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Self-renewal and the maintenance of pluripotency of
mouse embryonal stem (ES) cells in vitro requires ex-
ogenous leukemia inhibitory factor (LIF). Mouse ES
cells can be cultured and kept undifferentiated in the
absence of embryonal feeder-cell layers when exoge-
nous LIF concentrations are maintained above a
threshold concentration. An important downstream
target of LIF signal transduction in mouse ES cells is
the transcription factor signal transducer and activa-
tor of transcription 3 (STAT3). In contrast to mouse ES
cells, human ES cells are unresponsive to LIF and
depend on feeder cells for undifferentiated growth.
Here, we investigated the activation patterns of LIF-
downstream effectors in mouse and human embryonal
carcinoma (EC) cells. We report that LIF induces both
ERK-1 as well as STAT3 activation in mouse P19 EC
cells. LIF enhances the proliferation rate of P19 EC
cells, which depends on ERK activity but does not
require activation of STAT3. In contrast, LIF does not
activate STAT3, ERK, or the gp130 receptor in human
N tera-2/D1 EC cells, although all receptor components
are expressed. The negative feedback protein suppres-
sor of cytokine signaling 1 (SOCS-1) is constitutively
expressed in N tera-2/D1 EC cells, suggesting that LIF
signal transduction is inhibited by elevated levels of
SOCS-1 expression. © 2002 Elsevier Science (USA)
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INTRODUCTION

Embryonal stem (ES)2 cells are pluripotent cells de-
rived from the inner cell mass of preimplantation em-
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bryos [1, 2], which differentiate into specific cell types
that comprise all the three germ-layers of the embryo
[3, 4]. Mouse ES cells can be maintained in an undif-
ferentiated state when cultured on fibroblast feeder
cell layers or in the presence of leukemia inhibitory
factor (LIF) on gelatin-coated tissue culture dishes
[5–8]. LIF belongs to the interleukin (IL)-6 family of
cytokines, which also includes oncostatin M, ciliary
neurotropic factor, IL-11, cardiotrophin, and IL-6 [9].
The IL-6-type cytokines all utilize the common gp130
receptor chain, and LIF signaling is mediated through
the LIF receptor (LIFR-�) which heterodimerizes with
the gp130 receptor upon LIF binding [10]. Activation of
the LIFR-�-gp130 heterodimer results in the rapid ac-
tivation of Janus kinases (JAKs) which in turn phos-
phorylate tyrosine residues of LIFR-� and gp130 [9,
11]. These phosphorylated tyrosine residues form dock-
ing sites for signaling molecules including STAT3 and
SHP2 [9]. STATs are transcription factors, which form
dimers upon phosphorylation of a specific tyrosine res-
idue that is located in a conserved SH2 domain [12].
STAT dimerization allows nuclear translocation and
the transcriptional activation of target genes [12].
SHP2 is a tyrosine phosphatase which signals up-
stream of the Ras/MAP kinase signal transduction
pathway [9, 13–15]. Recently, a family of cytokine-
inducible inhibitors of signaling has been identified
that downregulate the Jak/STAT signaling pathway
[16–18]. The proteins in this family, including cyto-
kine-inducible SH-2-containing protein and suppressor
of cytokine signaling (SOCS)/Jak-binding protein/
STAT-induced STAT inhibitor proteins, are proteins
containing SH2 domains which interact with JAKs,
thus preventing the activation of STATs [16–18]. Spe-
cifically, SOCS-1 and -3 are implicated in the down-
regulation of the IL-6-induced activation of STAT3
[19–22]. Moreover, SOCS-1 and SOCS-3 can quickly be
upregulated by IL-6 [17].

While embryonal stem cells are derived from the
inner cell mass of the blastocyst stage of the embryo,
embryonal carcinoma (EC) cells are the stem cells of
teratocarcinomas induced by transplantation of preim-
plantation embryos or ES cells to extrauterine sites [4,
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23, 24]. Human EC cells have been isolated from tes-
ticular germ cell tumors and resemble human embry-
onal stem cells with regard to marker expression [23,
24]. Both murine and human EC cells can be cultured
on gelatin coated tissue culture dishes and can be
differentiated into specific cell types of all three germ
layers upon treatment with the appropriate growth
factors or cytokines [23, 25, 26].

The pluripotency of mouse stem cells in culture de-
pends on LIF-activated STAT3, since mutation of ei-
ther the gp130 receptor or STAT3 itself abrogated the
self-renewal of ES cells and led to the onset of differ-
entiation [5, 7, 8]. Consequently, mouse stem cells can
be cultured and kept pluripotent on gelatin-coated tis-
sue culture flasks when maintained in medium con-
taining LIF. In contrast, human stem cells in culture
depend on feeder cells in order to maintain their plu-
ripotency [27]. In the experiments presented here, it
was investigated which signal transduction cascades
are activated in response to LIF in human N tera-2/D1
EC versus murine P19 EC cells. We conclude that LIF
induces both ERK and STAT3 activation in mouse EC
cells, but that LIF-induced proliferation depends only
on ERK activity. In contrast, LIF does not activate
STAT3 or ERK-1 in human EC cells, although all re-
ceptor components are expressed. Constitutive SOCS-1
expression and lack of gp130 activation in response to
LIF are observed, suggesting that STAT3 signaling in
human N tera-2/D1 cells is prevented by elevated lev-
els of SOCS-1.

