notably, the decrease of eIF4E activity has been
reported to reduce cap-dependent and to induce IRES-
mediated translation (46). Diminished LamB1 expression

Figure 5. Cytoplasmic accumulation of La depends on the cooperation of MAPK and PI3K signaling. MIM-RT cells were treated with 10 mM of
PI3K (LY) and/or MAPK (UO) inhibitor. DMSO was used as control. (A) Western blotting of cytoplasmic (c) and nuclear (n) fractions to analyze
subcellular localization of La. (B) Cells were transfected with the bicistronic vector containing the LamB1 50-UTR to study LamB1 IRES activity.
CAT reporter activities were measured 48 h after transfection and normalized to mRNA levels as quantified by qPCR. Relative reporter activities of
MIM-RT cells treated with DMSO were set to a value of 1 for normalization. (C) MIM-RT cells were co-transfected with a vector expressing 2A
protease (2Awt) or an inactive mutant (2Amut) together with either a plasmid containing the LamB1 50-UTR in front of a Firefly luciferase reporter
(left panel) or the empty Firefly luciferase reporter without 50-UTR as control (right panel). Relative reporter activities of MIM-RT cells that were
co-transfected with the 2Amut and Firefly luciferase control vector were set to a value of 1 for normalization. *P< 0.05.
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upon inhibition of MAPK/ERK signaling can therefore
not be explained by the reduction of cap-dependent trans-
lation. Thus, inhibition of MAPK/ERK does not induce a
possible switch to IRES translation of LamB1. Rather,
MAPK/ERK pathway regulates IRES-mediated transla-
tion of LamB1 by the modulation of La translocation.

PDGF-regulated subcellular localization of La
correlates with LamB1 levels in vivo

We next addressed the question whether the localization
of La correlates with LamB1 expression and the tumor
formation of EMT-transformed cells in vivo. Therefore,
epithelial MIM-R or mesenchymal MIM-RT cells as
well as those expressing dnP or a stable knockdown of
La (shLa84, shLa87) or the non-target control (shNT)
were xenografted for subcutaneous tumor formation.
Interestingly, the knockdown of La as well as the inter-
vention with PDGF signaling significantly reduced sub-
cutaneous tumor growth of EMT-transformed cells
(Figure 6A and Supplementary Figure S8). In contrast,
epithelial MIM-R-derived tumors remained unaffected
by the knockdown of La. Although expression of dnP
had no effect on in vitro properties of epithelial MIM-R
cells (R) such as proliferation and migration (31), a
reduced tumor growth was observed, which might be
explained by the complex tumor stroma crosstalk
in vivo. Expression of LamB1 was analyzed in cell
lysates or subcellular fractions obtained from tumor
tissues. The knockdown of La in EMT-transformed cells
decreased LamB1 expression, showing that enhanced
LamB1 expression depends on La even under in vivo con-
ditions (Figure 6B). Analysis of subcellular fractions from
mesenchymal MIM-RT-derived tumors revealed a cyto-
plasmic accumulation of La and increased LamB1 expres-
sion in vivo (Figure 6C). Furthermore, intervention with
PDGF signaling decreased the cytoplasmic accumulation
of La as well as LamB1 expression. No changes in La
localization could be observed in cell lysates from
tumors generated by epithelial cells (data not shown).
Immunohistochemical analysis further confirmed the link
between cytoplasmic La and increased LamB1 levels in
tumors derived from EMT-transformed cells. Tumors
generated from MIM-RT cells expressing dnP showed a
lack of cytoplasmic La that correlated with lowered
LamB1 expression upon EMT as compared to control
or shNT (Figure 6D). Similarly, reduced levels of
LamB1 were observed in tumors with a knockdown of
La. In summary, these data provide strong evidence that
endogenous, tumor-derived TGF-b levels are sufficient to
induce PDGF-mediated accumulation of La and to
enhance LamB1 expression upon hepatocellular EMT.

