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S100A4, also known as metastasin-1 (mts1), CAPL, and fibroblast-specific protein, is a calcium binding EF [helix(E)-loophelix(F)]-hand protein belonging to the S100 superfamily.
S100A4 is expressed in highly motile cell types, including
T-lymphocytes, neutrophils, macrophages, platelets, endothelial cells, fibroblast, and tumor cells. Notably, cell motility has
been implicated as a major function controlled by S100A4
(15). Increasing evidence demonstrates that S100A4 is associated with the progression of a variety of cancers, including
breast, prostate, pancreatic, gallbladder, colon, gastric, and
thyroid (7, 15, 31, 32, 34, 37, 38, 44). The documented
functions of S100A4 fit into several hallmarks of cancer such
as anti-apoptosis (survival), metastasis (motility and invasion),
proliferation, angiogenesis, and inflammation (42). However,
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S100A4 also contributes to nonmalignant conditions, such as
rheumatoid arthritis and disorders of cardiovascular, nervous,
and pulmonary systems (14).
Despite the instrumental role of S100A4 in a variety of
normal and pathological conditions, investigations on the regulation of this molecule at the transcriptional level are limited.
One important mechanism of regulation of S100A4 is through
the methylation status of its promoter. Specifically, studies
show that CpG sites in the first intron region of S100A4 are
hypomethylated in several cancers but are hypermethylated in
normal or nonmetastatic cancer cells (33, 46). Currently, there
is no mechanistic evidence to show how S100A4 promoter is
demethylated, although our recent study showed that integrin
␣6␤4 contributes to this regulation (6). Several other signaling
pathways are involved in regulating S100A4, including ErbB2
(16) and ␤-catenin/T-cell factor (TCF) (43). However, in a recent
study using a breast cancer model, the ubiquitously expressed
nuclear factor in activated T cell 5 (NFAT5) was shown to play an
important role in the regulation of S100A4 (6).
Hyperosmotic stress can also activate NFAT5 (2); therefore,
NFAT5 is also known as tonicity responsive enhancer binding
protein (TonEBP). In response to hyperosmotic stress, NFAT5
is activated at multiple levels, such as protein abundance,
nuclear translocation, and transactivation. Activated NFAT5
then binds to its cognate response DNA element and leads to
transcriptional regulation of the osmocompensatory genes,
such as aldose reductase (AR), sodium/myo-inositol cotransporter (SMIT), urea transporter (UT-A), and heat shock protein
70, as well as several proinflammatory cytokine genes, such
tumor necrosis factor-␣ (TNF-␣), which is unrelated to osmoregulation (4, 29).
The role of NFAT5 in tissues has not been studied extensively except in the immune system and kidney; however, there
is evidence that its role as an osmolarity sensor in other
systems may warrant further investigation. Ho et al. (13)
showed that both lymphoid and liver microenvironments have
higher osmolarity compared with serum. Gastrointestinal epithelia are exposed to elevated postprandial osmolarity (17, 19,
25). Finally, several studies have shown that osmotic stress can
induce proinflammatory cytokine production, Cox-2, and drug
metabolizing enzymes, such as cytochrome P-450 3As expression in gastrointestinal (GI) cancer cells, thus suggesting that
osmotic stress may have physiological relevance to GI function
(3, 29).
Based on the regulation of S100A4 by NFAT5 (6), and
given that the colon is periodically exposed to osmotic stress
(28), we propose that hyperosmotic stress induces NFAT5mediated S100A4 expression in colon cancer cells. Here, we
provide the evidence that hyperosmotic stress induces S100A4
expression in a subset of colon cancer cells with hypermethy-
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stress in colon cancer cells. Am J Physiol Cell Physiol 300:
C1155–C1163, 2011. First published February 2, 2011;
doi:10.1152/ajpcell.00407.2010.—S100A4 is associated with the
progression of many types of cancers as well as several nonmalignant
conditions. However, how it is regulated by intracellular signaling
and/or at the transcriptional level has not been extensively studied. We
recently demonstrated that S100A4 is partially regulated by nuclear
factor in activated T cell 5 (NFAT5) downstream of integrin ␣6␤4.
