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Transforming growth factor � (TGF-�) has a dual role in carci-
nogenesis, acting as a growth inhibitor in early tumor stages and a
promoter of cell proliferation in advanced diseases. Although this
cellular phenomenon iswell established, the underlyingmolecular
mechanismsremainelusive.Here,wereport that sequential induc-
tion of NFAT and c-Myc transcription factors is sufficient and
required for the TGF-� switch from a cell cycle inhibitor to a
growth promoter pathway in cancer cells.Mechanistically, TGF-�
induces in a calcineurin-dependent manner the expression and
activation of NFAT factors, which then translocate into the
nucleus to promote c-Myc expression. In response to TGF-�,
activated NFAT factors bind to and displace Smad3 repressor
complexes from the previously identified TGF-� inhibitory ele-
ment (TIE) to transactivate the c-Myc promoter. c-Myc in turn
stimulates cell cycle progression and growth through up-regu-
lation of D-type cyclins. Most importantly, NFAT knockdown
not only prevents c-Myc activation and cell proliferation, but
also partially restores TGF-�-induced cell cycle arrest and
growth suppression. Taken together, this study provides the
first evidence for a Smad-independent master regulatory path-
way in TGF-�-promoted cell growth that is defined by sequen-
tial transcriptional activation of NFAT and c-Myc factors.

The biological functions of transforming growth factor �
(TGF-�)4 are highly complex and ambivalent during develop-

ment as well as in neoplastic transformation. In normal devel-
opment and at early stages of tumorigenesis, TGF-� blocks
proliferation through induction of a cell cycle arrest at late G1
(1). Two distinct mechanisms play a pivotal role in TGF-�-
mediated growth arrest: the initial repression of the basic helix-
loop-helix leucine zipper (bHLH-LZ) transcription factor
c-Myc and the subsequent induction of the cyclin-dependent
kinase inhibitors p15Ink4b and p21Cip1 (2, 3). c-Myc is a ubiqui-
tous promoter of cell proliferation that binds to the initiator
element of the p15Ink4b promoter and together with the zinc-
finger protein Miz1 suppresses p15Ink4b expression and func-
tion in proliferating cells (4). Down-regulation of c-Myc consti-
tutes the first essential step in TGF-�-induced growth arrest
resulting in two major effects: to deprive the cell of growth-
promoting functions and to facilitate the induction of the Cdk
inhibitors p15Ink4b and p21Cip1 (5, 6). These growth-suppress-
ing activities of TGF-� depend on the integrity of the Smad
signaling pathway and hence alterations of the cascade often
result in inadequate growth inhibition in response to the
growth factor (7–9). In the basal state, Smad transcription fac-
tors are predominantly localized in the cytoplasm (9). Upon
ligand-induced receptor activation, Smad2 and 3 are recruited
to, and phosphorylated by the type-I receptor, allowing them to
form complexes with the commonmediator Smad4, and trans-
locate into the nucleus, where they can regulate, together with
other partner proteins, the transcription of cell cycle inhibitors
(10). Cells escape from TGF-�-mediated growth suppression
due to alterations of the Smad signaling pathway. For instance,
mutational inactivation of the Smad4 tumor suppressor gene is
a common event in human cancers and is closely associated with
reduced growth suppression by TGF-� (11, 12). Similarly, loss of
growth inhibition by TGF-� can also be the result of functional
deregulation of the Smadpathway, e.g. following crosstalk interac-
tions with the proliferative Ras-Raf-MEK-ERK cascade (13, 14).
Importantly, neither mutational nor functional alterations of the
Smad pathway cause a complete loss of TGF-� responsiveness. In
fact, TGF-� under these circumstances can promote cell cycle
progression (15).However, themolecularmechanismsunderlying
this functional switch of TGF-� remain unknown.
Here, we show that NFAT transcription factors are media-

tors of this TGF-� switch in cancer cells. TGF-� exerts its
proliferative function in cancer cells through transcriptional
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induction of the c-Myc oncogene, resulting in enhanced levels
of D-type cyclins and their kinase partners. Intriguingly, c-Myc
activation requires prior calcineurin dependent induction and
activation of NFAT transcription factors. Upon TGF-�-in-
duced expression, NFAT factors accumulate in the nucleus and
displace a Smad3 repressor complex from the TIE of the prox-
imal promoter to stimulate c-Myc transcription. Knockdownof
NFAT proteins blocks TGF-� induction of c-Myc expression
and partially restores TGF-� induced growth suppression in
cancer cells. Together, these results identified a novel Smad-
independent regulatory mechanism mediating the TGF-�
switch to a proliferative pathway involving a defined interplay
between NFAT and c-Myc transcription factors. Thus, these
findings contribute to better understand the complex network
of molecular events underlying the TGF-� function in cancer
cells and thus could serve as foundation for the development of
novel approaches for cancer therapy.