MATERIALS AND METHODS

Cell culture, reagents, and antibodies. The murine teratocarci-
noma cell line P19 EC and the human teratocarcinoma cell line N
tera-2/D1 EC were cultured in Dulbecco’s modified Eagle’s medium
(DMEM)/HAM F-12 medium supplemented with 7.5% heat-inacti-
vated fetal calf serum (FCS, Integro B.V., Zaandam, The Nether-
lands). The human hepatoma cell line HepG2 was grown in DMEM
supplemented with 10% FCS. Cells were stimulated with 106

units/ml murine LIF (ESGRO) or human LIF (obtained from Life
Science and Sigma, respectively) or with 25 ng/ml human recombi-
nant IL-6 (generous gift from Dr. S. C. Clark, Genetics Institute,
Cambridge, MA). The MEK inhibitor PD98059 and the JAK2 inhib-
itor AG490 (both obtained from Calbiochem) were used at final
concentrations of 20 50 �M, respectively. Antibodies against hemag-
glutinin STAT3, gp130, and ERK-1 (Santa Cruz) were used in dilu-
tions of 1:3000, unless stated otherwise. Antibodies against phos-
phorylated STAT3 (tyr705), STAT3 (ser727), and ERK p44/p42
(thr202/tyr204) were obtained from New England Biolabs and used
in a 1:1000 dilution. Antibodies against phospho-tyrosine (PY-99)
were obtained from Santa Cruz and were used in a 1:1000 dilution.

Expression and reporter constructs. The following plasmids were
used: pIRE LUC containing two copies of the IL-6 response element
(pIRE) of the ICAM-1 promoter in front of the Herpes simplex virus
thymidine kinase promoter and the luciferase gene and in the pIRE-
mut-luc reporter the STAT3 binding sites were mutated [28]. The
pIC-1014-LUC reporter containing a 1014-bp fragment of the human
ICAM-1 promoter and the pIC-1014(IRE-mut)-LUC reporter in
which the IRE site was mutated were previously described [29];
pSG5-STAT3 which expresses STAT3 from the SV40 promoter (gen-

erous gift from Dr. P. Coffer, Department of Pulmonary Diseases,
AZU, Utrecht, The Netherlands); pSG5-STAT3�, which expresses a
dominant negative isoform of STAT3 lacking the 55 C-terminal
amino-acid residues (generous gift from Dr. R. de Groot, Department
of Pulmonary Diseases, AZU); pCMV-MEN2A-RET(634), which ex-
presses the Cys634 mutant of RET [30]; and pCMV-JAK1 and
pCMV-JAK2 expressing JAK1 and JAK2 from the CMV promoter,
respectively (generous gifts from Dr. D. Levy, Department of Pathol-
ogy, School of Medicine, NYU, New York, NY).

Transient transfections. N tera-2/D1 EC and P19 EC cells were
seeded at 1 � 105 cells per well and pHepG2 cells were seeded at 3 �
105 cells per well in six-well plates (Costar), and 24 h later cells were
transfected with 10 �g plasmid DNA using the calcium phosphate
coprecipitation method [31]. Transfection mixtures consisted of a
mixture of 3 �g pIRE LUC reporter, 3 �g pDM2-LacZ as a control to
determine transfection efficiency, and 2.5 �g of expression plasmids
for dominant negative or constitutively active signal transduction
components unless stated otherwise under Results section. When
necessary, pUC18 was added to the transfection mixture to obtain a
total of 10 �g of DNA. Cells were incubated with precipitate for 24 h,
washed with phosphate-buffered saline (PBS), and stimulated for an
additional 24 h. Cells were collected in 200 �l reporter lysis buffer
(Promega) and subjected to the assays for luciferase [32] and �-ga-
lactosidase [33] as previously described. The data represent two
independent experiments using different batches of DNA, and in
each experiment transient transfections were performed in tripli-
cate. Standard deviations were calculated using Sigmaplot (Jandel
Corp.).

SDS–polyacrylamide gel electrophoresis, Western blotting, and im-
munoprecipitations. A total of 1 � 107 cells were lysed on ice in lysis
buffer (20 mM Hepes pH 7.4, 2 mM EGTA, 1 mM DTT, 1 mM Na2VO3

(ortho), 1% Triton X-100, 10% glycerol, 10 �g/ml leupeptin, and 0.4
mM PMSF). Prior to SDS–polyacrylamide gel electrophoresis, pro-
tein concentrations were determined (Bio-Rad), and equal amounts
were used in the experiments. Whole-cell extracts were boiled for 5
min in the presence of Laemmli sample buffer prior to separation on
12.5% SDS–polyacrylamide gels. The proteins were transferred to a
nitrocellulose filter (Millipore) in Tris–glycine buffer at 100 V for
1.5 h using an electroblotter (Pharmacia). Membranes were blocked
with PBS buffer containing 5% nonfat milk prior to incubation with
antibodies. Binding of each antibody was detected by chemilumines-
ence using ECL according to the manufacturer’s recommendations
(Amersham Corp.). For immunoprecipitations, whole-cell lysates
were incubated with anti-gp130 antibodies, precipitated with protein
A–Sepharose beads (Pharmacia), and washed three times with lysis
buffer. The precipitates were boiled for 5 min in Laemmli sample
buffer and subjected to 12.5% SDS–polyacrylamide gel electrophore-
sis.