NFAT5 is a mammalian osmotic regulator. To study the regulation of
S100A4 by NFAT5 in a more readily inducible model, colon cancer
cells were subjected to hyperosmotic stress. We found that S100A4 is
induced in a subset of colon cancer cell lines, and the ability to induce
S100A4 depends on the methylation status of S100A4. The osmotic
stress response elements were identified in the first intron region of
S100A4 by S100A4 luciferase reporter assays. Depletion of NFAT5
by small interfering RNA abolished S100A4 induction. Furthermore,
chromatin immunoprecipitation assays showed that NFAT5 is induced to bind to the first intron region. Inhibition of Src kinase
pathways reduced S100A4 induction by affecting NFAT5 transactivation and protein levels. The 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) assay was used to study the
function of S100A4 induction in colon cancer cells under the condition of hyperosmotic stress; the results suggest that S100A4 induction
contributes to cell survival. In conclusion, this study demonstrates that
hyperosmotic stress induces S100A4 through NFAT5, and Src and
chromatin remodeling are involved. In addition, the induction of
S100A4 contributes to cell survival. Given that the gastrointestinal
tract is periodically exposed to hyperosmotic stress, this study may
uncover a novel signaling pathway that could contribute to GI cancer
progression.
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lated first intron region. We further identify that the osmotic
response elements (ORE) of S100A4 are located in the first
intron region, and one NFAT5 binding site is essential for
S100A4 transcriptional regulation by hyperosmotic stress. Furthermore, we find that the Src kinase pathway is involved in
this NFAT5-mediated regulation of S100A4. We also demonstrate that the induction of S100A4 plays an important role in
cell survival under the condition of osmotic stress.
MATERIALS AND METHODS
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Fig. 1. S100A4 is induced in Clone A colon cancer cells by hyperosmotic
stress. Clone A cells were treated with indicated amount of excess NaCl for 24
h (A) or 100 mM excess NaCl for different times (B), and then cells were
harvested for S100A4 immunoblotting (A, B) or Q-PCR analyses (C). Clone A
cells were placed under hyperosmotic shock with 100 mM excess NaCl for 24
h (D), and then plates were rinsed with PBS for 3 times before being returned
to isotonic conditions for the indicated times. Samples were then analyzed for
S100A4 protein expression. Blots were stripped and reprobed for actin as a
loading control. All data are representative of at least three separate experiments.
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Colon cancer cell lines and osmotic stress. Clone A, LS174T,
HCT-8, and DLD-1 cells were maintained in RPMI 1640 (osmolarity ⫽
279 mosM); SW480 and SW620 in high-glucose DMEM (osmolarity ⫽ 309 mosM); HT-29 and HCT-116 in McCoy medium (osmolarity ⫽ 298 mosM); KM12C and KM20 in Eagle’s minimum
essential medium (osmolarity ⫽ 304 mosM) supplemented with 1
mM sodium pyruvate, nonessential amino acids, and MEM essential
vitamin mixture; and Caco2 cells in MEM plus 1% nonessential
amino acids. Media for all cells were supplemented with 10% FCS
and 1% penicillin and streptomycin. For experiments, 70% confluent
cells were subjected to hyperosmotic shock by adding excess 100 mM
NaCl at indicated times. Hypoosmotic stress is induced by adding 1:1
dilution of medium with water. For cells returned to isotonic conditions, cells were treated with excess 100 mM NaCl for 24 h, cells were
then rinsed three times with media, and then fresh isotonic media were
added and cultured for the times noted. The expression of S100A4
was determined by Western blot analysis and Q-PCR.
Bisulfate sequencing and cell treatment. For DNA methylation
studies, cells were treated with 1 M 5-aza-2=-deoxycytidine (DAC)
in fresh medium daily for 3 or 5 days before genomic DNA was
extracted. Identification of methylated CpG residues within the DNA
was determined by bisulfate conversion and pyrosequencing of the
first intron region of the S100A4 promoter (⫹203 to ⫹662; accession
number Z33457) and was performed by EpigenDx (Worcester, MA).
Western blot analysis. Total cell lysates (80 g protein) prepared in
RIPA buffer (150 mm NaCl, 0.5 mm EGTA, 0.5% sodium deoxycholate, 1% SDS, 1% Triton X-100, 50 mm Tris·HCl, pH 7.4, 15
g/ml protease inhibitor cocktail, and 1 mM PMSF) were separated
by either 15% SDS-PAGE (for S100A4) or 7.5% SDS-PAGE
(NFAT5), transferred to PVDF membrane, and probed with antibodies for S100A4 (gift from Dr. Anne Bresnick, Albert Einstein College
of Medicine) and NFAT5 (Applied Bio Reagent). The blots were
stripped and reprobed with ␤-actin (Sigma) as the loading control.
Q-PCR. cDNA was prepared from total RNA (1 g, extracted from
cells using TRIzol reagent), using the high-capacity cDNA reverse
transcription kit (Applied Biosystems). Expression of target genes was
then assessed by comparative Ct (⌬⌬Ct) using commercially available
probes and master mix reagent and performed on a StepOnePlus
96-well instrument as described by the manufacturer (Applied Biosystems). The expression level of each gene was normalized by 18S
RNA and reported as a relative level to a specified control.
