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Inflammatory bowel disease (IBD) is thought to result
from commensal flora, aberrant cellular stress, and
genetic factors. Here we show that the expression
of colonic Ste20-like proline-/alanine-rich kinase
(SPAK) that lacks a PAPA box and an F-� helix loop is
increased in patients with IBD. The same effects were
observed in a mouse model of dextran sodium sulfate-
induced colitis and in Caco2-BBE cells treated with the
pro-inflammatory cytokine tumor necrosis factor
(TNF)-�. The 5�-flanking region of the SPAK gene con-
tains two transcriptional start sites, three transcrip-
tion factor Sp1-binding sites, and one transcription
factor nuclear factor (NF)-�B-binding site, but no
TATA elements. The NF-�B-binding site was essential
for stimulated SPAK promoter activity by TNF-� ,
whereas the Sp1-binding sites were important for
basal promoter activity. siRNA-induced knockdown of
NF-�B, but not of Sp1, reduced TNF-�-induced SPAK
expression. Nuclear run-on and mRNA decay assays
demonstrated that TNF-� directly increased SPAK
mRNA transcription without affecting SPAK mRNA
stability. Furthermore, up-regulation of NF-�B ex-
pression and demethylation of the CpG islands in-
duced by TNF-� also played roles in the up-regulation
of SPAK expression. In conclusion, our data indicate
that during inflammatory conditions, TNF-� is a key
regulator of SPAK expression. The development of
compounds that can either modulate or disrupt the
activity of SPAK-mediated pathways is therefore im-
portant for the control and attenuation of downstream
pathological responses, particularly in IBD. (Am J

Pathol 2008, 173:1013–1028; DOI: 10.2353/ajpath.2008.080339)

Inflammatory bowel diseases (IBD), including mainly ul-
cerative colitis (UC) and Crohn’s disease (CD), are
chronic, idiopathic, inflammatory disorders of the gastro-
intestinal tract and are thought to arise from the interplay
of genetic and environmental factors.1 Barrier function
loss has especially gained increasing support in IBD
pathogenesis for the past decades, particularly as the
epithelium represents an interface for genetic and envi-
ronmental influences. Moreover, epigenetic studies have
also confirmed a strong link between barrier function and
IBD loci.2,3 Ste20-like kinases, including p21-activated
kinase (PAK) and germinal center kinase (GCK), exert
various functions, including barrier function.4,5 For exam-
ple, ste20-like oxidant stress-activated kinase (SOK)6

can induce apoptosis through activating the JNK path-
way; lymphocyte-oriented kinase (LOK)7 and ste20-like
kinase (SLK)8 can regulate Rac1-mediated actin reorga-
nization during cell adhesion and spreading; and PAK
can increase endothelial permeability.9

SPAK is defined as a ste20-like proline-/alanine rich
kinase that contains an N-terminal series of proline and
alanine repeats (PAPA box) followed by a kinase domain,
a nuclear localization signal, a consensus caspase cleav-
age motif, and a C-terminal regulatory region.10 Our lab-
oratory showed that colonic SPAK exists as a unique
isoform that lacks the PAPA box and F-� helix loop in the
N-terminus.11 The diversity of domains present in SPAK
protein might be associated with a variety of biological
roles. For example, SPAK has been shown to play roles in
cell differentiation,10,12 cell transformation and prolifera-
tion,13 and regulation of chloride transport.14–16 More
importantly, a linkage has been established between
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SPAK and inflammation, SPAK, as an upstream kinase to
Na�-K�-2Cl� co-transporter 1 (NKCC1), can phosphor-
ylate Thr203, Thr207, and Thr212 amino acids on
NKCC1, which play an important role in inflamma-
tion.17,18 Furthermore, we have demonstrated that SPAK
can activate p38 pathway11 that is well known involving
inflammation19–22 and interestingly can regulate the in-
testinal barrier function11 as well. However, SPAK expres-
sion, activation, and roles in barrier functions of intestinal
epithelial cells (IECs), have not been evaluated compre-
hensively. However, no previous study has evaluated
SPAK expression, activity, or signaling in intestinal epi-
thelial cells. Thus, we intend to investigate the expression
and role(s) of the SPAK in intestinal inflammation.

