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Sustained activation of the Ras/Raf/MEK/extracellular signal-regulated kinase (ERK) pathway can lead to
cell cycle arrest in many cell types. We have found, with human medullary thyroid cancer (MTC) cells, that
activated Ras or c-Raf-1 can induce growth arrest by producing and secreting an autocrine-paracrine factor.
This protein was purified from cell culture medium conditioned by Raf-activated MTC cells and was identified
by mass spectrometry as leukemia inhibitory factor (LIF). LIF expression upon Raf activation and subsequent
activation of JAK-STAT3 was also observed in small cell lung carcinoma cells, suggesting that this autocrine-
paracrine signaling may be a common response to Ras/Raf activation. LIF was sufficient to induce growth
arrest and differentiation of MTC cells. This effect was mediated through the gp130/JAK/STAT3 pathway, since
anti-gp130 blocking antibody or dominant-negative STAT3 blocked the effects of LIF. Thus, LIF expression
provides a novel mechanism allowing Ras/Raf signaling to activate the JAK-STAT3 pathway. In addition to this
cell-extrinsic growth inhibitory pathway, we find that the Ras/Raf/MEK/ERK pathway induces an intracellular
growth inhibitory signal, independent of the LIF/JAK/STAT3 pathway. Therefore, activation of the Ras/Raf/
MEK/ERK pathway can lead to growth arrest and differentiation via at least two different signaling pathways.
This use of multiple pathways may be important for “fail-safe” induction and maintenance of cell cycle arrest.

For decades, the Ras and Raf families of oncogenes have
been known as transforming genes. However, in many normal
cell types in culture, sustained expression of activated Ras or
its downstream effector, Raf, can elicit cell cycle arrest or
senescence (11, 12, 15, 23, 26, 32, 36, 41, 42, 46, 47, 60, 62). This
Ras/Raf-mediated growth arrest has been proposed as a de-
fense mechanism against inappropriate activation of the Ras/
Raf signal transduction pathway (58). According to this hy-
pothesis, spontaneous mutations in Ras genes, which may
occur stochastically in all cell types, would be innocuous for the
organism, since they would lead to growth arrest or senes-
cence. Hence, for carcinogenesis to occur in response to Ras/
Raf activation, the growth arrest response must be inactivated.
Cell transformation may involve additional events, such as
inactivation of a tumor suppressor gene and induction of te-
lomerase (16, 36).

The growth arrest response to Ras/Raf activation is not
limited to normal cells. Several tumor cell lines also undergo
the growth arrest response, usually accompanied by differen-
tiation or senescence (9, 11, 3840, 49, 59). These cell lines are
derived from several tumor types, including pheochromocy-
toma, medullary thyroid carcinoma, small cell lung carcinoma,
and glioma. In most of these cell types, Ras mutation or ele-
vated Raf signaling is rarely detected, suggesting that Ras/Raf
signaling does not provide a growth advantage for these tumor
types. These findings indicate that some tumors retain a capa-
bility for growth arrest in response to Ras/Raf activation. Un-
derstanding such growth inhibition pathways could provide
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insight into the process of tumor development, with potential
therapeutic implications.

The mechanism by which Ras or Raf activation can induce
growth arrest is not completely understood. As has been found
for other inducers of cell cycle arrest, Ras/Raf-mediated
growth arrest is accompanied by induction of cyclin-dependent
kinase inhibitors (CDKISs), such as p16™V&#  p21"WAFI/CIPL oy
p275™! | tumor suppressors p53 or p19**¥, and by downregu-
lation of phosphorylated Rb or the E2F family (9, 11, 15, 23,
26, 36, 38-40, 42, 46, 47, 59, 60, 62; reviewed in reference 29).
The specific components involved appear to vary according to
the cell type. However, the signal transduction steps between
Ras/Raf/MEK/extracellular signal-regulated kinase (ERK)
and the cell cycle regulatory machinery remain to be fully
elucidated.

The Ras/Raf/MEK/ERK pathway can exploit autocrine or
paracrine signaling mechanisms. For example, activation of the
Ras/Raf/MEK/ERK pathway has been shown to upregulate
transforming growth factor beta in the MDCK cell line (22) or
in the prostate cancer cell line TSU-prl (37), heparin-binding
epidermal growth factor or interleukin 1 (IL-1) in NIH 3T3
cells (27, 54), granulocyte-macrophage colony-stimulating fac-
tor in the murine lymphoid hematopoietic cell line FL5.12 or in
human TF-1 cells (4, 5), and epidermal growth factor in the
human breast epithelial cell line MCF-10A (45). In these cell
lines, expression of these soluble factors was shown to be
associated with Ras/Raf-mediated proliferation or tumorigenic
phenotypes. Therefore, we examined whether Ras/Raf-in-
duced growth inhibition could also be mediated through auto-
crine-paracrine signaling.