Luciferase reporter constructs and luciferase assay. NFAT5 luciferase reporter was obtained from Addgene and contained three consensus NFAT5 sites from a promoter region of human aldose reductase
gene that was cloned into a pGL3 luciferase reporter with minimal SV40
promoter (29). S100A4 luciferase reporters were generated by amplifying
fragments of the S100A4 regulation region by PCR and then cloning
them into the KpnI and BglII site of the pGL4.10[luc2] basic vector
(Promega), which lacks a basic promoter. Genomic DNA was purified by
GenElute Mammalian Genomic DNA Miniprep kit (Sigma). From the
S100A4 genomic DNA sequence (accession number Z33457), the following primers were used to generate S100A4 reporter pGl4.10 S100A4
(⫺632/⫹1010) and pGl4.10 S100A4 (⫺632/⫹77): sense 5=-GGGGTACCACAAGGTCCTCTGTGTTGCTC-3=, anti-sense 5=-GAAGATCTGACAGCAGTCAGGATCTGGGA-3=, and anti-sense 5=-

GAAGATCTAGTCAGGCCAACACAACTCACC-3=. Primers used to
generate pGl4.10 S100A4 (⫹58/⫹1010) were sense 5=-GGGGTACCGTGAGTTGTGTTGGCCTGACT-3= and anti-sense 5=-GAAGATCTGACAGCAGTCAGGATCTGGGA-3=. Mutants for putative
NFAT5 binding site 4 and site 5 were generated using the pGl4.10
S100A4 (⫹58/⫹1010) construct using QuikChange Site-Directed Mutagenesis Kit (Stratagene). Primers for mutating the NFAT5 site 4 were
based on the sense strand sequence 5=-GCGGCTGTGCCTGGTTTCTCCTACTGCAGGCCCC-3= and those for NFAT5 site 5 were based on
5=-GTGGATAGACTGAGTGAGGGGCGAACAAAATGGTGTTGTTGAGCAAG-3=. All of the constructs and their mutants were confirmed
by sequencing.
For luciferase reporter assays, cells grown in 24-well plates were
cotransfected with either 0.25 g of the NFAT5 or a S100A4 reporter
along with pRL-TK Renilla control reporter as 50:1 ratio for 24 h.
Then cells were induced by 100 mM excess NaCl or left in isotonic
medium for 24 h. Cells were collected, and luciferase activity was
measured by Dual-Luciferase Reporter Assay System (Promega). The
data are presented as a relative value to internal control or fold
induction as individual control.
NFAT5 transactivation was performed by cotransfection of NFAT5
transactivation reporter GalDBDNFAT5AD (Dr. Maurice B. Burg,
National Insititutes of Health) and Gal4 luciferase reporter pGL4.31
(Promega) together with pRL-TK Renilla control reporter. After 24 h,
cells were pretreated with 10 M 4-amino-5-(4-chlorophenyl)-7-
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dissolve the formazan precipitate, 100 l of stop-mix solution containing 90% isopropanol and 10% DMSO were added. OD 570 was
read and recorded every day for a 6-day period.
RESULTS

Hyperosmotic stress induces S100A4 expression in colon
cancer cell lines. NFAT5 is an osmoregulator in mammalian
cells (2) and regulates S100A4 expression in breast cells (6).
Here, we sought to test whether S100A4 can be induced by
hyperosmotic stress. For these experiments, Clone A colon
carcinoma cells were treated with excess NaCl at differing
dosages to stimulate hypertonic shock for 24 h or were treated
with 100 mM NaCl at various times before harvest for analysis
of S100A4 expression. As shown in Fig. 1, 25 mM hypertonic
NaCl treatment for 24 h induced S100A4 expression with
higher induction at 100 mM excess NaCl (Fig. 1A). Timecourse analysis by immunoblotting and Q-PCR showed that
S100A4 induction appeared at 16 h after treatment and is near
maximal after treatment for 24 h (Fig. 1, B and C, and see
online supplemental Fig. S1 at the AJP-Cell Physiol website).
In contrast, the more permeable solute urea, which causes
hyperosmolality without hypertonicity, did not induce S100A4
expression (data not shown). In addition, sorbitol-mediated
hyperosmotic stress similarly stimulated S100A4 expression in
Clone A cells (data not shown). These results demonstrate that
S100A4 is an osmotic stress-responsive protein in Clone A
colon cancer cells.
To test how long S100A4 induction is sustained, Clone A
cells were exposed to hyperosmotic stress for 24 h before
returning cells to isotonic medium. As shown in Fig. 1D,
S100A4 induction was sustained up to 96 h when cells were
returned to isotonic condition. These data indicate that S100A4
induction may involve epigenetic mechanisms or, alternatively, extension of S100A4 protein half-life.