Proliferation assays. For proliferation assays, 2500 N tera-2/D1
EC or P19 EC cells were cultured in 96-well plates, and proliferation
of each cell line was followed for 5 days using an MTC assay accord-
ing to the manufacturer’s recommendations (Promega).

RNA extraction and RT-PCR. For RT-PCR, total RNA was iso-
lated from 106 cells using Trizol according to the manufacturer’s
recommendations (Life Technologies). 3 �g of RNA per sample
was reverse transcribed with M-MuLV reverse transcriptase
(Boehringer Mannheim). For PCR, 2 �l of cDNA was amplificated
using mouse gp80 primers (forward, 5�-CCAACCACGAAGGCT-
GTGCT-3�; reverse, 5�-GCTCCACTGGCCAAGGTCAA-3�), mouse
gp130 primers (forward, 5�-CCACATACGAAGACAGACCA-3�;
reverse, 5�-GCGTTCTCTGACAACACACA-3�), mouse LIF-R prim-
ers (forward, 5�-CAACCAACAACATGCGAGTG-3�; reverse,
5�-GGTATTGCCGATCTGTCCTG-3�), GAPDH primers (forward,
5�-ATCACCATCTTCCAGGAG-3�; reverse, 5�-GCCATCCA-
CAGTCTT-3�), �-2-globulin primers (forward, 5�-CCAGCA-
GAGAATGGAAAGTC-3�; reverse, 5�-GATGCTGCTTACAT-
GTCTCG), SOCS-1 primers (forward, 5�-CACGCACTTC-
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CGCACATTCC-3�; reverse, 5�-TCCAGCAGCTCGAAGAGGCA-3�),
or SOCS-3 primers (forward, 5�-TCACCCACAGCAAGTTTC-
CCGC-3�; reverse, 5�-GTTGACGGTCTTCCGACAGAGATGC-3�)
in a total volume of 50 �l using 2 units of Taq polymerase (Boeh-
ringer Mannheim). After 25 cycles, 15-�l aliquots were run on
1.5% agarose gels.

RESULTS

LIF Induces both STAT3 and ERK-1 Activation
in Murine P19 EC Cells

To determine whether STAT3 and ERK are acti-
vated in response to LIF stimulation in P19 EC cells,
total lysates were Western blotted using antibodies
recognizing phosphorylated STAT3 (tyr705) and ERK
p44/p42 (thr202/tyr204). As depicted in Fig. 1A, 15 min
of LIF stimulation induced both STAT3 and ERK-1
activation. LIF-induced activation of STAT3 and
ERK-1 correlated with a cytoplasmic-nuclear translo-
cation of both proteins as determined by immunofluo-
rescence microscopy (data not shown). Pretreatment
with the MEK-1 inhibitor PD98059 completely abol-

ished the LIF-induced ERK-1 phosphorylation, while
STAT3 phosphorylation was not altered (Fig. 1A). Pre-
treatment with the JAK-2 inhibitor AG490 did not
affect LIF-induced ERK-1 phosphorylation, but STAT3
phosphorylation upon LIF stimulation was completely
abolished, indicating that JAK-2 is the major tyrosine
kinase that phosphorylates STAT3 on tyr705 in re-
sponse to LIF in P19 EC cells (Fig. 1A).

STAT3 transactivation was determined by tran-
siently transfecting P19 EC cells with the synthetic
IRE-luciferase reporter (IRE-LUC), which contains
two STAT3 binding sites in the promoter. LIF induced
a three-fold induction of STAT3 transactivation, while
IL-6 did not activate the IRE reporter (Fig. 1B). Inhi-
bition of ERK activity using the inhibitor PD98059 did
not affect the LIF-induced STAT3 transactivation,
which was still approximately threefold, although both
control and LIF-induced luciferase values were signif-
icantly higher compared to cells that were not treated
with PD98059 (Fig. 1B). Inhibition of JAK-2 kinase
activity using the inhibitor AG490 completely abol-