Materials and Methods

Mouse Colitis Model

All experiments were performed in female C57BL/6 mice
(8 weeks of age, 18 to 22 g) obtained from The Jackson
Laboratory (Bar Harbor, ME). Mice were group housed
under a controlled temperature (25°C) and photoperiod
(12:12-hour light-dark cycle) and allowed unrestricted
access to standard mouse chow and tap water. They
were allowed to acclimate to these conditions for at least
7 days before inclusion in the experiments. Colitis was
induced by the addition of dextran sodium sulfate (DSS)
[40,000 Da, 3.5% (w/v); ICN Biochemicals, Aurora, OH]
to the drinking water. The mean DSS water consumption
was recorded for each group. Groups of mice (n � 6
mice per group) were treated with 3.5% DSS or regular
water for the indicated days. Body weights were as-
sessed every day during the treatment period. Histolog-
ical assessment of colitis was performed by hematoxylin
and eosin (H&E) staining and analyzed by microcopy. All
animal experiments were approved by The Animal Care
Committee of Emory University, Atlanta, and were in ac-
cordance with the guide for the Care and Use of Labo-
ratory Animal, published by the US Public Health Service.

Cell Culture

The human intestinal cell line Caco2-BBE at passage 30
to 50 was cultured in high-glucose Dulbecco’s Vogt mod-
ified Eagle medium (Invitrogen, Carlsbad, CA) supple-
mented with 14 mmol/L NaHCO3 and 10% newborn calf
serum. Cells were incubated at 37°C in 5% CO2 and 90%
humidity.

Human Material

The diagnosis of IBD was based on clinical, endoscopic,
and histological criteria. Clinical data for IBD patients
were obtained by medical record review. Infectious colitis
was ruled out by stool cultures. The collection of samples
was approved by the Institutional Review Board of Emory
University. Mucosal biopsy specimens from four UC ac-
tive patients were obtained during routine endoscopy
that was performed after written informed consent was

obtained. Control biopsy samples were collected from six
volunteers (three females and three males) undergoing
colonoscopy for colorectal cancer screening who had no
overt pathology including polyps. Biopsy specimens
were snap-frozen in optimal cutting temperature immedi-
ately after endoscopic resection and stored at �80°C for
histological immunostaining or homogenized to extract
the protein for Western immunoblotting or RNA for real-
time polymerase chain reaction (PCR).

Myeloperoxidase (MPO) Activity

Neutrophil infiltration into colon was quantified by mea-
suring MPO activity. Briefly, a portion of colon was ho-
mogenized in 1:20 (w/v) of 50 mmol/L phosphate buffer
(pH 6.0) containing 0.5% hexadecyltrimethyl ammonium
bromide (Sigma-Aldrich, St. Louis, MO) on ice using a
Polytron homogenizer. The homogenate was sonicated
for 10 seconds, freeze-thawed three times, and centri-
fuged at 14,000 rpm for 15 minutes. Supernatant (14 �l)
was added to 1 mg/ml o-dianisidine hydrochloride (Sig-
ma-Aldrich) and 0.0005% hydrogen peroxide, and the
change in absorbance at 460 nm was measured. One
unit of MPO activity was defined as the amount that
degraded 1 �mol peroxidase per minute at 25°C. The
results were expressed as absorbance per gram of
tissue.

Immunohistochemistry

Immunostaining was performed according to the stan-
dard protocol. Slices (1 to 2 mm thick) of human and
mouse colonic mucosal were frozen in liquid nitrogen and
stored at �80°C until use. The specimen were blocked
for 10 minutes with 5% normal donkey serum in phos-
phate-buffered saline (PBS)/Triton and then sequentially
incubated with 1:200 diluted primary antibodies against
SPAK (Cell Signaling Technology Inc., Danvers, MA) for
overnight at 4°C. Subsequently incubated with fluores-
ceinated secondary antibody plus 100 ng/�l DAPI (4,6-
diamidino-2-phenylindole hydrochloride) (Invitrogen) to
visualize nuclear for 1 hour at room temperature in the
dark. Samples were mounted in p-phenylenediamine/
glycerol (1:1) and analyzed by epifluorescence micros-
copy (Carl Zeiss, Thornwood, NY).