We have shown that in human medullary thyroid carcinoma
(MTC) cells, Ras or Raf activation results in differentiation
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and growth arrest (9, 10, 31). In the present study, we report
that Ras or Raf activation induces expression and secretion of
a protein that can mediate differentiation and G, cell cycle
arrest. By protein purification and mass spectrometry, we iden-
tify this protein as leukemia inhibitory factor (LIF). STAT3
activation is necessary for LIF-mediated growth arrest and
differentiation in MTC cells. In addition, the Ras/Raf/MEK/
ERK pathway can also mediate growth arrest and differentia-
tion by a second mechanism, independent of LIF/JAK/STAT3.
This novel autocrine-paracrine mechanism, mediating cross
talk between the Ras/Raf/MEK/ERK pathway and the JAK-
STAT pathway, defines a novel mechanism of Ras/Raf-in-
duced growth arrest.

MATERIALS AND METHODS

Cell culture and conditioned media treatment. The human MTC cell line TT
and the TTRaf cell line containing the activatable ARaf-1:ER construct, the
catalytic domain of Raf-1 fused to the hormone binding domain of the human
estrogen receptor, have been described previously (9). ARaf-1:ER was activated
with 1 uM B-estradiol (Sigma, St. Louis, Mo.) as previously described (43). The
control TTpLNCX cell line was produced by retroviral infection of the pLNCX
vector into subconfluent TT cells. The TTSTAT3-DN cell line was produced by
stably transfecting TT cells with a dominant-negative human STAT3Y705F (34),
and the control cell line TTpcDNA3.1 was produced using the empty vector.
TTpLNCX and TTRaf cells were maintained in phenol red-free RPMI 1640
(Life Technologies, Rockville, Md.) supplemented with 16% fetal bovine serum,
100 U of penicillin and 100 pg of streptomycin per ml, and 0.25 mg of Geneticin
(Invitrogen, Carlsbad, Calif.) per ml for selection. The TTGAS3 cell line was
produced by stably transfecting TT cells with the STAT3 reporter construct
(GAS);-Luc (21).

For the preparation of conditioned media, cells were incubated in serum-free
RPMI1640 for 3 days before harvest. For treatment, conditioned media were
mixed with fresh media at a ratio of 1:1 or 1:2. Recombinant LIF was produced
from the HEK293LIFVS5 cell line generated by stably expressing a V5 epitope-
tagged LIF gene in HEK293 cells. Conditioned medium containing LIFV5 from
HEK293 was mixed with fresh media at the ratio of 1:2 or 1:4 before use.
Recombinant LIF was also purchased from Chemicon (Temecula, Calif.) and
used at a concentration of 4,000 U/ml. 911 cells were maintained in Dulbecco’s
modified Eagle medium (Life Technologies) with 10% fetal bovine serum. For
cell growth curves, cells were seeded in 24-well plates (Cellstar, Carrollton, Tex.)
at a density of 4 X 10* cells per well, and cells were counted every 2 days using
a hemocytometer.

Fractionation of conditioned medium. Five liters of serum-free TTRaf-E,-
conditioned medium was concentrated by 30-kDa cutoff ultrafiltration (Milli-
pore, Bedford, Mass.), desalted, and applied to an anionic exchanger unoQ6
column (Bio-Rad, Hercules, Calif.) connected with a heparin-Sepharose column
(Amersham Pharmacia Biotech, Piscataway, N.J.) in 20 mM Tris-Cl (pH 7.9).
Proteins bound to the heparin-Sepharose column were eluted by a linear gradi-
ent of NaCl. Fractions were analyzed for their ability to induce growth arrest and
morphological change in TT cells. Active fractions, eluted at around 200 mM
NaCl, were dialyzed in 50 mM Na phosphate (pH 7.2)-1 M ammonium sulfate
and run on octyl- and butyl-Sepharose columns (Amersham Pharmacia Biotech)
connected in tandem. Flow-through was collected, desalted in 50 mM HEPES
(pH 8.1), and applied to a cationic exchanger unoS1 column (Bio-Rad). The
active fractions eluted at around 150 mM NaCl were concentrated using 30-kDa
cutoff ultrafiltration unit (Millipore) and resolved with a Superdex G200 gel
filtration column (Amersham Pharmacia Biotech) in 50 mM sodium phosphate—
100 mM NaCl (pH 7.2). Activity was recovered at about 35 kDa. The progress of
purification was monitored by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and silver staining (Bio-Rad). The final purification
fraction was concentrated by precipitating with 50% acetone, and the precipi-
tates were resuspended in water before trypsinization and mass spectrometry.

Mass spectrometry. Peptides were generated by tryptic digestion using 10 pg
of trypsin/ml under N, vapor and fractionated by reverse-phase high-perfor-
mance liquid chromatography with a 0.8-mm Vydac C-18 column. Selected peak
fractions were then analyzed by a matrix-assisted laser-desorption ionization—
time-of-flight mass spectrometry workstation with delayed extraction technology
(Voyager DE-STR; Applied Biosystems) and an electrospray ionization mass
spectrometer with a time-of-flight analyzer (Qstar/Pulsar; Applied Biosystems/
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MDS Sciex). Tryptic peptide masses were compared with entries in both the nr
(nonredundant) and dbEST databases from the National Center for Biotechnol-
ogy Information using Mascot BLAST software (Matrix Science).