FIG. 1. LIF induces activation of ERK and STAT3 in mouse P19 EC cells. (A) P19 EC cells were treated with the MEK-1 inhibitor
PD98059 (20 �M) or the JAK-2 inhibitor AG490 (50 �M) for 30 min as indicated prior to stimulation with 106 units/ml murine LIF for 15
min. Total cell extracts were Western blotted using antibodies recognizing phosphorylated ERK p44/p42 (thr202/tyr204), phosphorylated
STAT3 (tyr705), or unphosphorylated STAT3 or ERK p44/p42. (B) P19 EC cells were transiently transfected with the IRE-LUC reporter,
pretreated with PD98059 (20 �M) or AG490 (50 �M) for 30 min as indicated, and stimulated with 106 units/ml murine LIF for an additional
24 h. Cells were harvested and lysates were used for luciferase and LacZ assays. Data represent average values of at least three independent
experiments and each experiment was performed in triplicate. (C) Transient transfected assays as in B, but now cells were transfected with
the ICAM-LUC reporter (pIC1014-luc) or the ICAM-LUC reporter in which the STAT3 binding sites were mutated (pIC1014(IREmut)-luc).
(D) Transient transfection assays as in B, using the IRE-LUC and IRE-mut-LUC reporters.
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ished STAT3 transactivation in response to LIF (Fig.
1B), in agreement with the observed effects of AG490
on LIF-induced STAT3 tyr705 phosphorylation. Fur-
thermore, we investigated the effects of LIF-induced
STAT3 transactivation on natural promoters. As de-
picted in Fig. 1C, LIF induced a strong activation of the
human ICAM-1 promoter (pIC1014-luc), which was
mediated via STAT3 since a reporter that contains the
ICAM promoter in which the STAT3 binding sites were
mutated (pIC1014(IREmut)-luc) was not activated
upon LIF stimulation.

To further study the effects of PD98059 on LIF-
induced STAT3 transactivation, the IRE-mut-LUC re-
porter, in which the STAT3 binding sites were mu-
tated, was transiently transfected in P19 EC cells. As
depicted in Fig. 1D, LIF did not activate the IRE-mut-
LUC reporter, while the enhancing effects of PD98059
were observed on both the IRE-LUC and the IRE-mut-
LUC reporters (compare lanes 1 and 2 with 5 and 6 and
lanes 3 and 4 with 7 and 8). The enhancing effects of
PD98059 on transcriptional activities were also ob-
served on various other promoters, including the ICAM
and cyclin D1 promoters (data not shown), indicating
that inhibition of ERK activity does not directly affect
STAT3 signal transduction but rather positively af-
fects gene transcription in a general manner in P19 EC
cells.

Taken together, these data indicate that LIF induces
both STAT3 and ERK-1 activation in P19 EC cells
while AG490 and PD98059 serve as specific inhibitors
for STAT3 and ERK, respectively.

LIF-Induced Proliferation of P19 EC Cells Involves
Activation of ERK, but Not of STAT3

Since LIF-induced activation of STAT3 is required
for murine stem cell renewal and the maintenance of
their pluripotency, the role of LIF and STAT3 for P19

EC proliferation was investigated. LIF stimulation re-
sulted in an approximately twofold increase in P19 EC
cell proliferation (Fig. 2A). Inhibition of ERK activity
using PD98059 completely abolished the LIF-induced
proliferation, while proliferation rates in the absence of
LIF stimulation remained unaffected. Treatment with
the JAK-2 inhibitor AG490 did not affect the LIF-
induced proliferation of P19 EC cells (Fig. 2B). These
data indicate that LIF-induced P19 EC proliferation
requires ERK activation but not STAT3 activation
(Fig. 2B).

LIF Does Not Activate STAT3 or ERK in Human N
Tera-2/D1 EC Cells

Next, it was investigated whether LIF and IL-6 ac-
tivate STAT3 and ERK in the human embryonal ter-
atocarinoma cell line N tera-2/D1 EC. Total extracts of
unstimulated or stimulated cells were Western blotted
using antibodies recognizing phosphorylated STAT3
(tyr705) and ERK p44/p42 (thr202/tyr204). As depicted
in Fig. 3A, no STAT3 tyr705 phosphorylation was ob-
served in response to either LIF or IL-6, while STAT3
was highly expressed. Furthermore, high basal levels
of ERK-1 phosphorylation were observed in N tera-
2/D1 EC cells, which were not further upregulated
upon LIF stimulation (Fig. 3B). As expected, no LIF- or
IL-6-induced STAT3 transactivation was observed in
transient transfection assays using the IRE-luciferase
reporter (Fig. 3C) or the ICAM-luciferase reporter
(data not shown). Inhibition of ERK activity by treat-
ment with PD98059 did not restore the STAT3 induc-
ibility by either LIF or IL-6, but higher basal levels of
reporter activity were observed (Fig. 3C), as was the
case in P19 EC cells. Since murine LIF was used in
previous experiments, we determined whether human
LIF could activate STAT3 in the human cell line N
tera-2/D1 EC. As depicted in Fig. 3D, neither murine

FIG. 2. LIF-induced proliferation of P19 EC cells depends on ERK activity but does not require activation of STAT3. (A) The proliferation
of P19 EC cells was followed during 4 days using MTC assays. Cells were pretreated with the MEK-1 inhibitor PD98059 (20 �M) as indicated
for 30 min prior to stimulation with 106 units/ml murine LIF at day 1. (B) MTC assay as in A, but now cells were pretreated with the JAK-2
inhibitor AG490 (50 �M) as indicated for 30 min prior to stimulation with murine LIF.
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LIF nor human LIF induced STAT3 transactivation in
N tera-2/D1 EC cells, while both murine and human
LIF induced STAT3 transactivation in P19 EC cells to
comparable levels. Taken together, these data indicate
that neither LIF nor IL-6 can activate STAT3 or ERK
in N tera-2/D1 EC cells.