DISCUSSION

EMT is a crucial step in the metastatic cascade that
provides carcinoma cells with the ability to remodel and
cross the ECM of the basement membrane as well as to
enter circulation (7). Hepatocellular EMT is induced by
the cooperation of oncogenic Ras and TGF-b signaling
and essentially depends on the activation of PDGF

signaling (26). Here, we present evidence that PDGF
triggers the cytoplasmic accumulation of La during
EMT in a PDGF-Ra-dependent way that predominantly
involves the downstream MAPK/ERK pathway. The sig-
naling events regulating LamB1 IRES translation during
EMT are summarized in Figure 7. Cytoplasmic La acts as
an ITAF and enhances IRES-mediated translation of
LamB1 in cells that have undergone EMT (28). To our
knowledge, these are the first data describing the cytoplas-
mic shuttling of La during EMT and its regulation by
PDGF-Ra that controls IRES activity.
Autocrine secretion of TGF-b results in a persistent

PDGF expression in EMT-transformed hepatocytes (26).
Interference with TGF-b and PDGF signaling using the
TGF-b receptor I/II kinase inhibitor LY02109761 or
expression of dnP revealed that cytoplasmic accumulation
of La and IRES-driven translation of LamB1 depends on
active TGF-b signaling and downstream PDGF-Ra
expression. Furthermore, we found that PDGF contrib-
utes to the activation of MAPK/ERK and PI3K/AKT
pathways in mesenchymal cells. Experiments with hepato-
cytes expressing mutated Ras versions clearly indicate that
La translocation and LamB1 IRES translation during
EMT is regulated by MAPK/ERK signaling. Yet
combined pharmacological inhibition of MAPK/ERK
and PI3K/AKT pathways had a more significant effect
than sole inhibition of MEK1/2, suggesting that active
PI3K/AKT signaling contributes to La translocation.
Accordingly, kinetics of TGF-b-induced EMT show a
more prominent upregulation of LamB1 IRES activity
at later time points correlating with the elevation of
both MAPK/ERK and PI3K/AKT signaling (Figure 1D
and F). Interestingly, the analysis of EMT kinetics
revealed no significant change in cap-dependent transla-
tion (Figure 1D). These data suggest that there is no
general switch to IRES-dependent translation in
EMT-transformed cells and that elevation of IRES-
mediated LamB1 translation is selectively regulated by
the cytoplasmic presence of La. Importantly, an assay em-
ploying 2A protease expression showed that the effects
observed upon MEK1/2 or AKT inhibition are not
merely a result of decreased eIF4E availability, but
rather depend on cytoplasmic accumulation of La.
PDGF signaling was not only activated in EMT-

transformed cells, but also shortly after TGF-b stimula-
tion of epithelial cells by upregulation of PDGF-Ra
(Figure 1E) and PDGF-A as shown recently (26).
Cap-dependent translation is reduced during 48 h post-
TGF-b treatment. This reduction correlates with activa-
tion of the p38/MAPK pathway, pointing to cellular stress
(Figure 1F and Supplementary Figure 4D). Indeed, a link
between EMT and ER stress has been reported in thyroid
cells (47). Activation of PDGF-Ra expression as well as
cytoplasmic localization of La in response to cellular stress
has been described recently (36,37). PDGF-Ra was found
to signal via Src during cellular stress. However, experi-
ments with pharmacological inhibitors against Src or
Janus kinases (JAKs) had no effect on LamB1 IRES
activity (data not shown). Therefore, we exclude the in-
volvement of the Src or JAK/Stat pathway in regulating
cytoplasmic accumulation of La and the increase of
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LamB1 IRES translation during TGF-b-induced EMT.
Our data rather indicate that MAPK/ERK signaling regu-
lates the immediate translocation of La upon TGF-b
stimulation. The switch to PDGF-Ra signaling and
IRES-mediated translation during the induction of EMT
suggests that PDGF signaling could be involved in the
regulation of further ITAFs in addition to La. This
opens the question whether other ITAFs are regulated
upon EMT and possibly contribute to the enhanced
IRES translation of LamB1.
The significance of these findings is underlined by recent