RT-PCR and Northern hybridization analysis. Reverse transcription PCR
(RT-PCR) of LIF was performed by reverse transcription of 0.25 ng of total
RNA and 35 subsequent cycles of PCR using Pfx polymerase (Invitrogen) and
the primers GGTTTCCTCTAGAGCCCTCTGAAGTGCAGC and ACCTC
CTCGAGGAAGGCCTGGGCCAACACGGCGAT. The results were normal-
ized for expression of glyceraldehyde-3-phosphate dehydrogenase, using the
primers CAGCCGAGCCACATCG and TGAGGCTGTTGTCATACTTCTC.

Northern blot hybridization was done using 20 g of total RNA isolated by
using Trizol (Life Technologies) and transferred to HyBond-NX (Amersham
Life Science). Blots were hybridized to probes specific for human calcitonin
(pTT1062) and CGRP (pTT83) as previously described (31). These probes were
labeled with [a->?P]dCTP (NEN, Boston, Mass.) by random primer labeling
(Boehringer Mannheim). Hybridizations with radiolabeled probes (10 cpm/ml)
were done at 42°C for 16 to 18 h, followed by washing with 1X SSC (0.15 M NaCl
plus 0.015 M sodium citrate) and 1% SDS at 65°C.

Plasmids and recombinant adenoviruses. Human LIF ¢cDNA prepared by
RT-PCR was ligated into the Xbal and Xhol sites of pcDNA3.1(—) containing a
C-terminal V5 tag. The dominant-negative STAT3 adenovirus AdSTAT3-DN
was made by using the AdEasy system (17). Briefly, dominant-negative human
STAT3 was subcloned into HindIII restriction site of the pAdTrackCMYV shuttle
vector, and the resulting plasmid was recombined with the pAdEasyl vector in
BJ5183 bacterial cells. High-titer viral stocks were prepared from 911 cells. The
control virus AJGFP was made using empty pAdTrackCMV that expresses
green fluorescent protein alone. The viral titer was measured by plaque assay in
low-passage HEK293 cells. The viral dose used for TT cells was 2.5 to 5 PFU per
cell. Adenoviruses containing constitutively active Ras (V12) or Raf (BXB) are
described elsewhere (20).

Cell cycle analysis. Cells were washed with ice cold 0.2% bovine serum albu-
min in phosphate-buffered saline (PBS) and resuspended in 250 mM sucrose—40
mM citrate buffer (pH 7.6) containing 0.5% dimethyl sulfoxide. Nuclei were
prepared, stained with propidium iodide (55), and analyzed with an LSR flow
cytometer (Becton Dickinson, Franklin Lakes, N.J.) with a gate that selects single
nuclei within a normal size range. The cell cycle parameters from 10,000 gated
nuclei were determined by CellQuest software.

Immunoblot analysis. Cells harvested at various times were lysed in 62.5 mM
Tris (pH 7.5)-2% SDS-10% glycerol with aprotinin, leupeptin, pepstatin, and
phenylmethylsulfonyl fluoride and briefly sonicated before determining the pro-
tein concentration using bicinchoninic acid reagents (Pierce, Rockford, Ill.). Fifty
to one hundred micrograms of protein was resolved by SDS-PAGE, transferred
to a polyvinylidene difluoride membrane filter (Millipore), and stained with Fast
Green reagent (Fisher Scientific, Pittsburgh, Pa.). Membrane filters were then
blocked in 0.1 M Tris (pH 7.5)-0.9% NaCl-0.05% Tween 20 with 5% nonfat dry
milk and incubated with appropriate antibodies. Antibodies were diluted as
follows: LIF, 1:1,000 (R&D Systems, Minneapolis, Minn.); RET, 1:1,000 (Santa
Cruz Biotech, Santa Cruz, Calif.); p42/44 ERK, STAT3, pSTAT3 (Tyr 705),
pSTAT3 (Ser 727), pSTATI1 (Tyr 701), pSTATS (Tyr 694), and pSTAT6 (Tyr
641), 1:1,000 (Cell Signaling, Beverly, Mass.); and glyceraldehyde-3-phosphate
dehydrogenase, 1:5,000 (Trevigen, Gaithersburg, Md.). The Supersignal West
Pico chemiluminescence kit (Pierce) was used for visualization of the signal.

Neutralization of LIF and gp130 receptor. One milliliter of conditioned me-
dium was incubated with 0.8 ug of anti-LIF neutralizing antibody (R&D Sys-
tems) at room temperature for 1 h prior to treating cells. To block gp130
receptor, cells were pretreated with 8 pg of anti-gp130 blocking antibody (R&D
Systems) in six-well plates for 1 h.

DNA synthesis assay. TT cells were plated in 24-well plates with 0.5 ml of
culture medium. Cells (50 to 70% confluent) were treated with conditioned
media and labeled with [*H]thymidine (NEN) at a concentration of 1 pCi/ml for
6 h. Cells were then washed once with 1 ml of PBS and twice with 1 ml of ice-cold
5% trichloroacetic acid followed by a second 1-ml rinse with PBS and solubilized
in 250 pl of 0.25 N NaOH. Two-hundred-microliter aliquots were neutralized
with 50 wl of 6 N HCI and measured by liquid scintillation counting.