LIF Does Not Induce Proliferation of Human N
Tera-2/D1 EC Cells

To determine whether LIF induces proliferation of N
tera-2/D1 EC cells MTC assays were performed using
unstimulated as well as hLIF-stimulated cells. As de-
picted in Fig. 4A, hLIF did not enhance N tera-2/D1 EC
proliferation over basal proliferation levels. Inhibition
of ERK activity using PD98059 reduced the prolifera-
tion rates of unstimulated cells, while still no effects of
hLIF stimulation were observed in the presence of
PD98059 (Fig. 4A). Since cells were cultured in 7.5%
FCS, which already induced a significant proliferation,

it was investigated whether LIF could induce N tera-
2/D1 EC proliferation at lower serum concentrations.
As depicted in Fig. 4B, no serum-induced proliferation
was observed in the presence of 0.5 or 0.1% FCS, while
LIF stimulation did not enhance proliferation rates.
These data indicate that LIF does not induce prolifer-
ation of human teratocarcinoma N tera-2/D1 EC cells
as has also been reported for human stem cells.

Lack of LIF Signaling in Human N Tera-2/D1 EC
Cells Is Not Caused by an Aberrant Expression
of Required Signal Transduction Components

Since no effects of LIF were observed on N tera-2/D1
proliferation rates and on STAT3 and ERK activation
in these cells, it was investigated whether all the re-
quired signal transduction components are expressed
in N tera-2/D1 cells. Total RNA was isolated from N
tera-2/D1 EC cells from which cDNA was prepared.
PCRs were performed using primers for the IL-6 and

FIG. 3. LIF and IL-6 do not activate STAT3 or ERK in human N tera-2/D1 EC cells. N tera-2/D1 EC cells were stimulated with 25 ng/ml
human IL-6 or 106 units/ml murine LIF for the indicated time-periods. Total cell extracts were Western blotted using antibodies recognizing
STAT3 or phosphorylated STAT3 (tyr705) (A), or ERK p44/42 or phosphorylated ERK p44/p42 (thr202/tyr204) (B). (C) N tera-2/D1 EC cells
were transiently transfected with the IRE-LUC reporter, pretreated with PD98059 (20 �M) for 30 min as indicated and stimulated with 106

units/ml murine LIF for an additional 24 h. Cells were harvested and lysates were used for luciferase and LacZ assays. (D) Transient
transfection assay as in C using P19 EC or N tera-2/D1 EC cells as indicated, but now cells were stimulated with either 106 units/ml murine
LIF or 106 units/ml human LIF.
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LIF receptor components gp80, gp130. and LIF-R. As
depicted in Fig. 5A, all the receptor components which
are required for LIF and IL-6 signaling are expressed
in N tera-2/D1 EC cells. As a control, RNA isolated
from murine P19 EC was used for RT-PCR reactions.
In P19 EC cells, the gp130 and LIF-R components are
expressed, while no gp80 expression was observed (Fig.
5A). These data suggest that IL-6 does not activate
STAT3 in P19 EC cells due to a lack of gp80 expression,
which is required to mediate IL-6 signal transduction.
Gp130 expression was also verified in both N tera-2/D1
EC and P19 EC cells by Western blotting (Fig. 5B).

To investigate whether JAK or STAT3 expression is
disturbed in N tera-2/D1 EC cells, the IRE-LUC re-
porter was transiently transfected together with ex-
pression vectors for JAK-1, JAK-2, or STAT3. hLIF did
not induce STAT3 transactivation in the presence of
overexpressed exogenous JAK-1, JAK-2, or STAT3, al-
though basal IRE transactivation levels were en-
hanced when both JAK-1 and JAK-2 were overex-
pressed (Fig. 5C). Recently, we demonstrated that the
oncogenic tyrosine kinase receptor MEN2A induces
STAT3 transactivation in the absence of JAK tyrosine
kinase activity [30]. As an alternative way to activate

STAT3 independent of the LIF receptor components,
MEN2A was overexpressed in N tera-2/D1 EC cells and
STAT3 transactivation was determined by transient
cotransfection of the IRE-LUC reporter. As depicted in
Fig. 5D, overexpression of MEN2A induced a 3-fold
induction of IRE transactivation, while MEN2A in-
duced an 11-fold induction in the presence of overex-
pressed STAT3. Overexpression of STAT3 alone did
not significantly enhance IRE transactivation. Taken
together, these data strongly suggest that the pertur-
bation in LIF-STAT3 signaling in human N tera-2/D1
EC cells lies upstream of STAT3.