EXPERIMENTAL PROCEDURES

Cells andTransfectionProtocol—Panc-1 (ATCC,CRL-1469),
PaTu8988t (DSMZ, ACC 162), SW-480 (ATCC, CCL-228),
HT-29 (ATCC, HTB-38), and HaCaT (CLS 300493) cells were
maintained in Dulbecco’s modified Eagle’s medium (Invitro-

gen, Karlsruhe, Germany) supple-
mented with 10% fetal calf serum.
Expression and reporter promoter
plasmids were transfected at 70%
cell confluence using TransFast (Pro-
mega, Madison, WI). Short interfer-
ing RNA (siRNA) was transfected
using TransmessengerTM reagent
(Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s instruc-
tions, and cells were treated with 10
ng/ml TGF-� (PromoCell GmbH,
Heidelberg, Germany) and har-
vested at indicated time points.
Plasmid Constructs—The full-

length humanNFATc1 and NFATc2
expression constructs were provided
by Dr. A. Rao (Harvard Medical
School, Boston, MA). The c-Myc
expression construct was generated
by insertion of a PCR-amplified
wt c-Myc into the pBIG2i vector
using KpnI and SpeI restriction
sites. The wt c-Myc reporter con-
struct (�2446 to �334) and its
deletion constructs were kindly
gifted by Joan Massagué (Memo-
rial Sloan-Kettering Cancer Cen-
ter, NewYork, NY). Themouse em-
bryonic fibroblast (MEF) SMAD3
WT and null were a gift from John
R. Hawse (Mayo Clinic, Rochester,
MN). To generate the indicated sin-
gle point mutations of the wt TIE
element, we used the QuikChange

site-directed mutagenesis kit (Stratagene, La Jolla, CA) accord-
ing to the manufacturer’s instructions and a recently described
wt TIE construct (�109 to ATG of the c-Myc promoter) (2).
Mutagenesis primers were as followed: KLF 5�-CTCAGAGG-
CTTTTCGGGAAAAAGAACGGAGGGAG-3�, CORE 5�-
CTCAGAGGCAATTCGGGAAAAAGAACGGAGGGAG-3�,
SMAD 5�-CTCAGATTAAAGGCGGGAAAAAGAACGGA-
GGGAG-3�, E2F 5�-CTCAGAGGCTTCTTTGGAAAAAGA-
ACGGAGGGAG-3�, SMAD/KLF/E2F 5�-CTCAGATTAAAC-
TTTGGAAAAAGAACGGAGGGAG-3�, NFAT 5�-CTCAG-
AGGCTTGGCGGGCCCAAGAACGGAGGGAG-3� and its
congruent complementary strands. All constructs were inserted
into a pGL3 vector (Promega) using KpnI and SpeI restriction
sites.
Small Interfering RNA (siRNA)—siRNA was transfected us-

ing the TransmessengerTM reagent (Qiagen) according to the
manufacturer’s instructions. The specific siRNAs were pur-
chased fromAmbionApplied Biosystems (Austin, TX)with the
following sequences: NFATc1 no. 2 5�-GGACUCCAAGGUC-
AUUUUCTT-3�, NFATc2 no. 3 5�-CCAUUAAACAGGAGC-
AGAATT-3�. Smad3 no. 1 5�-GCAUCCGCUGUUCCAGUG-
GUTT-3�. As a negative control, the silencer negative-control
from Ambion was used.

FIGURE 1. TGF-�-promoted cell cycle propagation and proliferation. A, influence of TGF-� on cell prolifer-
ation was assessed by incorporation of [3H]thymidine into Panc-1 and PaTu8988t cells after incubation in
medium with 10 ng/�l TGF-� or without TGF-� for 24 and 48 h. Data are representative of triplicate experi-
ments and are displayed as bars � S.D. B, flow cytometry analysis was performed after propidium iodide (PI)
staining in response to 10 ng/�l TGF-� treatment for 24 and 48 h. Cell cycle stages are illustrated in different
colors: G2, S, and G1. Bars indicate mean values � S.D. of three independent experiments. C, Western blot
analysis to examine the effect of TGF-� on the expression of cell cycle regulatory genes in growth promoted cell
lines. Panc-1 and PaTU8988t cells were left untreated or treated with TGF-� as indicated. Total cell lysates were
then analyzed for expression of phosphorylated Smad3, D-type cyclins and their kinase partners (CdKs). Protein
loading was controlled using anti-�-actin antibodies.
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Reporter Gene Assays—For luciferase reporter gene assays,
106 cells were seeded into 12-well tissue culture dishes and
transfected after 24 h with the indicated constructs. Treatment
with TGF-� (10 ng/�l) (PromoCell GmbH) was maintained
24 h after transfection for the indicated time periods. Luciferase
assays were performed with a Lumat LB 9501 luminometer
(Berthold Technologies) and the Dual-Luciferase�-Reporter
Assay system (Promega). Firefly luciferase values were normal-
ized to Renilla luciferase activity and were either expressed as
relative luciferase activity (RLA) or asmean fold induction with
respect to empty vector control.Mean values are displayedwith
standard deviations.
Protein Analysis—For Western blotting, 20–30 �g of

homogenized lysateswere analyzed on a 10–15%SDS-PAGE as
described before (17). Polyvinylidene difluoride Immobilon-P
membranes fromMillipore (Billerica,MA)were incubatedwith

antibodies against pSmad3, cyclin
D1, CdK4, CdK6 (all from Cell
Signaling (Beverly, MA), c-Myc,
NFATc2 (from Santa Cruz Bio-
technology), Smad 2/3 (from BD
Transduction Laboratories, Lexing-
ton, KY), Smad3 (from Abcam,
Cambridge, UK), NFATc1 (from
Abcam, Cambridge, UK), and �-ac-
tin (from Sigma-Aldrich).
Secondary, peroxidase-conjugated

antibodies against mouse-AB or
rabbit-AB were obtained from Cell
Signaling. Immunoreactive proteins
were visualized using enhanced
chemiluminescence detection sys-
tem (Pierce).
Subcellular Fragmentation—Nu-

clear and cytoplasmic fractions were
performed as described earlier
(17). Cells were washed twice with
ice-cold PBS and collected by cen-
trifugation at 1500 � g at 4 °C. Ly-
sates were resuspended in buffer
A (10 mM Hepes pH 7.9, 10 mM

KCl; 0.1mMEDTA, 0.1mMEGTA, 1
mM dithiothreitol, proteinase inhib-
itors) for 15 min and subsequently
centrifuged for 20 min at 3500 � g.
Supernatants were transferred into
new cups and centrifuged at
10000 � g for 30 min. Pellets were
resuspended in buffer C (20 mM

Hepes pH 7.9, 0.4 M NaCl, 1 mM

EDTA, 1 mM EGTA, 1 mM dithio-
threitol, proteinase inhibitors) and
incubated on ice. A centrifugation
at 12,000 � g for 20 min was per-
formed to separate nuclear proteins
from cellular debris. The resulting
nuclear protein extracts were ana-
lyzed on a 10–15% SDS-PAGE.