Plasmid Construction

Genomic DNA was extracted from Caco2-BBE cells us-
ing the REDExtract-N-Amp tissue PCR kit (Sigma-Al-
drich). The 5�-flanking region of the SPAK gene was PCR
amplified with ThermalACE DNA polymerase (Invitrogen)
in the presence of 1 mol/L betaine (Sigma-Aldrich) using
SPAK For and SPAK Rev (Table 1) primers based on the
genomic sequence of the SPAK gene (accession no.
NT_005403). The expected approximate 1.5-kb-long
fragment was gel-purified with the Qiaquick gel extrac-
tion kit (Qiagen, Valencia, CA) and cloned into the
PCR2.1/TOPO vector (Invitrogen) and confirmed by se-
quencing. The plasmid was then digested with KpnI and
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XhoI (New England Biolabs, Ipswich, MA), subcloned into
the promoter-less pGL3 firefly luciferase basic vector
(Promega, San Luis, CA), and confirmed by sequencing.
Truncated constructs were generated by PCR using the
full-length sequence as a template along with the following
primers (Table 1): SPAK promoter I (�1050, �4) (SPAK1
and SPAK Rev); SPAK promoter II (�398, �4) (SPAK2 and
SPAK Rev); SPAK promoter III (�331, �4) (SPAK3 and
SPAK Rev); SPAK promoter IV (�149, �4) (SPAK4 and SPAK
Rev); and SPAK promoter V (�72 to � 4) (SPAK5
and SPAK Rev). Mutations of Sp1 and nuclear factor
(NF)-�B binding sites were introduced by overlapping
PCR using the QuickChange site-directed mutagenesis
kit (Stratagene, La Jolla, CA). The mutagenic oligonucle-
otide sequences are shown in Table 1 with the substitu-
tions underlined. In detail, the I Sp1 mutant was gener-

ated with primers I Sp1 Mut For and I Sp1 Mut Rev; the II
Sp1 mutant with primers II Sp1 Mut For and II Sp1 Mut Rev;
the III Sp1 mutant with primers III Sp1 Mut For and III Sp1
Mut Rev. The NF-�B binding domain mutant was generated
with primers NF-�B Mut For and NF-�B Mut Rev, respec-
tively. All mutants were confirmed by DNA sequencing.

Tumor Necrosis Factor (TNF)-� Treatment and
Western Blot

Caco2-BBE cells were treated with 40 ng/ml of TNF-�,
total protein was collected and subjected to sodium do-
decyl sulfate-polyacrylamide gel electrophoresis and
Western blot by standard method with relevant antibod-
ies anti-SPAK (Cell Signaling Technology Inc.), anti-

Table 1. Primers Used for This Research

Name Sequence Name Sequence

Primers used for
real-time
PCR

Oligonucleotides
used for EMSA

SPAK HQF 5�-TGGAATTAGCAACAGGAGCAGCG-3� I Sp1 For 5�-TTCAACGACCCCGCCCTCGGGGT-3�
SPAK HQR 5�-TTTCCAAAGTGGGTGGATCATTT-3� I Sp1 Rev 5�-ACCCCGAGGGCGGGGTCGTTGAA-3�
SPAK MQF 5�-GTAAGGCGAGTTCCTGGGTCG-3� I Sp1 MFor 5�-CACGACCACCTTGCCCTCGGGGT-3�
SPAK MQR 5�-CCAGTCGCCGTCTTCAGTCTT-3� I Sp1 MRev 5�-ACCCCGAGGGCAAGGTGGTCGTG-3�
GAPDH For 5�-ACCACAGTCCATGCCATCAC-3� II Sp1 For 5�-CGGAGAGGGGGGGCGGCGGTTCC-3�
GAPDH Rev 5�-TCCACCACCCTGTTGCTGTA-3� II Sp1 Rev 5�-GGAACCGCCGCCCCCCCTCTCCG-3�
36B4 For 5�-TCCAGGCTTTGGGCATCA-3� II Sp1 MFor 5�-CGGAGAGGGGGGTCCGCGGCGGT-3�
36B4 Rev 5�-CTTTATCAGCTGCACATCACTCAGA II Sp1 MRev 5�-ACCGCCGCGGACCCCCCTCTCCG-3�

Primers used
for ChIP

III Sp1 For 5�-TCCTCCCTTCCCCGCCTCCGCCG-3�

Sp1 IF 5�-GTAAATGAACTTCAGGTTCTCTTTG-3� III Sp1 Rev 5�-CGGCGGAGGCGGGGAAGGGAGGA-3�
Sp1 IR 5�-CGCCCTGCGCCTTGGCCCCAGACGA-3� III Sp1 MFor 5�-CCTCCCTGTCCCGCTCCTCCGCC-3�
Sp1 IIF 5�-AGCACACACAAAGCGGCCTGACTCC-3� III Sp1 MRev 5�-GGCGGAGGAGCGGGACAGGGAGG-3�
Sp1 IIR 5�-CCCAGAGCCTAGCGCGCGCTGTTCT-3� NF-�B For 5�-TTTGGTGGGAACTTCCCCGGCCG-3�
Sp1 IIIF 5�-CTGGCTTCGGCGGGGACGGCGGCGG-3� NF-�B Rev 5�-CGGCCGGGGAAGTTCCCACCAAA-3�
NF-�BF 5�-GGCGCAGGGCGAGCAGGGAGGGAGG-3� NF-kB MFor 5�-GGTGGGACCGACTTCCTTTCCGG-3�
NF-�BR 5�-TGTTCTCCGCCTCGGCGAGGGGAAC-3� NF-�B MRev 5�-CCGGAAAGGAAGTCGGTCCCACC-3�

Primers used
for other
detections

Primers for SPAK
promoter
constructs

SPAKR1 5�-GTGTTCTTGTAAGCAGCTTCTCAATC-3� SPAK For 5�-CTTCAAGACCAGAGCGAGGTAGC-3�
SPAKR2 5�-CACAAGAAGAAGCTTCTCTGTAGTCT-3� SPAK Rev 5�-CCATGATGCTGCGGAGGAGAGCAG-

GAG-3�
SPAKNorFor 5�-CTGATTGAGAAGCTGCTTACAAG-3� SPAK 1 5�-CCTATGGTTTTACCATAGCAGTTTTA-

CAG-3�
SPAKNorRev 5�-CAAGAAGAAGCTTCTCTGTAGTC-3� SPAK 2 5�-AGCACACACAAAGCGGCCTGA-3�
18SFor 5�-CCCCTCGATGCTCTTAGCTGAGTGT-3� SPAK 3 5�-AGGGGGCGGCGGAGAGGGGGG-3�
18SRev 5�-CGCCGGTCCAAGAATTTCACCTCT-3� SPAK 4 5�-TCCTAGCTGGCTTCGGCGGGGA-3�
AMPfor 5�-GGTTTGATTTTGGTGGGAA-3� SPAK 5 5�-CGAGGCAAAGGAAGTTTCAAG-

TGG-3�
AMPrev 5�-TTAAAACTTCCTTTACCTC-3� I Sp1 Mut For 5�-GCGGCCGTTCAACGACCCCGACCTCG-

GGGTCCCCAG-3�
TQMprobe 5�FAM-AATAGCGCGCGTTAGGTT-BHQ-3� I Sp1 Mut Rev 5�-CTGGGGACCCCGAGGTCGGGGTCGTT-

GAACGGCCGC-3�
TQUprobe 5�-HEX-AATAGTGTGTGTTAGGTT-BHQ-3� II Sp1 Mut For 5�-GCGGCGGAGAGGGGGGACGGCG-

GTTCCCCTCGCCGA-3�
II Sp1 Mut Rev 5�TCGGCGAGGGGAACCGCCGTCCCCC-

CTCTCCGCCGC-3�
III Sp1 Mut For 5�CGGCGGCGGCGGCGGCGGA-

CGGGGAGGGCGTGCGCC-3�
III Sp1 Mut Rev 5�-GGCGCACGCCCTCCCCGTCCGCC-

GCCGCCGCCGCCG-3�
NF-kB Mut For 5�-ACTCCTTTGGTGGGAACTTCACCGG-

CCGCCAGCGGA-3�
NF-kB Mut Rev 5�-TCCGCTGGCGGCCGGTGAAGTTC-

CCACCAAAGGAGT-3�
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GAPDH (Ambion, Austin, TX), anti-Sp1 (Santa Cruz Bio-
technology, Santa Cruz, CA), anti-NF-�B (p65) (Santa
Cruz Biotechnology), anti-histone1 (Upstate, Charlottes-
ville, Virginia).

Co-Immunoprecipitation and Western Blot

Caco2-BBE cells were subjected to co-immunoprecipita-
tion with relevant antibodies using Catch and Release
v2.0 kit (Upstate Cell Signaling Solutions, Lake Placid,
NY), then Western blots were performed based on the
standard methods with anti-phosphoserine antibody
(Sigma-Aldrich).

Real-Time PCR

Total RNA was extracted using TRIzol (Invitrogen) from
mucosa of colon biopsy of IBD patients, DSS-treated
mice, and Caco2-BBE cells treated with TNF-�. RNA was
reverse-transcribed using the Thermoscript RT-PCR sys-
tem (Invitrogen) and purified with the RNeasy mini kit
(Qiagen, Germantown, MD). Real-time PCR was per-
formed using iQ SYBR Green Supermix kit (Bio-Rad,
Hercules, CA) with the iCycler sequence detection sys-
tem (Bio-Rad). Specific primers were designed using the
Primer Express Program (Applied Biosystems, Foster
City, CA): human samples, SPAK primers HQF and HQR,
internal control GAPDH For and GAPDH Rev (Table 1);
mouse sample, SPAK primers MQforward and MQre-
verse and internal control 36B4For and 36B4Rev (Table
1). For graphical representation of quantitative PCR data,
raw cycle threshold values (Ct values) obtained for target
samples were deducted from the Ct value obtained for
internal control transcript levels, using the ��Ct method as
follows: ��CT � (Ct,target � Ct,con)treatment � (Ct,target �
Ct,con)nontreatment, and the final data were derived from
2���CT.