STAT3 reporter assay. Cells were seeded in triplicate in six-well plates and
transfected the next day using Lipofectamine or Lipofectin reagents (Invitrogen).
Cells were cotransfected with a STAT3 reporter construct (21), (GAS);-Luc, and
pRL-TK (Promega, Madison, Wis.) for normalization of data. Cells were then
treated with recombinant LIF or Raf-E,-CM for 2 days. Cell lysates were pre-
pared for luciferase activity assays per the manufacturer’s instructions (Pro-
mega). To measure activation of STAT3 by Ras or Raf, TTGAS3 cells were
infected for 2 days with adenoviral Ras V12 or Raf BXB, after which luciferase
assays were performed.
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FIG. 1. The effects of conditioned media on MTC cells. TT cells were treated with the conditioned medium Raf-E,-CM and the control
conditioned media pLNCX-EtOH-CM, pLNCX-E,-CM, and Raf-EtOH-CM. Cells were observed for changes in morphology (A), growth (B),
incorporation of [*H]thymidine into DNA in 6 h (C), and expression of phosphorylated ERK1/2 and RET (Western blotting) or calcitonin genes
(Northern hybridization) after 2 days (D). Data (mean =+ standard error) are from a representative experiment performed in triplicate. P value
is <0.001 for Raf-E,-CM compared to Raf-EtOH-CM on a cell growth curve (one-way analysis of variance). Experiments were repeated at least

three times with similar results.

RESULTS

Raf activates an autocrine-paracrine loop which can sup-
press MTC cell proliferation. Activation of Raf in the human
MTC cell line TT has been shown to result in decreased cel-
lular growth, accompanied by a differentiation program char-
acterized by morphological changes, changes in expression of
the neuroendocrine differentiation markers calcitonin and cal-
citonin-gene-related peptide (CGRP), and downregulation of
RET, the proto-oncogene responsible for MTC development
in the MEN 2 syndromes (9, 10). In examining the mechanism
of this Raf-mediated growth arrest and differentiation, we
asked whether Raf could transmit its growth-inhibitory effect
by an autocrine-paracrine mode. Therefore, we examined con-

ditioned media from TT cells expressing either an estradiol-
activatable allele (43) of c-Raf-1 (TTRaf) (9) or a vector con-
trol (TTpLNCX). When conditioned media harvested from
TTRaf cells after treatment with estradiol (Raf-E,-CM) were
applied to parental TT cells, cells exhibited cell rounding (Fig.
1A), retarded growth (Fig. 1B and C), and G, cell cycle arrest
(Table 1), similar to the changes caused by Raf activation (9,
10). This treatment also induced phosphorylation of ERK1/2,
increased expression of the calcitonin/CGRP gene, and down-
regulation of RET (Fig. 1D), which had been shown to be
regulated by Raf (9, 10). Treatment with the control condi-
tioned media did not cause any change in phenotype or cell
growth. Taken together, these data indicated that an auto-
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TABLE 1. Cell cycle analysis of conditioned
media-treated TT cells”

% of cells in phase

Treatment
Gy/G, S G,/M
Normal 75.0 £2.62 183 =0.85 495 +0.01
LIF 86.3 £0.94 8.86 = 1.48 3.94 £0.26
pLNCX-E,-CM 773 £0.79 169 = 0.29 5.21 =0.31
Raf-E,-CM 83.0 £2.23 9.30 = 0.30 4.47 £ 0.50
Raf-E,-CM + anti-LIF 76.4 206 179 209" 5.31=*0.34
Raf-E,-CM + anti-gp130 783 £2.60 16.6 = 2.29° 452 +0.76

“ Data (means * standard errors) are from a representative experiment per-
formed in triplicate. Experiments were repeated at least three times with similar
results.

b P < 0.02 compared to Raf-E,-CM (one-way analysis of variance).

crine-paracrine pathway is induced upon Raf activation, and
the pathway is sufficient to mediate the growth-inhibitory ef-
fects of Raf in MTC cells.

Purification and identification of the autocrine-paracrine
factor. We sought to purify and identify the growth-inhibitory
factor(s) in Raf-E,-CM. The conditioned medium was concen-
trated by ultrafiltration, dialyzed, and subjected to a series of
protein purification columns as described in Materials and
Methods. Column fractions were assayed for growth and dif-
ferentiation activity on TT cells. Both the growth-inhibitory
and differentiating activities copurified through these column
chromatography steps, suggesting that they were mediated by
the same protein. The final purification step, gel filtration,
yielded a prominent 35-kDa protein detected by PAGE (Fig.
2A), which also appeared as a single spot with two-dimen-
sional electrophoresis (data not shown). This purification
product was digested by trypsin, fractionated by reverse-phase
high-performance liquid chromatography, and subjected to
matrix-assisted laser-desorption ionization—time of flight and
electrospray ionization mass spectrometry. Analysis of mass
spectrometry data identified it as human LIF.