Constitutive SOCS-1 Expression in Human N
Tera-2/D1 EC Cells

STAT3 signal transduction is downregulated by a
family of negative feedback proteins, which includes
SOCS-1 and SOCS-3. Since all the required signal
transduction components which are required to medi-
ate LIF signal transduction are expressed in N tera-
2/D1 EC cells, it was speculated that a constitutive
activation of negative feedback proteins might prevent
LIF signaling in N tera-2/D1 EC cells. Total RNA from

FIG. 4. LIF does not induce proliferation of N tera-2/D1 EC cells. (A) The proliferation of N tera-2/D1 EC cells was followed for 4 days
using MTC assays. Cells were grown in 7.5% FCS and pretreated with the MEK-1 inhibitor PD98059 (20 �M) as indicated for 30 min prior
to stimulation with 106 units/ml human LIF at day 1. (B) MTC assays as in A, but now cells were grown in 7.5, 0.5, or 0.1% FCS as indicated.

124 SCHURINGA ET AL.



unstimulated and hLIF-stimulated cells was isolated
for RT-PCR reactions using primers for SOCS-1 and
SOCS-3. In unstimulated N tera-2/D1 EC cells, high
levels of SOCS-1 expression were observed, which were
not further upregulated upon hLIF stimulation (Fig.
6). Both in unstimulated and in hLIF-stimulated cells,
no SOCS-3 expression was observed (Fig. 6). Treat-
ment of P19 EC cells with hLIF for either 1 or 2 h led
to an increase in SOCS-3 mRNA levels while no up-
regulation of SOCS-1 was observed (Fig. 6). �2-Micro-
globulin and GAPDH RNA levels were not affected by
LIF treatment of N tera-2/D1 EC and P19 EC cells,
respectively. These data indicate that in N tera-2/D1
EC cells, a negative feedback loop is constitutively
activated, in contrast to P19 EC cells.

The gp130 Receptor Is Not Activated by LIF in
Human N Tera-2/D1 EC Cells

The expression of SOCS proteins prevents JAK-me-
diated phosphorylation of tyrosine residues of cytokine
receptors. Therefore, it was determined whether the
gp130 receptor was phosphorylated on tyrosine resi-
dues in response to LIF. Gp130 was immunoprecipi-
tated from unstimulated and hLIF-stimulated N tera-
2/D1 EC and P19 EC cells, and precipitates were
Western blotted using antibodies recognizing phos-
phorylated tyrosine residues (PY-99). As depicted in
Fig. 7, no gp130 phosphorylation was observed in ei-
ther unstimulated or hLIF-stimulated N tera-2/D1 EC
cells, while hLIF did induce gp130 tyrosine phosphor-

FIG. 5. The expression of receptor components in P19 EC and N tera-2/D1 EC cells. (A) Total RNA was isolated from N tera-2/D1 EC cells
or P19 EC cells and RT-PCRs were performed as described under Materials and Methods using primers for gp80, gp130, or LIF-R. As an
internal control RT-PCRs were performed using primers for GAPDH or �2-microglobulin. (B) Total cell extracts of N tera-2/D1 EC or P19 EC
cells were Western blotted using antibodies recognizing gp130 or STAT3. (C) N tera-2/D1 EC cells were transiently transfected with the
IRE-LUC reporter and cells were cotransfected with 2.5 �g expression vectors encoding JAK1, JAK2, or STAT3 as indicated. Cells were
stimulated with 106 units/ml human LIF. (D) Transient transfection assays as in C, but now N tera-2/D1 cells were transfected with
expression vectors for STAT3 and/or MEN2A as indicated.
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ylation in P19 EC cells. As a control, gp130 was immu-
noprecipitated from IL-6-stimulated HepG2 cells. IL-6
stimulation resulted in a strong tyrosine phosphoryla-
tion of the gp130 receptor within 10 min (Fig. 7). These
results indicate that LIF does not activate the gp130
receptor in N tera-2/D1 EC cells, although gp130 is
properly expressed, implying that STAT3 is not acti-
vated in human N tera-2/D1 cells due to the absence of
activated gp130.

DISCUSSION

Recent advances in mouse embryonal stem cell biol-
ogy have elucidated the critical roles of LIF and STAT3

for stem cell self-renewal and the maintenance of plu-
ripotency. As a consequence, mouse ES cells can now
be cultured in the absence of embryonal fibroblast
feeder-cell layers when LIF is administered to the me-
dium [5–8]. However, human ES cells do not respond
to LIF in a similar fashion and still require feeder-cell
layers for support [27]. EC cells provide a tool for
analyzing the mechanisms that control differentiation
during embryonal development [23]. They express
markers that are also expressed in ES cells, including
Oct-4, alkaline phosphatase, and stage-specific embry-
onic antigens 3 and 4, but not 1, as mouse EC and ES
cells, and can be differentiated into cell types of all
three germ layers [23]. Here, we set out to study the
signal transduction cascades that are initiated by LIF
in mouse and human embryonal carcinoma cells (P19
EC and N tera-2/D1 EC cells). We report that LIF
induces both ERK-1 and STAT3 activation in P19 EC
cells, but that LIF-induced proliferation depends on
ERK activity only. In contrast, LIF does not activate
STAT3, ERK, or the gp130 receptor in N tera-2/D1 EC
cells, although required signal transduction compo-
nents are expressed. The negative feedback protein
SOCS-1 is highly expressed in human N tera-2/D1 EC
cells, which might prevent LIF-induced STAT3 signal
transduction.