Fig. 2. S100A4 induction in colon cancer cells correlates with DNA methylation status of the first intron region of S100A4. A: depiction of CpG sites in the first
intron region targeted for methylation status analysis. B and C: clone A cells were treated with 1 M of the DNA methyltransferase inhibitor DAC or DMSO
for 3 or 5 days and then assessed for S100A4 promoter methylation status (B; 5 days; EpigenDX) or S100A4 protein expression (C). D: several other Colon cancer
cell lines were assessed for hyperosmotic shock-mediated S100A4 induction by treating cells with 100 mM excess NaCl for 24 h and then collecting cell lysates
for S100A4 expression. E: genomic DNA isolated from colon cells was subjected to methylation status analysis.
AJP-Cell Physiol • VOL
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(t-butyl)pyrazolo[3,4-d]pyramidine (PP2, a specific src family kinase
inhibitor) or 4-amino-7-phenylpyrazolo[3,4-d]pyramidine (PP3, a PP2
negative control) for 30 min, and then cells were exposed to hyperosmotic stress for 24 h before luciferase activity assay.
Cell fractionation. Cells were pretreated with 10 M PP2, PP3
(Calbiochem), or DMSO for 30 min followed by treatment with 100
mM excess NaCl at the indicated time points. Cell fractionation was
performed by using NE-PER nuclear and cytoplasmic extraction
reagents, as recommended by the manufacturer (Pierce).
Chromatin immunoprecipitation. Chromatin immunoprecipitation
(ChIP) assays were performed as modified from the protocol published previously (6). In brief, cells were cross-linked with 1%
formaldehyde and terminated with 0.125 M glycine. Nuclei were
isolated, sonicated to fragment DNA (average length of 500 –700 bp),
and centrifuged to pellet debris. Equal amounts of DNA from each
sample were incubated with 1 g anti-rabbit NFAT5 antibody or
normal rabbit IgG and protein A/G-Sepharose beads (Amersham
Biosciences) at 4°C overnight. Washed immunoprecipitates were
digested with proteinase K, followed by a 65°C incubation to reverse
the cross-linking. DNA was then precipitated with 0.5 g/l of
glycogen overnight. The precipitated pellets were collected by microcentrifugation at top speed, resuspended in 20 l Tris-EDTA (TE)
buffer, and used as templates for PCR amplification by using the
following primers: sense 5=-ATGGCCTCTGCAGCTTCTCTT-3= and
anti-sense 5=-TGCGCAAGTCTTGGAGATTCG-3=.
siRNA treatment. Small interfering RNA (siRNA) was electroporated into cells as described previously (6). In brief, suspended cells
(3 ⫻ 106) were electroporated (350 V with 500 F capacity) with
either SmartPool siRNA targeting S100A4 or nontargeting siRNA
control or were left as electroporated only control. After siRNA
treatment for 48 h, cells were subjected to different experiments. Cell
lysates were used to detect the efficiency of siRNA treatment by
immunoblotting.
MTT assay. Clone A cells (2 ⫻ 103) electroporated with siRNA
targeting S100A4 or nontargeting control were seeded in each well of
a 96-well plate. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was performed in triplicate by adding 20 l
(MTT) (5 mg/ml) to each well and incubated at 37°C for 3 h. To
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Fig. 3. Nuclear factor-inactivated T cell 5 (NFAT5) is activated and required
for S100A4 induction in response to osmotic shock in colon cancer cells.
A: Clone A cells were induced with hyperosmotic stress in 100 mM excess
NaCl for 24 h, and then cell lysates were analyzed for NFAT5 expression by
immunoblotting. B: Clone A cells were cotransfected with pRL-TK Renilla
control reporter and NFAT5 luciferase reporter containing the NFAT5 binding
sites from the human aldose reductase gene promoter. After 24 h, cells were
exposed to 100 mM excess NaCl for additional 24 h before luciferase activity
analysis. Experiments were performed in triplicate, and data were presented as
fold induction compared with control. C: NFAT5 localization in response to
hyperosmotic shock. Clone A cells were exposed to 100 mM excess NaCl for
the indicated times, and then cell fractionation was performed by using
NE-PER nuclear and cytoplasmic extraction reagents as recommended by
manufacturer (Pierce). NFAT5 nuclear localization was assessed by immunoblotting. ␤-Tubulin and lamin A/C were used as cytoplasmic and nuclear
protein markers as well as loading controls, respectively. D: Clone A cells
were electroporated with SmartPool small interfering RNA (siRNA) targeting
NFAT5, nontargeting control (NT), or electroporated-only control (UN) were
treated with 100 mM excess NaCl for 24 h and then assessed for S100A4 and
NFAT5 expression. E: SW480 cells were induced with hypoosmotic shock by
adding medium diluted 1:1 with water for 24 h, and then cells were assessed
for S100A4 and NFAT5 expression.