It remained necessary to show that LIF was responsible for
the growth inhibition and differentiation activities in Raf-E,-
CM. Expression and secretion of LIF was markedly induced
upon Raf activation, as detected by RT-PCR and Western
blot analysis (Fig. 2B). Recombinant LIF reproduced all of
the observed responses elicited by the purified Raf-E,-CM
fraction, inducing morphological changes (Fig. 2C), growth
inhibition (Fig. 2D) coupled with G, arrest (Table 1), phos-
phorylated ERK, calcitonin and CGRP expression, and down-
regulation of RET (Fig. 2E). In addition, neutralizing antibod-
ies for LIF (anti-LIF) or for gp130 (anti-gp130), a component
of the LIF receptor, could block the effects of Raf-E,-CM (Fig.
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2C, D, and E and Table 1). Each of these neutralizing anti-
bodies, by itself, did not cause any effect on the cells (data not
shown). These results clearly indicated that LIF is the sole auto-
crine-paracrine factor, secreted upon Raf activation, responsi-
ble for the differentiation and growth inhibition of TT cells.

LIF production provides a signaling bridge between the
Ras/Raf/MEK/ERK pathway and the JAK-STAT3 pathway.
Binding of LIF to the LIFR-gp130 receptor is known to acti-
vate members of the JAK-STAT pathway in a cell-type-specific
manner, most commonly utilizing JAK1 and STAT3 (3, 6).
Upon treatment of TT cells with either Raf-E,-CM or LIF,
STAT3 was significantly phosphorylated on tyrosine 705 and
serine 727 (Fig. 3A); STAT3 is known to require phosphory-
lation on tyrosine 705 for activity and on serine 727 for maxi-
mal activation (7). We could not detect tyrosine-phosphory-
lated STAT1 (Tyr 701), STATS (Tyr 694), or STAT6 (Tyr 641)
(data not shown). These data suggested that STAT3 may me-
diate LIF effects on differentiation and growth arrest in TT
cells. We further examined the role of STAT3 in LIF-mediated
growth inhibition and differentiation, using a TT cell line stably
harboring a dominant-negative STAT3 construct (TTSTAT3-
DN). Overexpression of dominant-negative STAT3 attenuated
the effect of LIF on cell morphology (Fig. 3B), growth rate
(Fig. 3C), and expression of RET (Fig. 3D). Similar results
were obtained by adenovirus-mediated introduction of the
dominant-negative STAT3 gene (see Fig. 5C for morphology
and Table 2 for cell cycle analysis; data not shown for RET).
Taken together, these experiments indicated that the JAK-
STATS3 signal transduction pathway is essential for mediating
the effects of LIF in TT cells.

In addition to activation of the JAK-STAT pathway, LIF has
been reported to activate mitogen-activated protein kinases
and the PI3-kinase/Akt pathway (1, 35, 44, 52). LIF treatment
induced phosphorylation of ERK1/2 in TT cells (Fig. 2E), and
we have previously shown that activation of MEK/ERK is
essential for Raf-mediated differentiation and growth arrest in
TT cells (10). Nevertheless, the effects of LIF that we have
observed in TT cells are independent of its activation of ERK.
Pretreatment of TT cells with the MEK inhibitor U0126 prior
to the addition of LIF or Raf-E,-CM blocked phosphorylation
of ERK (Fig. 4A), but the cells still displayed the typical LIF-
induced morphological changes (Fig. 4B) and downregulation
of RET expression (Fig. 4A). U0126 treatment did not also
affect LIF-induced phosphorylation of tyrosine 705 of STAT3
(Fig. 4A) and STATS3 transcriptional activity (Fig. 4E). How-
ever, phosphorylation of STAT3 on serine 727 was blocked by
this inhibitor (Fig. 4A), indicating that LIF mediates serine 727
phosphorylation via the MEK/ERK cascade, but phosphoryla-

FIG. 2. LIF is the autocrine growth inhibitor induced by Raf. (A) Conditioned medium was concentrated by ultrafiltration, dialyzed (sample),
and subjected to a series of protein purification columns, consisting of the anion exchanger unoQ6 coupled with heparin-Sepharose (Q/Heparin),
octyl-Sepharose coupled with butyl-Sepharose (Octyl/Butyl; flow through), the cation exchanger unoS1 (S), and Superdex G200 gel filtration (GF).
Active fractions from each column were resolved by SDS-PAGE and visualized by silver staining. (B) Expression of LIF upon Raf activation was
investigated by RT-PCR of total RNA from TTpLNCX or TTRaf cells treated with ethanol or estradiol (top and middle panels) and by Western
blot detection of LIF in cell culture media (bottom panel). (C to E) TT cells were treated with the control conditioned media, Raf-E,-CM,
LIF-neutralized Raf-E,-CM (Raf-E,-CM+anti-LIF), and LIF. Cells were also pretreated with anti-gp130 blocking antibody prior to Raf-E,-CM
treatment (Raf-E,-CM+anti-gp130). Cells were then observed for changes in morphology (C), growth (D), and expression of phosphorylated
ERK1/2, RET (Western hybridization), or calcitonin genes (Northern hybridization) after 2 days (E). Data (mean * standard error) are from a
representative experiment performed in triplicate. P value is <0.001 for Raf-E,-CM+anti-LIF and Raf-E,-CM+anti-gp130 compared to Raf-
E,-CM on cell growth curve (one-way analysis of variance). Experiments were repeated at least three times with similar results.
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FIG. 3. STAT3 is essential for LIF action. (A) TT cells were treated with conditioned media or LIF for 2 days and examined by Western blot
hybridization for STAT3 expression. (B to D) TTSTAT3-DN cells or the control TTpcDNA3.1 cells were treated for 2 days with LIF and observed
for changes in morphology (B), growth (C), and downregulation of RET expression (D). The presence of STAT3-DN was detected by Western
analysis of the C-terminal FLAG tag. Data (mean * standard error) are from a representative experiment performed in triplicate. P value is
<0.0001 for STAT3DN-LIF compared to pcDNA3.1-LIF on a cell growth curve (one-way analysis of variance). Experiments were repeated at least
three times with similar results. Experiments were also done with other independent stably transfected clones with similar results (data not shown).
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TABLE 2. Effects of dominant-negative STAT3 expression on cell
cycle arrest of MTC cells upon LIF treatment or Raf activation