Proliferation Assay—Panc-1, PaTu8988t, SW-480, HT-29,
MEF-Smad3-wt, MEF-Smad3�/�, or HaCaT cells were seeded
in 12-well plates and cultured in medium containing 10% fetal
calf serum until attachment. After attachment, cells were
starved for 24 h in serum-free medium and either transfected
with siRNA or treated with 10 ng/�l TGF-� for indicated time
periods. [3H]Thymidine (0.5mCi/well) was added during the
last 6 h of incubation. Incorporated [3H]thymidine was quanti-
fied as described previously (17). For statistical analysis, Stu-
dent’s t test was used, and p � 0.05 was considered significant.
Flow Cytometry—Cell cycle analysis was performed by

flow cytometry. Cells were treated with 10 ng/�l TGF-� for
18, 24, and 48 h, then trypsinized, washed with PBS, and
fixed in 70% ethanol. After washing with PBS, cells were
incubated with 20 �g/ml RNase, DNase-free water with 50
�g/ml propidium iodide for 3 h at room temperature under

FIGURE 2. Activation of TGF-� signaling induces c-Myc promoter transactivation and expression in growth
promoted cells. A, TGF-� induction of c-Myc mRNA expression was analyzed by RT-PCR in Panc-1 cells. Serum-
starved cells were left untreated or treated with TGF-� for 24 h before RNA extraction. mRNA expression levels were
calculated relative to basal mRNA expression, which were arbitrarily set to 1 for each experiment, and expressed as
fold-induction. B, induction of c-Myc was confirmed on protein levels in Panc-1 after stimulation with TGF-� for 18
and 24 h. Total cell lysates were analyzed for c-Myc protein content using an anti-c-Myc antibody. Protein loading
was controlled using anti-�-actin antibodies. C, reporter gene assays illustrating the effect of TGF-� on human c-Myc
promoter activity. Cells were transfected with a luciferase reporter gene construct containing the full-length wild-
type c-Myc promoter sequence along with Renilla luciferase plasmids and treated with TGF-� for 18 and 24 h,
respectively. Firefly luciferase reporter gene activities were measured, normalized to TK-Renilla luciferase and
expressed as mean fold induction compared with untreated control that was arbitrarily set to 1. Mean values were
calculated from four independent experiments and are expressed as fold induction. D, RT-PCR and Western blot
analysis to demonstrate c-Myc mRNA and protein expression in HaCaT cells upon TGF-�. Serum-starved cells
were left untreated or treated with TGF-� before RNA extraction or protein isolation was performed. mRNA
expression levels were calculated relative to basal mRNA expression levels and expressed as fold induction.
Reduction of c-Myc was confirmed on protein levels in Panc-1 after stimulation with TGF-� for 18 and 24 h.
E, relevance of c-Myc induction for TGF-� induced cell proliferation was assessed by [3H]thymidine incorpora-
tion assay upon c-Myc silencing. Panc-1 cells were transfected with either control siRNA or siRNA against c-Myc.
Cells were then starved and incubated in medium with or without 10 ng/�l TGF-� for 48 h. Successful c-Myc
knockdown was demonstrated by immunoblotting and cell proliferation was assessed by incorporation of
[3H]thymidine in control cells and in c-Myc knockdown cells as well. Bars indicate mean values � S.D. of three
independent experiments. Note that c-Myc depletion rendered cells refractory to TGF-� growth stimulation.
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light protection. The DNA content of 106 cells was analyzed
on a Becton Dickinson FACS Calibur flow cytometer (San
Jose, CA). The fractions of cells in the G0/G1, S, and G2/M
phases were calculated using Cell Quest software from Bec-
ton Dickinson (Topsham, ME).
Calcineurin Activity Assay—Cellular calcineurin phospha-

tase activity was measured with the Biomol GreenTM Cellular
Calcineurin Assay Kit Plus according to the manufacturer’s
instructions (Enzo Life Sciences GmbH, Lörrach, Germany).
Cells were left untreated or treated with 10 ng/�l TGF-� for 6,
18, 24, and 48 h before harvesting.Mean values are displayed�
standard deviations.
RT-PCR—RNA was extracted using the RNeasy Mini kit

(Qiagen) and first-strand cDNA was synthesized from 2 �g
of total RNA using random primers and the Superscript first-

strand synthesis kit (Invitrogen) according to the manufac-
turer’s instructions. The qRT-PCR was performed using a
7500 Fast-Real-Time-PCR-System from Applied Biosystems
(Foster City, MA). Specific primer pairs were designed with the
PrimerExpresss 3.0 (Applied Biosystems, Wellesley, MA) as
followed human NFATc1: forward 5�-GTCCCACCACCGA-
GCCCACTACG-3�; reverse 5�-ACCATCTTCTTCCCGCC-
CACGAC-3�; NFATc2: forward 5�-GTTCCTACCCCACA-
GTCATTCAG-3�; reverse 5�-CCCGCAGGTAATACTTC-
CTTTTG-3�; XS-13 forward 5�-GTCGGAGGAGTCGGAC-
GAG-3�; reverse 5�-GCCTTTATTTCCTTGTTTTGCAAA-
3�; c-Myc: forward 5�-GCTCCTGGCAAAAGGTCAGA-3�;
reverse 5�-CAGTGGGCTGTGAGGAGGTT-3�.
DNA Pulldown Assays—Cells were treated with 10 ng/�l