In P19 EC cells, LIF induces STAT3 tyrosine 705
phosphorylation within 15 min. This results in rapid
STAT3 dimerization, nuclear translocation, and DNA
binding (data not shown) as well as in target gene
expression as determined by STAT3 reporter assays.

FIG. 6. SOCS-1 is constitutively expressed in N tera-2/D1 EC
cells. N tera-2/D1 EC cells (left) or P19 EC cells (right) were stimu-
lated with 106 units/ml human LIF for 1 or 2 h or left unstimulated
as indicated. Total RNA was isolated and RT-PCRs were performed
as described under Materials and Methods using primers for SOCS1
or SOCS-3. As an internal control, RT-PCRs were performed using
primers for �2-microglobulin (left) or GAPDH (right).

FIG. 7. The gp130 receptor is not activated by LIF in human N tera-2/D1 EC cells. Gp130 was immunoprecipitated from hLIF-stimulated
N tera-2/D1 EC cells, P19 EC cells (10 min) and IL-6-stimulated HepG2 cells (10 min) and immunoprecipitates were Western blotted using
antibodies recognizing phosphorylated tyrosine residues (PY-99). As a control, blots were stripped and reprobed with anti-gp130 antibodies
(bottom panels). As a negative control, lysates were incubated with protein A–Sepharose beads in the absence of antibodies.
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Besides a LIF-induced activation of synthetic IRE-re-
porters, we also observed that LIF induces STAT3-
mediated transactivation of the ICAM-1 promoter, in
agreement with data published by Hocke et al. [34].
The LIF-induced STAT3 transactivation is completely
dependent on JAK2 kinase activity, since inhibition of
JAK2 by using the inhibitor AG490 completely abol-
ished the LIF-induced STAT3 tyr705 phosphorylation
and transactivation. In contrast to LIF, IL-6 does not
activate STAT3 in P19 EC cells. Since gp80 RNA is not
expressed in P19 EC cells we conclude that IL-6 does
not signal due to the absence of the IL-6 binding recep-
tor. These results are in agreement with previously
published data in which addition of the soluble IL-6
receptor was required to initiate IL-6 signal transduc-
tion in mouse ES cells [35].

LIF induces proliferation of P19 EC cells as deter-
mined by MTC assays. However, the LIF-induced
STAT3 activation is not coupled to proliferation since
inhibition of STAT3 activity by using the JAK2 inhib-
itor AG490 did not affect LIF-induced proliferation of
P19 EC cells. In mouse ES cells, it has been demon-
strated that ES cell growth is independent of the LIF
concentration [36]. Further experiments indicated that
similar proportions of ES cells were in the G2, M, or S
phase, regardless of whether the cultures were supple-
mented with 500 pM LIF or 1 �g/ml �-LIF to inhibit
low levels of LIF present in serum [36]. However, the
LIF concentration appeared to be important in deter-
mining the probability of an ES cell undergoing a self-
renewal versus a differentiation division. Similar ob-
servations have been published by Raz et al. who
demonstrate that LIF inhibits ES cell differentiation
rather than potentiating the proliferation of ES cells
[8, 23]. In contrast, in EC cells we find that LIF does
induce proliferation, and that this is dependent on
activation of the ERK pathway. LIF induces activation
of ERK-1 phosphorylation within 15 min upon stimu-
lation, which is blocked by the MEK inhibitor
PD98059. Treatment of P19 EC cells with the inhibitor
PD98059 completely abolished LIF-induced prolifera-
tion. Since PD98059 did not affect LIF-induced STAT3
tyr705 phosphorylation, we conclude that LIF-induced
proliferation of P19 EC cells is independent of STAT3
signaling but requires activation of ERK.

A peculiar finding was observed when P19 EC cells
were treated with the MEK inhibitor PD98059. LIF-
induced STAT3 tyr705 phosphorylation was not af-
fected by PD98059 and the LIF-induced fold induction
of STAT3 transactivation was still approximately
3-fold, comparable to the fold induction that was ob-
served in cells that were not treated with PD98059.
However, the absolute levels of reporter activity were
significantly increased. Similar results were obtained
in studies using the ICAM-luciferase or IRE-mut-lucif-
erase reporter, in which the STAT3 binding sites are