Cell ) Treatment % of cells in phase
Infection

type LIF Estradiol  Gy/G, S Gy/M
TT Control - 80.4 =040 13.0 =056 6.54 =0.15
+ 89.0 £0.52 7.01 =0.10 4.00 = 0.41
STAT3DN® — 81.8 £0.07 12.0 =0.06 6.14 = 0.01
+ 84.0 £0.75 11.1 =0.62° 4.87 =0.13
TTRaf Control - 79.6 £ 0.03 157+ 0.13 4.74 = 0.15
+ 85.7£0.96 6.70 =0.19 7.60 = 1.09
STAT3DN - 80.0 £ 1.06 14.9 = 0.58 5.01 = 0.48
+ 88.5 £0.02 5.09 = 0.31 6.46 = 0.32

“TT or TTRaf cells infected with AASTAT3-DN were treated for 2 days with
LIF or estradiol. Cells were also infected with the control AAGFP for compar-
ison. Data (means * standard errors) are from a representative experiment
performed in triplicate. Experiments were repeated at least three times with
similar results.

® STAT3 DN, dominant-negative STAT3.

¢ P < 0.02 compared to TT-control-LIF (one-way analysis of variance).
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tion of STAT3 on serine 727 is not essential for LIF effects in
these cells. In contrast, the Raf-induced production of LIF was
dependent upon MEK activation, since Raf-mediated LIF ex-
pression was blocked by pretreatment with U0126 (Fig. 4C and
D). Thus, activation of the MEK/ERK pathway is necessary for
Raf-mediated production of LIF, but activation of MEK/ERK
is not essential for the subsequent effects of LIF. LIF treatment
did not induce phosphorylation of Akt, and pretreatment with
the PI3-kinase inhibitor LY294002 did not affect LIF action on
TT cells, indicating that the PI3-kinase/Akt pathway is not
involved in the effects of LIF in these cells (data not shown).

Since we had shown that Ras activation can cause growth
arrest and differentiation in TT cells (31), we examined
whether Ras also induced LIF expression and STAT3 activa-
tion in these cells. Induction of LIF expression and STAT3
activation was observed in TT cells upon infection with an
adenovirus harboring constitutively active Ras, and this induc-
tion could be blocked by the MEK inhibitor U0126 (Fig. 4D
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FIG. 4. MEK1/2 is essential for production of LIF but is not required for LIF action. (A and B) TT cells were treated for 2 days with LIF in
the presence of the MEK1/2 inhibitor U0126 (10 M) and observed for changes in expression of phosphorylated ERK1/2, RET, and phosphor-
ylated STAT3 by Western blotting (A) and morphology (B). (C) TTRaf cells were treated for 2 days with estradiol in the presence of U0126 and
observed for changes in expression of phosphorylated ERK1/2 and LIF by Western blotting. (D and E) TT cells were infected with adenoviruses
containing constitutively active Ras V12 or Raf BXB in the presence of U0126. After 2 days, cells were observed for LIF expression by RT-PCR
(D) and STAT3 activation (E). The data presented are fold increases of activity upon treatment. P values are <0.005 for Ras, Raf, LIF, and
LIF+UO0126 compared to the control (one-way analysis of variance). Experiments were repeated at least three times with similar results. GAPDH,

glyceraldehyde-3-phosphate dehydrogenase.
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FIG. 5. Raf has an intracellular growth-inhibitory pathway independent of LIF/JJAK/STAT3. TTRaf cells were treated for 1 day with estradiol in the
presence of the anti-LIF neutralizing antibody or anti-gp130 blocking antibody and observed for changes in expression of RET and phosphorylation of
STAT3 by Western blot hybridization (A) and morphology (B). (C) TT or TTRaf cells infected for 2 days with AASTAT3-DN were treated with LIF or
estradiol, respectively, and observed for changes in morphology and growth. Cells were also infected with an equal dose of AAGFP control virus for
comparison. Similar infection ratio was checked by green fluorescent protein expression. Similarity in levels of STAT3-DN expression in TT and TTRaf
cells was confirmed by Western analysis of the C-terminal FLAG tag (data not shown). Experiments were repeated at least three times with similar results.
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and E). These results demonstrate that activation of Ras leads
to activation of LIF/JAK/STAT signaling through the Raf/
MEK/ERK pathway.