transfected with a NFAT5 reporter construct before hyperosmotic stress showed a 2.5-fold activation of NFAT5 compared
with control (Fig. 3B). As NFAT5 is translocated into the
nucleus following osmotic stress, we used a cell fractionation
assay to determine whether NFAT5 was translocated to the
nucleus upon hyperosmotic shock. Consistent with previous
findings (2), we found that although NFAT5 resides in the
nucleus, hyperosmotic stress induced a rapid translocation of
NFAT5 into the nucleus within 30 – 60 min (Fig. 3C). To
further ascertain whether NFAT5 is required for the induction
of S100A4, Clone A cells were electroporated with siRNA
targeting NFAT5 or nontargeting siRNA and were treated with
100 mM excess NaCl overnight. As seen in Fig. 3D, the
induction of S100A4 was completely abolished by NFAT5
siRNA treatment compared with untreated and nontargeting
siRNA controls. Given that NFAT5 is a bidirectional osmotic
regulator, we hypothesize that hypoosmotic stress may have
the opposite effect on NFAT5-mediated S100A4 expression in
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S100A4 induction in response to hyperosmotic stress is
correlated with methylation status of first intron region of
S100A4. DNA hypomethylation of the S100A4 gene is responsible for gene activation in human colon carcinoma cells (33).
To test whether methylation of CpG sites in the first intron
region are involved in hyperosmotic stress-induced S100A4
expression, we focused on the first several CpG sites playing
important roles in S100A4 regulation. These specific CpG sites
are illustrated in Fig. 2A. Clone A cells were treated with 1 M
of the DNA methyltransferase inhibitor DAC for 3 or 5 days,
and then the genomic DNA from the 5-day treatment was
subjected to DNA methylation analysis. As shown in Fig. 2B,
inhibition of methyltransferase decreases methylation percentage specifically at CpG sites 1, 4, 5, and 6. Furthermore,
S100A4 expression levels were confirmed at both 3- and 5-day
treatment by immunoblot analysis (Fig. 2C). These data suggest that DNA methylation in the first intron region of the
S100A4 promoter can regulate S100A4 expression in Clone A
colon cancer cells.
To determine the universality of our observation in Clone A
cells, we submitted a panel of established colon carcinoma
cells to a 24-h osmotic stress treatment. As shown in Fig. 2D,
a dramatic induction of S100A4 was also observed in Caco2,
LS174T, HCT-8, and KM12C colon carcinoma cells. For those
cells with low S100A4 expression, a slight stimulation was
noted in KM20, HCT116, and HT29. However, in cells with
high expression levels of S100A4, such as SW620 and SW480
(Fig. 2D), S100A4 was not induced. To determine whether the
response to osmotic stress in different colon cancer cell lines
correlated with the methylation status of the first intron region
of S100A4, the genomic DNA of these cell lines were submitted for bisulfate conversion and pyrosequencing of the first
intron region of the S100A4 promoter. Because three CpG sites
(sites 4, 5, and 6) in Clone A cells were most affected by DNA
methyltransferase treatment, we focused on these sites in the
other colon cancer cell lines. As illustrated in Fig. 2, D and E,
two cell lines SW620 and SW480, with no change in S100A4
expression in response to osmotic stress, had very low levels of
DNA methylation in these three sites where methylation is
2.9% (position 4), 2.7% (position 5), and 5.3% (position 6) in
SW620 cells and less than 3% in these three sites in SW480
cells. Cell lines with greater S100A4 induction, including
Caco2, LS174T, and Clone A had the highest levels of DNA
methylation. For example, the methylation percentage in
Caco2 cells on sites 4, 5, and 6 were 91.8%, 82.9%, and 77.6%,
respectively. In the cell lines with marginal upregulation of
S100A4 expression, the level of methylation in this region of
the promoter was intermediate. Taken together, we conclude
that the methylation status of the first intron region positively
correlates with the responsiveness of cells for hyperosmotic
induction of S100A4 in colon cancer cells.
NFAT5 is activated and required for S100A4 induction in
the condition of hyperosmotic stress. NFAT5 is an osmotic
stress regulator and has been shown to regulate S100A4 expression in breast cancer cells downstream of integrin ␣6␤4
signaling. To determine the effect of hyperosmotic stress on
NFAT5 in colon cancer cells, we treated Clone A cells with
hyperosmotic NaCl for 24 h and then detected the NFAT5
protein level by immunoblot analysis. As shown in Fig. 3A,
NFAT5 was dramatically upregulated in response to hyperosmotic stress in colon cancer cells. In addition, cells that were
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Fig. 4. Hyperosmotic response elements are
located in the first intron region of S100A4.
A: schematic of transcription factor binding
motifs in the regulatory region of S100A4.