Nuclear Protein Extraction

Caco2-BBE cells were washed once in ice-cold PBS, and
centrifuged at 800 rpm for 5 minutes. The resulting pellets
were resuspended in 5 ml of cold lysis buffer (10 mmol/L
HEPES, 10 mmol/L KC1, 1.5 mmol/L MgC12, and 0.1%
Nonidet P-40, pH 7.9 at 4°C) for 10 minutes on ice. For
the isolation of nuclei, the lysate was vigorously mixed
and centrifuged for 5 minutes at 12,000 � g and 4°C, and
the nuclear pellet was washed once with 1 ml of Nonidet
P-40-free lysis buffer. For the extraction of nuclear pro-
teins, the nuclear pellet was resuspended in 1 ml of
protein extraction buffer [420 mmol/L NaCl, 20 mmol/L
HEPES, 1.5 mmol/L MgCl2, 0.2 mmol/L ethylenediami-
netetraacetic acid (EDTA), and 25% glycerol, pH 7.9] for
10 minutes at 4°C. After vigorously mixed, the nuclear
suspension was centrifuged for 5 minutes at 4°C, the
pellet was discarded, and the supernatant was centri-
fuged (12,000 rpm) again for 5 minutes at 4°C. The
protein content in the final supernatant (nuclear protein
extract) was measured using the Bradford method (Bio-
Rad). Dithiothreitol (0.5 mmol/L), phenylmethyl sulfonyl

fluoride (0.5 mmol/L), and leupeptin (10 pg/ml) were
added to the lysis and extraction buffers just before use.
The diluting buffer contained the same amounts of dithio-
threitol and leupeptin but only 0.2 mmol/L phenylmethyl
sulfonyl fluoride. Samples were stored at �70°C until use.

Transient Transfection and Luciferase Reporter
Gene Assay

Five ng of Renilla (phRL-CMV) and 4 �g of the relevant
SPAK promoter constructs were co-transfected into
Caco2-BBE cells with Lipofectin (Invitrogen). After 24
hours, cells were stimulated with 40 ng/ml of TNF-� for 16
hours or with 10 ng/ml of IL-1� for 24 hours. Cell were
washed and lysed with the provided buffer in a luciferase
assay kit (Promega). For the luciferase activity assay, 20
�l of cell extract was mixed with 100 �l of luciferase
assay substrate (Promega), and the resulting lumines-
cence was measured for 10 seconds in a luminometer
(Luminoskan; Thermo Labsystems, Needham Heights,
MA). For normalization of luciferase activity, we used the
phRL-CMV control vector containing the CMV immediate-
early enhancer/promoter region, which provides strong
constitutive expression of Renilla luciferase in a variety of
cell types. Each extract was analyzed in duplicate, and
three independent experiments were performed for each
experiment. The observed luciferase activity reported in
the figures is expressed as the percentage of the activity
obtained with regard to the most active construct used in
the figures.

Electrophoretic Mobility Shift Assays (EMSAs)

Probes for EMSAs were designed using a standard pro-
tocol and are shown in Table 1. In detail, I Sp1 For and I
Sp1 Rev are complementary oligonucleotides for the first
Sp1 binding site, I Sp1MFor and I Sp1MRev are comple-
mentary oligonucleotides for the first Sp1 binding site
mutant, II Sp1 For and II Sp1 Rev are complementary
oligonucleotides for the second Sp1 binding site, II
Sp1MFor and II Sp1MRev are complementary oligonu-
cleotides for the second Sp1 binding site mutant, III Sp1
For and III Sp1 Rev as well as III Sp1MFor and III
Sp1MRev correspond to the third Sp1 binding site and its
mutant, and primers NF-�B For and NF-�B Rev as well as
NF-�B MFor and NF-�B MRev correspond to the NF-�B
binding site and its mutant. Probes were synthesized with
HPLC purification and end labeled with a biotin 3� end
DNA labeling kit (Pierce, Rockford, IL). Briefly, 0.2 U/�l of
terminal deoxynucleotidyl transferase (TdT), 0.5 �mol/L
biotin-11-UTP, and 100 nmol/L of each single-stranded
oligonucleotide were incubated in 1� TdT reaction buffer
for 30 minutes at 37°C. EDTA (2.5 �l of 0.2 mol/L) was
added to stop the reaction, and 50 �l of chloroform:
isoamyl alcohol (24:1) was added to extract the labeled
oligonucleotides. For annealing, concentrated comple-
mentary oligonucleotides were mixed together at a 1:1
molar ratio and incubated at 95°C for 5 minutes. The heat
was then gradually reduced for hours until the oligonu-
cleotides reached room temperature. Standard EMSAs
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were performed using the LightShift chemiluminescent
EMSA kit (Pierce). Briefly, 20 fmol of each biotin end-
labeled target oligonucleotide pair were incubated in
EMSA binding buffer (100 mmol/L Tris, 500 mmol/L KCl,
and 10 mmol/L dithiothreitol, pH 7.5) containing 50 ng/�l
of poly(dI-dC) and 5 �g of Caco2-BBE nuclear proteins
for 15 minutes at room temperature. For the competition
EMSA, we added 50-fold (4 pmol) of unlabeled paired
oligonucleotides. For the supershift EMSA, we added 2
�g of related Sp1 antibody (Santa Cruz Biotechnology) or
anti-NF-�B p65 antibody (Santa Cruz Biotechnology).
Complexes were resolved by electrophoresis on native
5% TBE Criterion Precast Gels (Bio-Rad) in 0.5� TBE buffer
at 110 V. Gels were transferred to Biodyne B pre-cut mod-
ified nylon membranes (0.45 �mol/L, Pierce) using a Trans-
Blot SD semi-dry transfer cell (Bio-Rad). Membranes were
then cross-linked using UVC-508 UV cross-linker (Ultra-
Lum, Claremont, CA) and visualized using the chemilumi-
nescent nucleic acid detection system (Pierce).