mutated, indicating that inhibition of ERK activity
does not directly affect STAT3 signal transduction.
Further experiments are required to resolve these is-
sues, but similar effects of PD98059 on gene transcrip-
tion were observed in N tera-2/D1 EC cells. Burdon et
al. demonstrated that mouse stem cell colonies formed
at 100-fold lower LIF concentrations when the gp130
receptor was mutated at position 118 [35]. This mutant
is no longer capable of binding SHP-2 and fails to
activate the ERK signal transduction cascade. In the
absence of ERK signaling, a sustained STAT3 activa-
tion was observed in response to gp130 receptor acti-
vation. It was concluded that ERK activation is not
required for self-renewal of mouse ES cells and that
the growth of undifferentiated ES cells was even en-
hanced in the presence of PD98059 [35]. Possibly, the
effects of PD98059 on ES growth are not directly re-
lated to enhanced activation of STAT3 but rather re-
lated to enhanced effects of PD98059 on gene tran-
scription in general, possibly by modulating the
activity of the basal RNA polymerase transcription
machinery.

In human N tera-2/D1 EC cells, we did not observe a
LIF-induced STAT3 or ERK activation. STAT3 and
ERK were not phosphorylated in response to LIF, and
no LIF-induced STAT3 transactivation was detected in
reporter assays using IRE-luciferase or ICAM-lucif-
erase reporters. Also, no effects of LIF could be de-
tected on the proliferation of N tera-2/D1 EC cells in
MTC assays. We can exclude the possibility that these
observation are due to differences in species-specific
LIF–receptor interactions, since neither murine nor
human LIF activated STAT3 in N tera-2/D1 EC cells,
while LIF from both species induced STAT3 transacti-
vation to similar levels in P19 EC cells. Also, no IL-6-
induced STAT3 phosphorylation or STAT3 transacti-
vation was observed in N tera-2/D1 EC cells, although
all the required receptor components for IL-6 and LIF
signal transduction, gp80, gp130, and the LIFR, were
readily detected in RT-PCR assays or by Western blot-
ting. Although further experiments are required to
determine whether these proteins are also functional,
these results suggest that signaling is disturbed down-
stream of the receptor components. Reporter studies in
which JAK1, JAK2, or STAT3 were overexpressed re-
vealed that neither of these could reconstitute LIF-
induced STAT3 signal transduction, indicating that
possible low endogenous expression levels or acquired
mutations in these signal transduction components
cannot account for the observed results. These results
were further underscored by the fact that overexpres-
sion of the oncogenic tyrosine kinase receptor MEN2A,
which activates STAT3 in a JAK-2-independent man-
ner but requires its intrinsic tyrosine kinase domain
[30], does activate STAT3 in N tera-2/D1 EC cells.
These observations imply that disturbed LIF-STAT3

127LIF-INDUCED STAT3 SIGNALING IN EC CELLS



signaling in human N tera-2/D1 EC cells involves a
disturbed activation of STAT3-upstream components.

The SOCS family of negative feedback proteins fulfill
crucial roles in the downregulation of STAT signal
transduction [reviewed in 22, 37]. While in P19 EC
cells no basal levels of SOCS-1 or SOCS-3 RNA were
detected, SOCS-3 was upregulated within 1 h after LIF
stimulation. In contrast, high basal levels of SOCS-1
RNA were detected in unstimulated N tera-2/D1 EC
cells, which were not further upregulated in response
to LIF. Also, no increase in SOCS-3 expression was
observed after either 1 or 2 h of LIF stimulation. Al-
though these data will have to be confirmed on the
level of SOCS protein expression, these results suggest
that LIF-STAT3 signaling might be disturbed due to a
constitutive activation of a negative feedback loop that
results in the expression of SOCS-1. The expression of
SOCS proteins prevent a JAK-mediated phosphoryla-
tion of tyrosine residues of cytokine receptors. Indeed,
in N tera-2/D1 EC cells no LIF-induced tyrosine phos-
phorylation of the gp130 receptor was observed, while
gp130 was readily phosphorylated in P19 EC cells in
response to LIF or in HepG2 cells in response to IL-6.
Therefore, our data imply that LIF does not activate
STAT3 in human N tera-2/D1 EC cells due to a consti-
tutive expression of SOCS-1, which prevents LIF-in-
duced tyrosine phosphorylation of the gp130 receptor.

In mouse ES cells, Duval et al. reported that the
expression of SOCS-3, but not of SOCS-1 or SOCS-2,
was stimulated in the presence of LIF [38], similar to
what we observe in P19 EC cells. Furthermore, the
uncontrolled overexpression of SOCS-1 and SOCS-3
led to repression of LIF-dependent transcription and
severely reduced cell viability, suggesting that a dis-
turbance of a well-balanced SOCS protein content has
adverse effects on cell survival [38]. Future experi-
ments to interfere with endogenous SOCS-1 expression
will reveal whether the constitutive expression of
SOCS-1 indeed prevents LIF signaling in human EC
cells. Furthermore, experiments are under way to de-
termine whether SOCS-1 is also constitutively ex-
pressed in human ES cells. When this is indeed the
case, it might become feasible to culture human ES
cells in the absence of feeder cells by using strategies
that prevent the endogenous expression of SOCS-1.

This work was supported by grants from the Dutch Cancer Foun-
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