B: cells were cotransfected with the indicated
S100A4 luciferase reporter along with pRL-TK
Renilla control reporter for 24 h. Cells were then
induced with 100 mM excess NaCl for an
additional 24 h before cells were assessed for
luciferase activity using a dual-luciferase reporter assay system. The data are presented
as fold induction from individual controls
and are representative of three different experiments.
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TGGAAA in sense direction (site 5) to CGAACA. As shown
in Fig. 4B, mutation in site 4 not only decreased the basal
level (data not shown) but also completely blocked the
induction of luciferase activity by osmotic shock. However,
mutation of site 5 had no effect. These results implicate the
site 4 NFAT5 binding site as essential for S100A4 transcriptional regulation.
To test whether NFAT5 binds to this regulatory region,
Clone A cells were treated with 100 mM excess NaCl for 2 h
and then the ChIP assay was performed using NFAT5 antibody
or normal rabbit IgG as control. As shown in Fig. 5, NFAT5
bound to this intron region only when cells were treated with
hyperosmotic NaCl. These results, together with the luciferase
reporter assays, demonstrate that NFAT5, when bound to site
4 of the intronic region of the S100A4 promoter, is an important component in the regulation of S100A4 in colon cancer
cells under the condition of hyperosmotic stress.
Effect of Src pathway on NFAT5-mediated S100A4 induction in colon cancer cells. Hyperosmotic stress can activate
Src family kinases (SFK) such as Src and Fyn (8, 22).

Fig. 5. NFAT5 binds to the first intron region where the putative NFAT5
binding sites are located. A: schematic of the S100A4 regulation region with
consensus NFAT5 binding sites and the primers for chromatin immunoprecipitation (ChIP) assay. B: cells were treated with 100 mM excess NaCl for 2
h, then cells were harvested and subjected to ChIP assay using antibody against
NFAT5 or normal rabbit IgG control, and the expected 281 bps product were
amplified.
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colon cancer cells. For this experiment, we submitted SW480
cells to hypoosmotic shock by 1:1 dilution of media and water
for 24 h. The cells were collected for immunoblotting and
probed for S100A4 and NFAT5. The results showed that
hypoosmotic stress decreased NFAT5 and S100A4 expression
(Fig. 3E). These data demonstrate that, in response to hyperosmotic stress, NFAT5 is activated at multiple levels, and the
activation of NFAT5 is required for S100A4 induction in colon
cancer cells.
Hyperosmotic stress-responsive elements are located in the
first intron region of the S100A4 promoter. Our data suggest
that S100A4 induction by hyperosmotic shock is regulated on
the transcriptional level by NFAT5. To determine what regions
of the S100A4 are responsible for this regulation, we generated
a series of S100A4 promoter luciferase reporter constructs. As
illustrated in Fig. 4A, different fragments of the regulatory
regions of the proximal promoter region and the first intron
region of S100A4 were cloned into pGL4.10 basic vector.
Cells were then cotransfected with one of these constructs and
with TK-Renilla before hyperosmotic shock treatment for 24 h.
The luciferase activity of cell lysates was then measured. As
shown in Fig. 4B, luciferase activity from the S100A4 reporters
containing the first intron region pGl4.10 – 632/⫹1010 and
pGl4.10 ⫹58/⫹1010 was stimulated about fivefold by osmotic
shock. In contrast, the reporter construct based on the proximal
promoter region pGl4.10 – 632/⫹77 did not show any induction. These results suggest that S100A4 is transcriptionally
regulated by osmotic shock, and the osmotic-response elements are located in the first intron region.
By scanning the NFAT5 transcription factor binding sites,
we found five putative NFAT binding sites in the regulatory
region (Fig. 4A). Three of these sites are in the intronic region;
two of these three sites have the consensus sequence for
NFAT5 binding, which is characterized by an 11 bp sequence
TGGAAANNYNY (N represents as any nucleotide and Y represents as pyrimidine) (24) To determine whether the binding of
NFAT5 to these two sites plays an important role in S100A4
regulation under the condition of hyperosmotic stress, site-directed mutagenesis was performed on the pGl4.10⫹58/⫹1010
construct. We changed the putative binding site TGGAAA in
reverse direction (site 4) to GAGGAT and putative binding site
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NFAT5 transactivation domain (548 –1531) fused to the
Gal4dbd (11, 18). Clone A cells were cotransfected with the
NFAT5 transactivation reporter together with a Gal4 luciferase reporter. As shown in Fig. 6F, we found that
hyperosmotic shock dramatically induced NFAT5 transactivation, which was completely inhibited by the Src inhibitor
PP2 but not the negative control PP3. In summary, these
data demonstrated that the Src kinase pathway is involved in
S100A4 induction by hyperosmotic shock by affecting
NFAT5 protein level as well as its transactivation but not
NFAT5 nuclear translocation.