TGF-� for indicated time periods. In total, 250 �g of nuclear

FIGURE 3. TGF-� induces NFAT factor binding to the c-Myc/TIE in cancer cells. A, cells were cotransfected with either the full-length c-Myc promoter
construct (c-Myc del I, �2446 to �334) or the indicated deletions constructs (c-Myc del II-VI) or a control vector and treated with TGF-�. Firefly luciferase
reporter gene activities were measured, normalized to TK-Renilla luciferase and expressed as fold induction compared with full-length c-Myc (del I). B, cells were
transfected with the c-Myc/TIE reporter gene construct (�84 to �63) and TGF-� signaling was initiated through either treatment with TGF-� or co-transfection
of T�R-I. Reporter gene activities were expressed as mean fold induction compared with untreated control, which was arbitrarily set to 1. Mean values were
calculated from three independent experiments and are shown as mean � S.D. C, schematic representation of the human c-Myc TIE element including
previously identified binding sites for SMADs and E2F4. The GGAAA NFAT consensus sequence is also indicated. The table below displays the individual or
combined mutations targeting these transcription factor binding sites as used for luciferase reporter gene assays (TIE mutants A-F). D, 8988t and Panc-1 cells
were transfected with the indicated wild-type c-Myc/TIE construct (bar A) or mutant c-Myc/TIE reporter constructs (bars B–F), along with T�R-I or wild-type
NFATc1/NFATc2 expression plasmids. Reporter gene activities were expressed as RLA (relative luciferase activities). Mean values were calculated from three
independent experiments which were performed in triplicates. Bars indicate mean values � S.D. E, DNA pulldown assays using double-stranded oligonucleo-
tides of wild-type and mutant TIE with disruption of the NFAT binding site. Panc-1 cells were serum starved and then treated with TGF-� for 18, 24, or 48 h.
Nuclear extracts were prepared and incubated with either wild type-TIE or TIE-NFATmut oligonucleotides. DNA-protein complexes were precipitated with
streptavidin-agarose beads and NFAT binding was analyzed by Western blotting using an anti-NFATc1 antibody. F, ChIP were performed with specific NFATc1
antibodies and in vivo binding to the c-Myc promoter was determined by semi-quantitative PCR using primers specific for the c-Myc promoter region harboring
the TIE element.
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protein per sample were incubated for 3 h with 1 �g of bio-
tinylated double-stranded oligonucleotides containing the
NFAT binding sequence of the wild-type TIE element (TIE-
wt, �92 to �63 relative to the c-Myc P2 transcription start
site; 5�-TTCTCAGAGGCTTGGCGGGAAAAAGAACGG-3�
and its complementary strand) or the mutant TIE sequence
with disruption of the NFAT site (TIE-NFAT-mut; 5�-
TTCTCAGAGGCTTGGCGGGCCCAAGAACGG-3� and
its complementary strand). DNA-protein complexes were
collected by precipitation with streptavidin-agarose beads
(Sigma-Aldrich) for 1 h, washed twice with lysis buffer
including proteinase and phosphatase inhibitors, and sub-
jected to SDS-PAGE analysis.
Chromatin Immunoprecipitation Analysis (ChIP)—The ChIP

was performed in Panc-1 and 8988t cells treated with 10
ng/�l TGF-� for the indicated time periods. Cells were
cross-linked with 1% formaldehyde for 10min at 37 °C, har-
vested in SDS lysis buffer (Upstate Biotechnology), and DNA
was shredded to fragments of 500 bp by sonication. Antibod-
ies against NFATc1 or Smad3 were added to each aliquot of
pre-cleared chromatin and incubated overnight. Protein
G-agarose beads were added and incubated for 1.5 h at 4 °C.
After reversing the cross-links, DNA was isolated and used
for PCR reactions. Specific primer pairs were designed with
the PrimerExpresss 3.0 (Applied Biosystems) as followed: 5�-
GAGGGATCGCGCTGAGTAT�-3 and 5�-TCTAACTCG-

CTGTAGTAATTCCAGC-3� for
quantitative PCR amplifying the
TIE element.

RESULTS

TGF-�-induced G1/S Phase Pro-
gression in Cancer Cells Requires
an Intact c-Myc Activity—We ini-
tially tested the effect of TGF-� on
cancer cell proliferation using a
panel of cells with (PaTu8988t,
SW-480, and HT-29) and without
(Panc-1 and HaCaT) inactivating
mutations of Smad4 (14, 17–18).
For this purpose, cells were se-
rum-starved overnight and then
stimulated with TGF-� up to 48 h.
Cell proliferation was assessed by
incorporation of [3H]thymidine as
described previously (16). TGF-�
stimulation caused a significant
increase in cell proliferation in
Panc-1, PaTu8988t, SW-480, and
HT-29 cell lines (Fig. 1A and data
not shown). Flow cytometry analy-
sis revealed that the growth pro-
moting effect of TGF-� in these
cells was resulting from increased
cell cycle progression, as evidenced
by the shift of cells fromG1 to S and
G2 phases (Fig. 1B). Moreover, cell
cycle stimulation in growth pro-

moted cells was reflected by increased expression of D-type
cyclins (cyclin D1 andD3) and their corresponding kinase part-
ners CDK4 and CDK6 (Fig. 1C). As a control cell line, we used
HaCaT keratinocytes that are sufficiently growth inhibited by
TGF-� (Fig. 1A) (19).