Chromatin Immunoprecipitation (ChIP) Assay

Sp1 and NF-�B (p65) ChIP assays were performed using
the ChIP assay kit (Upstate Cell Signaling Solutions) ac-
cording to the manufacturer’s instructions with some
modifications. Briefly, Caco2-BBE cells, treated with 40
ng/�l of TNF-� for 16 hours or with 10 ng/�l of IL-1� for 24
hours, were fixed with 1% formaldehyde for 10 minutes at
37°C to initiate cross-linking, scraped off the plate,
washed with ice-cold PBS, and resuspended in 200 �l of
sodium dodecyl sulfate lysis buffer for 10 minutes on ice.
Cells were then sonicated with three sets of 10-second
pulses at 35% power to shear the DNA into 200 1,000-bp
fragments. Samples were centrifuged, and the superna-
tant (used as total DNA input) was diluted in ChIP dilution
buffer and precleared with a protein A agarose-salmon
sperm DNA slurry to reduce the nonspecific background.
Samples were then immunoprecipitated with 2 �g of
mouse anti-Sp1 (Upstate Cell Signaling Solutions) or 3 �g
of rabbit anti-p65 antibody (Santa Cruz Biotechnology)
overnight at 4°C. Complexes were collected in a protein
A agarose-salmon sperm DNA slurry for 1 hour at 4°C,
washed once each with the provided low-salt, high-salt,
and LiCl wash buffers, and then washed twice in Tris-
EDTA buffer [10 mmol/L Tris-HCl (pH 8.0) and 1 mmol/L
EDTA]. The immunoprecipitated chromatin was eluted
from protein A using freshly prepared elution buffer (100
mmol/L NaHCO3 and 1% sodium dodecyl sulfate), and
the protein-DNA cross-links were reversed by treatment
with NaCl (200 mmol/L) at 65°C for 4 hours. The DNA was
purified by incubation with proteinase K at 45°C for 1
hour, followed by phenol-chloroform extraction and eth-
anol precipitation with glycogen. Sp1 (I, II, and III) and
NF-�B binding sites in immunoprecipitates were de-
tected by PCR using the following specific primers (Table
1): Sp1 IF and Sp1 IR, Sp1 IIF and Sp1 IIR, Sp1 IIIF and
SPAK Rev, NF-�BF and NF-�BR. The products were re-
solved on a 1% agarose gel and visualized with ethidium
bromide.

Transfection of siRNA

Subconfluent (60%) Caco2-BBE cells on six-well plates
(Costar, Corning, NY) were transfected with siRNA (Am-
bion) against Sp1 and NF-�B (p65) using Lipofectamine
2000 (Invitrogen) in serum-free medium, a nontargeting
siRNA was used as the control for nonsequence-specific
effects of siRNAs (Ambion). Serum was added after 24
hours, Caco2-BBE cells underwent 40 ng/ml of TNF-�
treatment for 16 hours; cells were then collected for West-
ern blot analysis with relevant antibodies.