Effect of S100A4 knock down on cell survival. Because
osmotic shock induces cell death, we hypothesized that
S100A4 induction may contribute to cell survival. To test
this concept, we knocked down S100A4 expression in Clone
A cells by siRNA and then performed an MTT assay under
the condition of hyperosmotic stress. As shown in Fig. 7A,
the reduction of S100A4 resulted in decreased cell viability
under the hyperosmotic condition. Figure 7C shows the
successful reduction of S100A4 expression at representative
time points. Notably, S100A4 reduction has little impact on
cell viability under normal culturing conditions (Fig. 7B). In
conclusion, these data suggest that S100A4 induction acts as
the survival factor, either through increased proliferation or
cell survival under the condition of osmotic stress.

Fig. 6. Inhibition of Src kinase pathway hinders hyperosmotic stress-induced S100A4
expression through inhibition of NFAT5 expression and transactivation but not nuclear
translocation in Clone A cells. A and B: Clone
A cells were pretreated with 10 M 4-amino5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyramidine (PP2, a specific src family kinase
inhibitor) or 4-amino-7-phenylpyrazolo[3,4d]pyramidine (PP3, a PP2 negative control) for
30 min before inducing hyperosmotic stress by
100 mM excess NaCl for 24 h; then cells were
collected for immunoblotting to detect S100A4
and NFAT5 protein expression (A) or S100A4
expression by Q-PCR (B). C and D: Clone A
cells were cotransfected with NFAT5 reporter
(C) or pGl4.10 S100A4 (⫹58/⫹1010) reporter
(D) with pRL-TK-Renilla, 24 h before cells
were treated as done in A. After 24-h treatment, cell lysates were assessed for luciferase activity as performed in Fig. 4. E: Clone
A cells were treated as in A and then cell
fractionation was performed. NFAT5 nuclear
translocation was detected by immunoblotting.
F: Clone A cells grown in a 24-well plate were
cotransfected with 0.25 g Gal4dbd-TonEBP/
OREBP, which contains NFAT5 transactivation domain (548 –1531) fused to the Gal4dbd
and 0.25 g Gal4 luciferase reporter pGL4.31[luc2P/GAL4UAS/Hygro] (Promega) together with 5 ng pRL-TK Renilla control reporter. After 24 h, cells were pretreated with 10
M PP2 or PP3 for 30 min, and then cells
were induced by hyperosmotic shock for 24 h
before luciferase activity assay.
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Importantly, Src acts as a regulator for cell volume and
transactivates NFAT5 under the condition of osmotic stress
(8). To test whether Src is involved in NFAT5-mediated
S100A4 induction by hyperosmotic stress in colon cancer
cells, we pretreated Clone A cells with 10 M PP2, a
specific SFK inhibitor, or the same concentration of PP3 (a
structurally related but inactive analogue of PP2) before
exposing cells to hyperosmotic stress. We found that inhibition of the SFK pathway by PP2 dramatically abrogated the
induction of S100A4 at both the protein and RNA levels (Fig. 6,
A and B, respectively). In addition, NFAT5 expression was also
decreased by PP2 treatment. Further assays utilizing transfection of the NFAT5 reporter (Fig. 6C) and S100A4 reporter
constructs into Clone A cells (Fig. 6D) confirmed that inhibition of the Src pathway decreases the induction of NFAT5
and S100A4 reporter activity. To determine whether inhibition of Src kinase pathway affects NFAT5 activity, Clone A
cells were pretreated with either 10 M PP2 or PP3 for 30
min, cells were exposed to hyperosmotic shock for 24 h, and
a cell fractionation assay was performed. As shown in Fig.
6E, hyperosmotic shock induced the translocation of
NFAT5 into the nucleus; however, inhibition of Src did not
affect this nuclear translocation.
To analyze whether the inhibition of Src kinase affects
NFAT5 transactivation, we used the NFAT5 transactivation
reporter Gal4dbd-TonEBP/OREBP, which contains the
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DISCUSSION

In this study, we demonstrated that hyperosmotic stress
induces S100A4 expression in colon cancer cells. Although
this phenomenon had been shown in the kidney (36), our study
expands this observation in colon cells to demonstrate that the
Src kinase pathway and NFAT5 are required in this induction.
In addition, we further identify that the osmotic stress response
elements are located in the first intron region of S100A4.
Importantly, we observed that the ability of hyperosmotic
stress to induce S100A4 depends on the methylation status of
S100A4. We found that cells with higher methylation percentages in the first intron region of S100A4 respond dramatically.