Further characterization of this cellular phenomenon re-
vealed that TGF-� growth stimulation is strictly dependent
on c-Myc induction in cancer cells. TGF-� up-regulates c-
Myc expression on both mRNA and protein levels in growth
promoted cancer cells (Fig. 2, A and B), and this induction
was caused by differential promoter modulation (Fig. 2C).
Indeed, TGF-� signaling activation through either treat-
ment with TGF-� ligand or transfection of a constitutively
active version of the TGF-� type-I receptor, T�R-I, induced
a 2–4-fold increase in c-Myc promoter activity, as revealed
by reporter gene assays using a luciferase reporter construct
that encompasses a 2.8 kb region of the human c-Myc pro-
moter (Fig. 2C). In contrast, TGF-� reduced c-Myc expres-
sion and promoter activation in growth inhibited HaCaT
cells (Fig. 2D and data not shown). The critical role of c-Myc
induction in TGF-� promoted cancer cell proliferation was
supported by knockdown experiments showing impaired
growth stimulation by TGF-� upon c-Myc silencing (Fig.
2E). Together these results indicate that induction of the
c-Myc proto-oncogene is necessary for TGF-� to promote
growth in cancer cells.

FIGURE 4. NFAT expression is required for c-Myc induction by TGF-�. A, cancer cells were transfected
with control siRNA or siRNA against NFAT proteins. Twenty-four hours post-transfection, cells were serum-
starved and then treated with either medium alone or medium containing 10 ng/�l TGF-�. cDNA was
prepared and subjected to qRT-PCR to analyze the effect of NFAT knockdown on c-Myc mRNA expression
in Panc-1 (left) and PaTu8988t (right) cells. Values were calculated relative to basal mRNA expression levels
in control siRNA-transfected cells, which were arbitrarily set to 1 for each experiment. Displayed are mean
values from three independent experiments � standard deviations. B, protein extracts from TGF-�-
treated cancer cells transfected with either nonspecific control siRNA or NFAT-siRNA were subjected to
immunoblotting with antibodies specific for NFATc1, NFATc2 or c-Myc. Protein loading was controlled
using anti-�-actin antibodies.
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NFAT Transcription Factors Mediate c-Myc Induction by
TGF-� in Cancer Cells—Transcription factors are essential
mediators of signaling-induced gene expression. To identify
the factors mediating TGF-� induction of c-Myc, we used a
combination of mutagenesis analysis and reporter gene
assays. Interestingly, sequential deletion of the human
c-Myc promoter revealed sustained TGF-� responsiveness
up to the previously identified TGF-� inhibitory element,
TIE (Fig. 3A). Mutation of the TIE regulatory sequence (c-Myc
del VI), however, strongly impaired TGF-�-inducibility of the
c-Myc promoter in proliferating cells (Fig. 3A), though a weak
induction of the remaining promoter was still detectable. Inter-
estingly, this TIE element, located between �84 and �63 rela-
tive to the P2 transcription initiation site of the human c-Myc
promoter, also denotes a prerequisite for TGF-� dependent
repression of c-Myc (20, 21). In growth-inhibited epithelial
cells, TGF-� represses the c-Myc/TIE element through a
TTGG-core sequence, which combines an E2F-binding site
with a Smad (GCTT) interacting motif (2). Site-directed
mutagenesis showed that the integrity of both binding regions
is required for successful inhibition of the c-Myc promoter by
TGF-�. We now demonstrate that the TIE regulatory element
is also used by TGF-� in proliferating cells, in this case however
to stimulate the c-Myc promoter. Similar to the results
obtained for the 2.8 kb wild-type c-Myc promoter TGF-� sig-
naling significantly and time-dependently enhanced transcrip-
tion from the c-Myc/TIE-promoter element in growth pro-
moted cell lines (Fig. 3B). To elicit the functional relevance of

the TTGG core sequence as well as
the individual E2F- and Smad bind-
ing sites in c-Mycpromoter transac-
tivation by TGF-�, we performed
experiments using wild-type and
mutant versions of the c-Myc/TIE
promoter (Fig. 3C). TGF-� induc-
ibility of the c-Myc/TIEwas acceler-
ated upon mutational disruption
of either the core sequence or the
overlapping Smad/E2F interacting
sequences, indicating that the re-
pressor elements are still operative in
proliferating cells (Fig. 3D, bars B–E).
However, site-directed mutagenesis
of a neighboring (GGAAA-) NFAT
bindingmotif (located between�75
and �71 relative to the P2 tran-
scription initiation site) led to a pro-
found loss of TGF-� responsiveness
of the c-Myc/TIE (Fig. 3D, bar F),
and conversely, increased expres-
sion of NFAT transcription factors
enhanced c-Myc/TIE promoter
activity (Fig. 3D). These findings
suggested a role of NFAT factors in
TGF-� induced c-Myc promoter
activation and expression in prolif-
erating cells. In line with this, DNA
pulldown and ChIP assays revealed

inducible NFAT binding to the c-Myc/TIE promoter upon
TGF-� stimulation (Fig. 3, E and F). Moreover, knockdown
experiments demonstrated loss of c-Myc mRNA and protein
induction following genetic silencing ofNFATproteins in these
cells (Fig. 4, A and B). Together, these results support the fact
that c-Myc is a direct transcriptional target of NFAT factors in
cancer cells and suggest a role for NFAT transcription pathway
in TGF-� proliferative functions.
TGF-� Modulates NFAT Activity in a Smad-independent