Nuclear Run-On Assay

Nuclear run-on assay was performed following the pro-
tocol of Gnoni and colleagues.23 Briefly; nuclei were iso-
lated from Caco2-BBE cells treated with or without 40
ng/ml of TNF-� for 6 hours. Approximately 5 � 107 cells
were pelleted in a conical tube and washed twice with
ice-cold PBS. Cells were then lysed on ice for 10 minutes
in lysis buffer containing 0.3 mol/L sucrose, 0.4% (v/v)
Nonidet P-40, 10 mmol/L Tris-HCl at pH 7.4, 10 mmol/L
NaCl, and 3 mmol/L MgCl2. After centrifugation (15 min-
utes at 500 relative centrifuge force), the nuclear pellet
was resuspended and subjected to a repeat (5 minutes)
lysis to remove any remaining intact cells. After centrifu-
gation, nuclei were purified by centrifugation through a
2.0 mol/L sucrose cushion. The nuclei were resuspended
in 300 �l of transcription buffer (50 mmol/L Tris-HCl, pH
8.0, 150 mmol/L KCl, 5 mmol/L MgCl2, 0.5 mmol/L MnCl2,
1 mmol/L dithiothreitol, 0.1 mmol/L EDTA, 10% glycerol).
After pretreatment with 1 �l of 50 �g/ml RNase A and
followed by 2.5 �l of 100 U of RNasin, the in vitro elon-
gation reaction was initiated with the addition of ribo-
nucleotides to a final concentration of 0.25 mmol/L each
ATP, GTP, CTP, and UTP. The reaction was performed for
25 minutes at 30°C. After incubation with RNase-free
DNase, RNA was extracted with phenol-chloroform, pre-
cipitated with ammonium acetate and isopropanol,
washed with 70% ethanol, and dissolved in water. cDNA
was synthesized with the SuperScript III first-strand syn-
thesis system (Invitrogen) and amplified with Platinum
TaqDNA polymerase (Invitrogen) using SPAK HQF and
SPAK HQR (Table 1) as primers. GAPDH acts as internal
control. The products were resolved on a 2% agarose gel
and visualized with ethidium bromide.

SPAK mRNA Stability Assay and Northern Blot

For mRNA decay experiments, Caco2-BBE cells pre-
treated with actinomycin D (5 �g/ml) for 1 hour to arrest
transcription were incubated with TNF-� (40 ng/ml) or
saline at indicated time points. The decay of SPAK mRNA
was examined by real-time PCR with primers SPAK HQF
and SPAK HQR (Table 1). Levels of mRNA were stan-
dardized against 18S rRNA levels with primers 18SFor
and 18SRev (Table 1), taking into account a previous
determination of 65 hours for 18S rRNA half life,24 and
plotted as the percentage of remaining mRNA compared
to message levels at the 0 time point (where there is a
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100% maximum mRNA level). The 24-hour time point
sample was also used for Northern blot analysis with
North2South complete biotin random prime labeling and
detection kit (Pierce) with probe generated by PCR with
primers SPAKNorFor and SPAKNorRev (Table 1).

Real-Time TaqMan Methylation-Sensitive
Polymerase Chain Reaction

Sodium bisulfite treatment of genomic DNA and real-time
TaqMan methylation-sensitive polymerase chain reaction
was performed according to the protocol described pre-
viously.25 In detail, 1 �g of genomic DNA from Caco2-
BBE cells in 25 �l of dH2O was denatured by the addition
of 2.75 �l of 2 N NaOH at 37°C for 10 minutes, later, 15
�l of freshly prepared 10 mmol/L hydroquinone (no.
H9003, Sigma) and 260 �l of 3.6 mol/L sodium bisulfite
pH5.0 (no. 243973, Sigma) were added, and the reaction
was layered with mineral oil and incubated overnight (16
hours) at 54°C. The Wizard SV Genomic DNA Clean-Up
System (Promega) was used to isolate the DNA after
sodium bisulfite treatment. The DNA eluted from the col-
umn was desulfonated by the addition of 5.5 �l 3 N NaOH
and incubated at room temperature for 5 minutes. The
DNA was ethanol-precipitated, washed one time with
75% ethanol, and suspended in 50 �l of 10 mmol/L
Tris-HCl (pH 8.0). All primers for the TaqMan MSP were
synthesized by Integrated DNA Technologies (Coralville,
IA). The amplification primers used in the real-time Taq-
Man methylation-sensitive PCR reaction were designed
to avoid CpG dinucleotides in the sense strand in the
promoter of the SPAK gene. The SPAK amplification
primers are AMPfor, AMPrev, TQMprobe, TQUprobe (Ta-
ble 1). The methylated DNA-specific probe is 5� end-
labeled with FAM and quenched by the addition of Black
Hole Quencher 1 to the 3� end of the oligonucleotide. The
unmethylated DNA-specific probe was 5� end-labeled
with HEX and quenched by the addition of Black Hole
Quencher 1 to the 3� end of the oligonucleotide.