The Ras/Raf/MEK/ERK pathway can also mediate cell cycle
arrest and differentiation through a LIF-independent intracel-
lular mechanism. In this study, we have shown that the Ras/
Raf/MEK/ERK pathway can mediate differentiation and cell
cycle arrest in MTC cells through LIF expression and conse-
quent activation of the JAK-STAT3 pathway. We now show
that activation of the Ras/Raf/MEK/ERK pathway can also
mediate differentiation and growth arrest in TT cells through a
second, LIF-independent mechanism. To show this, TTRaf
cells were cultured in the presence of anti-LIF neutralizing
antibody or anti-gp130 blocking antibody during Raf activation
by estradiol treatment. These antibody treatments blocked
Raf-mediated activation of STAT3, as demonstrated by West-
ern blotting with an anti-phospho STAT3 antibody (Fig. 5A).
Nevertheless, TTRaf cells underwent morphological changes
(Fig. 5B) and downregulation of RET expression (Fig. 5A),
indistinguishable from cells treated with estradiol alone. Sim-
ilar results were obtained when cells were infected with an
adenovirus encoding dominant-negative STAT3. While these
cells were unable to respond to LIF treatment (Fig. 5C and
Table 2), they still responded to Raf activation with G, cell
cycle arrest (Table 2), morphological changes (Fig. 5C), and
downregulation of RET expression (data not shown). Taken
together, these data indicate that the Ras/Raf/MEK/ERK
pathway has a second, LIF/JAK/STAT-independent mecha-
nism for inducing cell growth inhibition and differentiation.

Small cell lung cancer (SCLC) cells also produce LIF upon
Raf activation. We have previously observed that, like MTC
cells, SCLC cell lines undergo growth arrest in response to Raf
activation (39, 40). We have explored whether Raf may medi-
ate growth arrest in SCLC cells by the autocrine and intracel-
lular mechanisms we have described for MTC cells. Indeed, we
found that the SCLC cell lines NCI-H209 and DMS53 could
produce LIF upon Raf activation (Fig. 6A) and that LIF could
induce phosphorylation and activation of STAT3 in these cell
lines (Fig. 6B and C). The Raf-E,-CM produced from these
SCLC cell lines was active in producing growth arrest and
morphological changes in TT cells, identical to the effects of
the conditioned medium produced from TTRaf cells (data not
shown). However, growth rates of the parental NCI-H209 or
DMSS53 cells were not affected by their own Raf-E,-CM or by
recombinant LIF treatment (data not shown). These results
suggest that the pathway of Raf-mediated LIF expression and
consequent activation of STAT3 is maintained in SCLC cells,
but the SCLC cells may be impeded in their ability to undergo
LIF-mediated growth arrest at a step distal to STAT3 activa-
tion.

DISCUSSION

This study shows that activation of the Ras/Raf/MEK/ERK
pathway can arrest cell growth by induction of a novel auto-
crine-paracrine loop involving LIF expression and JAK-
STAT3 signaling in MTC cells. In addition, activation of the
Ras/Raf/MEK/ERK pathway can also induce growth arrest in
these cells by an intracellular pathway independent of LIF and
STATS3 (Fig. 7). Our finding of LIF-mediated activation of the

AUTOCRINE/PARACRINE GROWTH INHIBITION BY Ras/Raf 551

A Parental cells Raf cells
+ E2

- + -

e s | pSTAT3 (Tyr705)
H209
e D == @ | STAT3
— w== | pSTAT3 (Tyr705)
DMS53
D e W | STAT3

O

GAS-Luciferase Activity
(fold increase by LIF)
ca338B88EEE

L H209 DMSS53

FIG. 6. LIF/JAK/STAT3 signaling in small cell lung cancer cell
lines. (A) Production and secretion of LIF was analyzed by Western
hybridization of cell culture media from H209 and H209Raf cells or
DMS53 and DMS53Raf cells treated with estradiol for 2 days. (B)
H209 or DMS53 cells were treated for 2 days with LIF or Raf-E,-CM
produced from TTRaf cells, and phosphorylation of tyrosine 705 res-
idue of STAT3 was analyzed. (C) H209 or DMSS53 cells were treated
for 2 days with LIF, and activation of STAT3 was analyzed. The data
presented are fold increases of activity upon LIF treatment. Data
(means =+ standard deviations) are from a representative experiment
performed in triplicate. Experiments were repeated at least three times
with similar results.

JAK-STAT pathway by Ras/Raf further expands the repertoire
of signaling pathways known to be subject to activation by
Ras/Raf. This autocrine-paracrine mechanism of Ras/Raf-me-
diated cell cycle arrest additionally suggests a novel means for
amplification of a growth arrest stimulus from Ras/Raf,
whereby activation of Ras in only a subset of a population of
cells could result in the growth arrest of an entire cell popu-
lation.