Manner via the Oncogenic Calcineurin Pathway—The NFAT
family of proteins comprises five transcription factors particu-
larly recognized for their central roles in gene regulation during
T-lymphocyte activation (22, 23). Recent studies have demon-
strated that NFAT proteins posses oncogenic functions
and control critical molecular mechanisms in active prolif-
erating cells during carcinogenesis (16, 24–25). NFATc1 and
NFATc2 are both expressed in our cell models, though none of
the studied cell lines revealed co-expression of both transcrip-
tional regulators. NFATc1 expression was detected in Panc-1
cells, whereas NFATc2 was found in HT-29, SW-480, and
PaTu8988t cells (data not shown). More importantly, TGF-�
treatment strongly induced NFAT expression through pro-
moter transactivation.Depending on the cell type and the dura-
tion of stimulation, TGF-� induced a 3–5-fold induction of the
human NFATc1 and NFATc2 promoters, causing a dramatic
and sustained increase in expression. (Figs. 4B and 5, A and B);
thus, this result suggests a potential mechanism mediating
TGF-� up-regulation of NFAT factors in cancer cells. Interest-

FIGURE 5. Smad3-independent induction of NFAT proteins by TGF-�. A, Western blot analysis to show
time-dependent TGF-� induction of NFAT factors in Panc-1 and PaTu8988t cells. Cells were serum-starved and
then treated with TGF-� for the indicated time periods. Increased phosphorylation of Smad3 indicates success-
ful treatment. Protein loading was controlled using anti-�-actin antibodies. B, reporter gene assays were per-
formed in Panc-1 and PaTu8988t cells following transfection of the human NFATc1 and NFATc2 promoters and
treatment with 10 ng/�l TGF-� for 18 and 24 h, respectively. Firefly luciferase reporter gene activities of the
NFAT promoters were normalized to Renilla luciferase activity and expressed as RLA. Bars indicate mean val-
ues � S.D. of three independent experiments performed in triplicates. Note that both NFAT promoters are
induced by TGF-�. C, Panc-1 (left panel) and PaTu8988t (right panel) cells were transfected with siRNA against
Smad3 or control siRNA, serum-starved, and treated with medium alone or medium containing TGF-� for 18,
24, or 48 h. Proteins were extracted and immunoblot analyses were performed to determine successful deple-
tion of Smad3 and its impact on the expression levels of NFATc1, NFATc2, and c-Myc in cancer cells. Note that
neither NFAT nor c-Myc expression was affected following depletion of Smad3.
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ingly, TGF-� induction of the NFAT proteins does not require
the presence of Smad signaling molecules. All studied cells
independent of the presence or absence of Smad4 expression
respond to TGF� with increased promoter transactivation and
expression of NFAT proteins (Fig. 5, A and B and data not
shown). In addition, TGF-� inducibility persisted upon
siRNA-mediated knockdown of Smad3 (Fig. 5C), Smad2 or a
combination of both proteins (supplemental Fig. S1, A and B).
Furthermore, Smad3-null MEFs consistently responded to
TGF-� treatment with a significant induction of NFATc2
(supplemental Fig. S1C), again supporting that this effect was
independent of Smad3. Finally, neither transfection of Smad3
nor Smad4 enhanced the level of NFAT promoter activity in
growth promoted cancer cells (Fig. 6A), whereas the TARE-Luc
reporter plasmid containing a series of Smad binding elements
was nicely induced by Smad factors (supplemental Fig. S1D).
In contrast, application of cyclosporine A (CsA), an inhibitor

of the phosphatase calcineurin, diminishedNFAT induction by
TGF-� on both promoter activity (Fig. 6, A and B) levels and
mRNA expression (Fig. 6C), indicating that TGF-� utilizes the
Ca2�/calcineurin-signaling pathway to induce a positiveNFAT
feedback loop in proliferating cells. This conclusion is further
supported by the calcineurin activity assays, demonstrating a
2-fold induction of calcineurin by TGF-� in growth-promoted
cancer cells (supplemental Fig. S1E). Thus, NFAT promoter

activation by TGF-� occurs in a Smad-independent manner
but requires an active calcineurin phosphatase pathway.
NFAT Antagonizes a Smad3 Repressor Complex to Activate

the c-Myc Promoter—Recent studies in growth-inhibited cells
convincingly demonstrated that Smad3 binding to the TIE ele-
ment is a prerequisite for c-Myc repression and the resulting
growth inhibition (2). We now show that Smad3 is expressed
and still operative on the c-Myc/TIE element in cancer cells
with lowNFAT levels, but is fully inactivated upon induction of
NFAT in response toTGF-�. In fact, in vitro and in vivo binding
of Smad3 to the c-Myc/TIE element was found in all cancer
cells when cultured in the absence of TGF-� (Fig. 7, A, E, and
supplemental Fig. S1F). Accordingly, reporter gene assays dem-
onstrated that Smad3 is active on the c-Myc/TIE element in
cancer cells and represses the promoter activity of this tran-
scription factor (Fig. 7, C and D). However, accumulation of
NFAT through activation of the TGF-� pathway interfered
with Smad3 promoter binding and displaced this transcription

FIGURE 6. NFAT induction by TGF-� requires calcineurin phosphatase
activity. A, reporter gene assays to define NFATc2 promoter regulation by
Smads and CsA treatment. Cells were transfected with the human NFATc2
promoter along with either T�R-I or the Smads and incubated in the presence
or absence of CsA to block endogenous calcineurin activity. Note that TGF-�
induced NFATc2 promoter activation was antagonized by pharmacological
inhibition of calcineurin. The NFATc2 promoter was not responsive to Smads.
B, reporter gene assays to define NFATc1 promoter regulation by TGF-� and
CsA. Cells were transfected with the human NFATc1 promoter and treated
with either TGF-�, CsA, or a combination of both agents. Reporter gene activ-
ities were expressed as mean fold induction compared with untreated con-
trol that was arbitrarily set to 1. C, qRT-PCR to analyze the effect of CsA treat-
ment on NFAT mRNA expression in response to TGF-� in PaTu8988t (left) and
Panc-1 (right) cells. Displayed are mean values from three independent exper-
iments � S.D.