Notably, DNA methyltransferase inhibitor DAC treatment
could reexpress S100A4 in these cells, and the percentage of
methylation of CpG sites 1, 4, 5, and 6 is decreased in response
to this treatment. Furthermore, cells with lower methylation
percentages displayed a constitutively high level of S100A4
and did not exhibit further increases in S100A4 expression in
AJP-Cell Physiol • VOL

response to hyperosmotic stress. These results suggest that
DNA methylation of these CpG sites plays a role in suppressing S100A4 expression, and demethylation of these sites plays
an active role during DAC treatment.
In contrast, we did not observe changes in DNA methylation
status when cells were induced with hyperosmotic shock (supplemental data Fig. S2). This discrepancy suggests that, although DNA methylation is an important mechanism for regulation of S100A4, this regulation could be circumvented
during hyperosmotic regulation through other chromatin remodeling mechanisms. Osmotic stress is known to affect the
structure and function of the nucleus and to act on the genome,
which leads to gene expression (12). Nucleosomes, which are
wrapped with DNA and packed into the fundamental organization unit of chromatin, are often depleted at active promoters
(26). It has been shown that hyperosmotic stress can induce a
rapid and reversible loss of nucleosomes around OREs (45).
The depletion of nucleosomes may bypass DNA methylation,
relax chromatin, thus allowing ORE access for transcription
factors such as NFAT5. We note that S100A4 induction in
response to hyperosmotic stress has a substantial lag time both
at mRNA and protein levels. However, translocation of
NFAT5 demonstrated by nuclear fractionation is rapid and
detected within 30 – 60 min. ChIP analysis further demonstrated that NFAT5 binds to the putative ORE region after
hyperosmotic stress by 2 h. Notably, there are no CpG sites in
the recognition site of NFAT5. These data collectively suggest
that other chromatin remodeling processes, rather than DNA
methylation alone, are likely involved in S100A4 induction by
hyperosmotic stress and that binding of NFAT5 to the ORE
might be an initiating event. However, how hyperosmotic
stress affects chromatin structure and whether chromatin remodeling events are dependent on the functional ORE in the
S100A4 first intron region awaits further study.
NFAT5 plays a key role in cells’ response to hyperosmotic
stress. The roles of NFAT5 in the kidney and immune system
are well documented. However, the activation and the role of
NFAT5 in the GI tract under osmotic stress have not been
investigated extensively, except for the finding that NFAT5 is
required for cytochrome P-450 3As expression (1, 23). In this
study, consistent with NFAT5 activation in response to hyperosmotic stress (2), we find that NFAT5 is activated in colon
cancer cells at different levels, such as transcription, translocation, and transactivation. Importantly, this activation is required for transcriptional regulation of S100A4 in response to
osmotic stress. We further identified, by mutagenesis, that one
of the NFAT5 sites in the intron region of the S100A4
promoter is the critical site for the osmotic response, thus
defining the ORE. In agreement with our previous findings, this
study demonstrates that NFAT5 is an important component for
regulation of S100A4 in colon cancer cells under the condition
of hyperosmotic stress. Together, these data strongly suggest
that chromatin remodeling processes, in conjunction with transcription factor activation, such as that of NFAT5, are needed
to fully activate the S100A4 promoter in response to hyperosmotic stress.
Using pharmacological inhibitors, we found that the inhibition of SFKs abrogates S100A4 induction by hyperosmotic
stress in a dose-dependent manner (supplemental data Fig. S3).
SFKs are the nonreceptor protein tyrosine kinases that consist
of nine members and have many critical cell functions, includ-
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Fig. 7. S100A4 facilitates cell viability under hyperosmotic stress. A and
B: Clone A cells were electroporated with 200 nM siRNA targeting S100A4 or
nontargeting (NT) control and then seeded into a 96-well plate. Cells were then
exposed to hyperosmotic (A; 100 mM excess NaCl) or normal culturing
conditions (B), and then MTT assays were performed every day for a 6-day
period. C: cell lysates from 4th and 5th day treatment were immunoblotted
with antibody against S100A4 to test the efficiency of S100A4 siRNA. Error
bars in A and B represent standard deviation from triplicate determinations. *P
value of ⬍0.04. Notably in B, S100A4 reduction leads to a consistent increase
in cell viability, but it does not reach statistical significance.
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periodically exposed to osmotic shock due to fluid or food
intake, the survival effect of S100A4 could facilitate development of hyperplasia in intestinal epithelia.
In summary, our study demonstrates for the first time that
hyperosmotic stress induces S100A4 expression through Srcmediated NFAT5 activation in colon cancer cells, and the
ability to induce S100A4 by hyperosmotic stress depends on
the methylation status of S100A4. Importantly, we showed that
the consequence of hyperosmotic stress in GI cells is not
limited to inflammation and drug metabolism but also prosurvival mechanisms. Together with previous findings, our
data suggest that hyperosmotic stress may affect GI physiology
and potentially contribute to GI cancer progression.
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