Activation of the STAT3 transcription factor can induce
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FIG. 7. Signal transduction pathways for Ras/Raf-mediated growth inhibition and differentiation. The potential growth-inhibitory signaling by
Ras/Raf is depicted. The autocrine-paracrine signaling diverges from the intracellular signaling distal to MEK/ERK. The extracellular pathway

mediates its effect through LIF expression and activation of JAK-STATS3.

growth arrest or growth promotion, depending on the cell
context or the stage of tumor progression (25). Similar to our
results with MTC cells in this study, several other tumor cell
lines have been shown to undergo differentiation and growth
arrest upon treatment with LIF or other IL-6 family cytokines
(14, 19, 25, 50, 51); indeed, one of the first functions attributed
to LIF was its ability to inhibit the growth of the M1 leukemia
cell line (14, 24, 61). However, in many cell types, STAT3
activation has been shown to stimulate cell growth. STAT3
activation results in the malignant transformation of fibroblasts
(7), and many human cancers have constitutive activation of
STAT signaling (13). One may suggest that depending on cell
type, STAT3 can activate either of two gene expression pro-
grams, one for growth promotion and one for growth arrest.
Alternatively, STAT3 may simultaneously activate parallel sig-
nals for growth arrest and growth promotion, with the signal
for growth arrest dominant over that for growth promotion;
such a model has been proposed to explain the disparate ef-
fects of Ras in various cell types (28). In cell types in which the
growth arrest program is inactivated, STAT3 activation may
result in growth promotion. In this model, we envision that
the inability of SCLC cells to arrest growth in response to
STAT3 activation may suggest that the putative STAT3-de-
pendent growth arrest signal is inactive in these cells. Nev-
ertheless, since we have shown that Raf activation can ar-
rest growth in SCLC cells (39, 40), it appears that SCLC
cells retain an intracellular Raf-dependent mechanism of
cell arrest.

It is likely that Ras/Raf may also mediate activation of LIF/
JAK/STAT signaling in cellular processes in vivo. For example,
LIF expression has been shown to be an important component
of inflammation, mediated by IL-1 in many tissues (2, 8, 30).
IL-1 has been shown to activate c-Raf via a sphingomyelin/
ceramide-mediated pathway (18), and in Schwann cells in cul-
ture, IL-1-mediated expression of LIF has been shown to be
sensitive to inhibitors of both PKC and MEK (8, 30). These
findings suggest that IL-1 may stimulate LIF expression via
PKC/sphingomyelinase/ceramide-dependent activation of the
Ras/Raf/MEK/ERK pathway.

In addition to the autocrine-paracrine activation of STAT3
via LIF, Ras/Raf activation in MTC cells appears to induce

growth arrest by a cell-autonomous pathway independent of
LIF and STAT3. This second mechanism appears to be intra-
cellular, since immunodepletion of LIF fully abrogates the
ability of conditioned media to arrest native TT cells (Fig. 2
and Table 1). Our characterization of the autocrine STAT3-
dependent and intracellular STAT3-independent pathways
suggests that they may converge on similar or identical effec-
tors of cell cycle arrest. In cell cycle arrest by either pathway,
the major changes we have observed in cell cycle-related pro-
teins are depletion of Rb and E2F-1 proteins (data not shown).
However, while increased G,/G,-phase and S-phase depletion
is a common feature of growth arrest by Raf activation and LIF
treatment, it should also be noted that Raf activation increased
cells in G,/M but LIF decreased the population. This may
indicate a subtle difference of growth arrest mechanisms for
each pathway. In future studies, it will be important to eluci-
date how these proteins are downregulated by the LIF/JAK/
STAT3-dependent and independent pathways and their roles
in growth arrest of MTC cells.

Activation of multiple parallel pathways appears likely to be
a common theme for growth arrest. For example, pS3 activa-
tion induces cell cycle arrest by targeting numerous cell cycle
effectors, including Cdc2, G, and G, cyclins, and cyclin-depen-
dent kinases (53, 56). CDKI p21"AF//CIP! "jtself a transcrip-
tional target of p53, can induce both G, and G, arrest, at least
in part by inhibiting G, and G, cyclin-dependent kinases (33).
The p19*** tumor suppressor can induce cell cycle arrest by
sequestering the p53 antagonist Mdm2 (48), but p19*%F also
induces G, arrest in murine fibroblasts lacking Mdm2, imply-
ing a second target for this tumor suppressor (57). Recently it
has been shown that activation of c-Raf in human astrocytes
results in growth arrest accompanied by induction of p16™V%#,
but when p16”~%# function is disrupted, c-Raf still induces cell
cycle arrest, accompanied by p21"4F//<IPL induction (11). It
has also been shown that Raf activation in murine keratino-
cytes leads to p53-mediated growth arrest via a p19***-depen-
dent or independent mechanism (42). These findings, together
with our data, suggest that the use of multiple growth arrest
pathways is important for “fail-safe” induction and mainte-
nance of cell cycle arrest.
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