FIGURE 7. NFAT displaces Smad3 from the c-Myc/TIE upon TGF-�. A, DNA
pulldown experiment demonstrating inverse binding of NFAT factors and
Smad3 on the c-Myc/TIE upon TGF-�. Nuclear extracts from Panc-1 cells were
prepared and incubated with the wild-type c-Myc/TIE oligonucleotide
sequence. DNA-protein complexes were precipitated with streptavidin-aga-
rose beads, and NFAT/Smad3 binding was analyzed by Western blotting
using anti-NFATc1 and anti-Smad3 antibodies, respectively. Note the inverse
binding of NFAT factors and Smad3 on the c-Myc/TIE sequence upon treat-
ment with TGF-�. B, nuclear extracts which were used for DNA pulldown
experiments. C and D, reporter gene assay shows that c-Myc/TIE promoter
induction depends on the integrity of the NFAT binding site and the amount
of NFAT and Smad3. PaTu8988t cells were transfected with c-Myc/TIE wild
type or c-Myc/TIE mutant that lacks the NFAT binding site along with increas-
ing amounts of either NFATc2 (C) or Smad3 (D). c-Myc promoter activities
were expressed as mean fold induction. Mean value were calculated from
three independent experiments and are shown as mean � S.D. E, chromatin
immunoprecipitations were performed in PaTu8988 cells following TGF-�
treatment over 18 and 24h using specific NFATc2 and Smad3 antibodies. In
vivo binding of both transcription factors to the c-Myc promoter was deter-
mined by quantitative PCR using primers specific for the c-myc promoter
region harboring the c-Myc/TIE. ChIP assay demonstrates inverse binding of
Smad3 and NFAT to the c-Myc/TIE upon TGF-�.
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factor from the c-Myc/TIE promoter in vitro and in vivo, as
revealed by DNA pulldown assays and ChIP experiments (Fig.
7, A, B, E, and supplemental Fig. S1F). The functional competi-
tion between NFAT and Smad3 for c-Myc/TIE promoter bind-
ing and regulation was confirmed by reporter gene assays dem-
onstrating antagonistic effects of NFAT and Smad3 on the
c-Myc/TIE promoter (Fig. 7, C and D). As such, increasing
amounts of NFAT override Smad3-mediated repression to
induce transcription from c-Myc/TIE element in cancer cells
(Fig. 7B). Together, these experiments defined a novel TGF-�
transcriptional mechanism involved in the regulation of c-Myc
expression and promoter activity, which requires induction of
NFAT factors and the subsequent antagonistic interplay
between NFAT factors and Smad3 in cancer cells.
NFATMediates the TGF-� Switch from a Growth Suppres-

sor to a Promoter of Cell Proliferation—Finally, we investi-
gated the functional relevance of NFAT in TGF-� promoted
cell cycle progression and growth. Similar to the profound

effects of c-Myc knockdown (as
demonstrated in Fig. 2E) depletion
of NFAT factors fully prevented
growth stimulation by TGF-� in
cancer cell lines (Fig. 8A). In fact,
NFAT knockdown was associated
with decreased basal cell prolifera-
tion and a complete loss of TGF-�
induction. Moreover, NFAT silenc-
ing partially restored the growth
inhibitory response of cancer cells
to TGF-� (Fig. 8A), as evidenced by
down-regulation of the cell cycle
regulatory genes and an increased
halt of cancer cells inG1 upon treat-
ment (Fig. 8, B and C). Taken
together, these findings established
NFAT proteins as central TGF-�
players in cancer cells and strongly
support a key role of these tran-
scription factors in the molecular
switch controlling the fate of TGF-�
growth response.

DISCUSSION

TGF-� mediated signaling has
a significant role in the regulation
of cancer, initially as a tumor sup-
pressor and then as a positive medi-
ator of tumor progression (26, 27).
Clearly, TGF-� growth suppressor
activities are primarily depending
on its potential to repress cell pro-
liferation through Smad-depen-
dent transcriptional silencing of
c-Myc and subsequent induction of
p15Ink4b and p21Cip1 (4, 7, 15). Dur-
ing carcinogenesis, however, virtu-
ally all epithelial-derived tumors
become resistant to the growth-

inhibitory effects of TGF-� due to either mutational or func-
tional inactivation of the TGF-�/Smad pathway (28–30).
However, impaired Smad signaling causes an incomplete
loss of TGF-� responsiveness that particularly targets its
growth inhibitory potential while other tumor-related func-
tions remain unaffected (13, 30–32). Depending on the cell
type, TGF-� can then signal through diverse Smad-inde-
pendent pathways including the phosphatidylinositol 3-ki-
nase (PI3K) cascade and the mitogen-activated protein kinase
(MAPK) pathway to promote cancer progression character-
ized by the acquisition of a mesenchymal phenotype and
increased tumor cell migration and invasion (33, 34). In
addition, TGF-� can switch to a growth promoter and stim-
ulates the proliferation of numerous epithelial-derived can-
cer cell lines, including colon and pancreatic cancer cells
(35–37). Although this cellular event is clearly established,
the molecular mechanisms underlying the TGF-� switch to a
growth-promoter in cancer cells are still unknown. With the