findings demonstrating that cytoplasmic La contributes to
the translation of oncogenes. Aberrant regulation of La
has been particularly described in chronic myeloid
leukemia, where BCR/ABL-mediated activation of La

supports tumorigenesis (48,49). Phosphorylation-depend-
ent shuttling of La and translational activation of target
genes that include tumor promoting factors was found in
glioma cells (39). However, La modulates translation in
diverse ways including binding to the 30-UTR or to the cap
of oligopyrimidine containing mRNAs depending on the
phosphorylation status (39,50). Cytoplasmic La in EMT-
transformed cells might therefore affect translation of
target genes on multiple levels. So far, La-mediated modu-
lation of IRES translation during apoptosis and cell cycle
progression has only been described for XIAP, BIP and
Cyclin D1 (35,40,41). Truncation as well as phosphoryl-
ation was found to trigger the cytoplasmic translocation
of La during apoptosis or cellular stress, suggesting that
multiple signaling events are involved in regulating

Figure 6. Stable knockdown of La reduces LamB1 expression and impairs tumor formation of EMT-transformed hepatocytes. Epithelial
(MIM-R, R) or mesenchymal (MIM-RT, RT) hepatocytes expressing dnP or a stable knockdown of La (sh84, sh87) or the non-target control
(shNT) were subcutaneously injected into SCID mice. (A) Mean weight of subcutaneous tumors after 16 days of growth in SCID mice. (B) Western
blot analysis of tumor tissue. (C) Western blotting of cytoplasmic (c) and nuclear (n) fractions isolated from tumor tissue. (D) Histological staining of
subcutaneous tumors. Insets show a higher magnification. *P< 0.05 or ***P< 0.005.
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subcellular La distribution (38,42,43). Recently, Brenet
et al. published a PDGF-B induced, AKT- dependent
phosphorylation of La. In contrast to these findings,
PDGF-induced translocation of La rather depends on
the MAPK/ERK pathway during hepatocellular EMT.

LamB1 signaling includes binding to LamR and b1
integrin receptors that were both found to be overex-
pressed in HCC (21,22). Rearrangement of integrin
receptor allocation and abundance is an essential step
during EMT that leads to enhanced cell motility and
survival (9,14,51). Consistently, LamB1 was found to be
involved in the regulation of cell migration, suggesting
that increased IRES translation of LamB1 during EMT
may contribute to tumor cell migration and metastasis
(18,52). Furthermore, EMT is associated with the activa-
tion of cell programs that regulate dedifferentiation during
embryogenesis and has been suggested to be involved in
the generation of tumor stem cells (8,53). Interestingly,
LamB1 is the first laminin subunit to be expressed
during early embryogenesis and is essentially involved in
cell differentiation (54). While embryonic cells expressing
LamB1 alone have a mesenchymal phenotype, additional
activation of Laminin a expression during E4 stage
induces epithelial cell polarization via a6b1 integrin sig-
naling. Accordingly, a recent publication reported the cul-
tivation of embryonic stem cells on laminin 10, which
contains the LamB1 subunit, without the need of feeder
cells (55). These data indicate that the context of laminin
expression might be important for the generation of stem
cell niches. Finally, Laminin 1 as well as LamB1 peptides

was found to regulate tube formation and sprouting
during tumor vascularization (56,57). Angiogenesis is
induced by hypoxic conditions and is driven by the
increased IRES translation of VEGF-A, PDGF and
bFGF mRNAs in response to HIF1a activation (58,59).
Thus, it is promising to investigate the involvement of
IRES-driven LamB1 translation during tumor angiogen-
esis and metastasis.
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