FIGURE 8. NFAT proteins mediate the TGF-� switch from growth suppressor to a promoter of cell prolif-
eration. A, relevance of NFAT expression for TGF-�-induced cell proliferation was assessed by [3H]thymidine
incorporation assay upon NFAT silencing. PaTu8988t and Panc-1 cells were transfected with either control
siRNA or siRNA against NFAT. Cells were then starved and incubated in medium with or without 10 ng/�l TGF-�
for 48 h. Bars indicate mean values � S.D. of three independent experiments. Note that NFAT depletion
rendered cells refractory to growth stimulation and partially restored TGF-� growth suppressor activities in
PaTu8988T cells. Successful NFAT knockdown was demonstrated by immunoblotting using specific antibodies
against NFATc1 and NFATc2 (bottom panel: control siRNA (lane 1), control siRNA � TGF-� (lane 2), siRNA NFAT
(lane 3), and siRNA NFAT � TGF-� (lane 4)). B, flow cytometry analysis to study the relevance of NFAT factors in
TGF-� induced cell cycle progression of cancer cells. NFAT knockdown cells were treated with TGF-� for 24 or
48 h, respectively, and analyzed by propidium iodide staining and flow cytometry. Cell cycle stages are illus-
trated in different colors: G2, S, and G1. Loss of NFAT expression restored cell cycle inhibition by TGF-�, as
evidenced by increased cells in the G1 phase. Bars indicate mean values � S.D. of three independent experi-
ments. C, Western blot analysis demonstrating TGF-� regulated cell cycle genes depending on the presence or
absence of NFAT expression. Cells were transfected with siRNA against NFATc2 or unspecific control siRNA,
serum-starved, and subsequently treated with 10 ng/�l TGF-� for 18, 24, or 48 h. Total cell lysates were then
analyzed for expression of NFAT, D-type cyclins and the partnering kinases (CdKs). Protein loading was con-
trolled using anti-�-actin antibodies.
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goal to dissect the mechanisms behind TGF-� ability to reg-
ulate these two opposing effects on cell growth, we con-
ducted the presented study and uncovered a novel transcrip-
tional pathway that mediates the TGF-�-growth switch from
a suppressor to a promoter of cell proliferation. Using a bat-
tery of biochemical and molecular approaches we show that
TGF-� exerts its proliferative function in cancer cells
through transcriptional induction of the c-Myc oncogene,
which causes enhanced levels of D-type cyclins and their
kinase partners and consequently drives cells through the G1
cell cycle phase. Intriguingly, c-Myc activation by TGF-�
occurs independent of the Smad pathway but requires prior
induction and activation of the calcineurin responsive NFAT
transcription factors. The NFAT family of transcription fac-
tors comprises four members of Ca2�/calcineurin regulated
proteins particularly recognized for their central roles in
gene regulation during T-lymphocyte activation (22, 39). In
resting cells, NFAT is located in the cytoplasm as a hyper-
phosphorylated, inactive form. Under these conditions, NFAT
phosphorylation is insured by the combined action of sev-
eral maintenance kinases, including CK1 and DYRK2 that
target specific serine residues in the NFAT conserved regu-
latory domain. Signaling through calcium/calcineurin re-
sults in NFAT proteins dephosphorylation, causing a confor-
mational switch that unmasks their nuclear localization
sequence (NLS) and allows their translocation to the nu-
cleus, where they bind to specific DNA response elements
to regulate transcription (24, 40). Recent studies have con-
vincingly demonstrated that NFAT signaling and transcrip-
tional regulation is not restricted to the immune system.
Instead, NFAT proteins control critical molecular mecha-
nisms during development and carcinogenesis (24, 41). For
instance, ectopically expressed NFATc1 and NFATc2 have
been implicated in tumor cell growth and migration in vari-
ous epithelial tumors, including those arising from the pan-
creas, breast, and colon (17, 42). Here, we describe a novel
function of NFATc1 and NFATc2 factors in carcinogenesis
and demonstrate that the induction and activation of both
proteins is essential for TGF-� to switch from a growth sup-
pressor to an inducer of cancer cell proliferation. TGF-�
induces in a calcineurin dependent manner the transcription
of both proteins, which in turn function as downstream
effector proteins to induce c-Myc transcription and cell
cycle progression in cancer cells. Interestingly, c-Myc pro-
moter induction by NFAT factors requires the antagonism of
Smad3 repression. Chen et al. have demonstrated that Smad3
repression of the c-Myc promoter is a requirement for
TGF-� induced cell growth arrest (2, 20). We now demon-
strate that NFAT transcription factors accumulate in the
nucleus and displace Smad3 repressor complexes from the
previously described TGF-� inhibitory element (TIE) of
the proximal c-Myc promoter to induce transcription. Strik-
ingly, genetic NFAT silencing not only prevents c-Myc
induction and proliferation, but also restores TGF-� growth
suppressor functions in cancer cells as evidenced by down-
regulation of D-type cyclins and a halt of cancer cells in G1.
Thus, this study identified NFAT transcription factors as key
regulators in the TGF-� switch from a growth suppressor to

a proliferative pathway. Based on our findings we propose a
model in which TGF-� induces NFAT protein expression
and nuclear accumulation in cancer cells to displace pro-
moter-bound Smad3 and induce transcription of mitogenic
c-Myc. These findings emphasize a peculiar role of NFAT
factors in Smad-independent gene expression and contrib-
ute to better understand the complex network of molecular
events underlying the TGF-� function in cancer cells.
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