In separate reactions, the methylation status of the
SPAK promoter was assessed using 30 ng of sodium
bisulfite-treated genomic DNA with iQ supermix kit (Bio-
Rad). The PCR cycling parameters using iQ5 Light-Cy-
cler (Bio-Rad) were incubated at 95°C for 3 minutes
followed by 95°C for 10 seconds, 52°C for 30 seconds,
and 72°C for 30 seconds, repeated 40 times. A relative
methylation index (MI) is defined as 2���CT, the relative
ratio change of unmethylated/methylated CpG island without
or with TNF-� treatment: here ��CT � (CT,Unmethylated �
CT,Methylated)TNF-� � (CT,Unmethylated � CT,Methylated)Con. MI
would be assessed in triplicate.

Results

Human Clonic SPAK Is Up-Regulated in
Intestinal Inflammation

As a preliminary step toward a functional study of SPAK
in IBD, we assayed SPAK expression during intestinal
inflammation. We examined the relative SPAK expression

in colonic biopsies in normal and IBD patients and colon
samples from normal mice and mice treated with DSS.
Immunofluorescence performed on the biopsy speci-
mens collected from UC patients showed enhanced co-
lonic SPAK expression mainly in epithelial cells in com-
parison with sections obtained from healthy colon tissue
(Figure 1A). Here we do not exclude that SPAK is also
overexpressed in other cells such as immune cells during
intestinal inflammation. However, our present study is
focused on colonic SPAK isoform expression. By real-
time PCR and Western blots, colonic mucosa from the
same UC patients showed significantly increased SPAK
expression levels compared with tissue from normal pa-
tients, at both the mRNA and protein levels (Figure 1, B
and C), respectively. By interfering with intestinal barrier
function and stimulating local inflammation, DSS is often
used to induce the mouse model of colitis26 that can
mimic IBD with UC characteristics. As shown in Figure
2A, DSS induces cell wall damage, interstitial edema,
and a general increase in the numbers of inflammatory
cells in the lamina propria. After withdrawing DSS, the
inflammatory effects gradually reduce to normal levels.
Next, we measured colonic MPO activity as an indicator
of the extent of neutrophil infiltration into the mucosa. We
found that DSS-induced increases of MPO activity
reached to the maximum at day 5 after DSS was replaced
with drinking water. MPO level remained significantly
higher at day 9; and at day 14, the MPO level had
declined significantly (Figure 2B). Interestingly, the SPAK
protein (Figures 2C and 1E) and mRNA (Figure 2D) levels
in colonic tissue of DSS-treated mice increased in a
time-dependent manner and correlated with the extent of
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Figure 1. SPAK expression profile in colon tissue from patients with UC. A:
Immunostaining of SPAK in normal human colon tissue and UC patient colon
tissue from mucosal biopsies. SPAK expression (red); nuclear staining by
DAPI (blue); SPAK is primarily expressed in epithelial cells. B: The expres-
sion of SPAK mRNA in normal human and UC patient colon tissues from
mucosal biopsies were quantified by real-time PCR. **P � 0.01. C: Ten �g of
protein from normal human colon and UC patient colon from mucosal
biopsies were examined by Western blot with SPAK antibody, colon tissue
from UC patients demonstrated a significantly higher level of SPAK expres-
sion (top) versus healthy colon, with GAPDH as the internal loading control.
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Figure 2. SPAK expression profile in colon tissue from mice with experimental
colitis. A: H&E-stained colon sections of mice treated with DSS at 0, 1, 3, 5, 9
(withdraw after 5 days treatment, 4 days to recover), and 14 (withdraw after 5
days treatment, 9 days to recover) days. B: Determination of MPO enzymatic
activity in the colon as an index of neutrophil infiltration into the injured tissue.
Results are expressed as MPO mU per �g protein and represent mean � SEM
of three determinations. *P � 0.05, **P � 0.01. C: Immunostaining of SPAK in
same mice colon tissue as in H&E-stained sections. SPAK (red); nuclear staining
by DAPI (blue). D: Real-time PCR analysis of SPAK mRNA expression in mucosa
from colon tissue of DSS-treated mice. *P � 0.05, **P � 0.01. E: Western blot
analysis of SPAK expression in mucosa from colon tissue of DSS-treated mice.
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colonic injury (Figure 2, C–E), the greatest increases in
SPAK expression levels were on days 3 and 5, 	2.5-fold
greater levels of SPAK transcript versus those from un-
treated mice (Figure 2D), as shown by real-time PCR,
immunohistochemistry, and Western blot analyses. Fur-
thermore, when mice were allowed to recover from DSS-
induced colitis after 5 days of DSS treatment (9 and 14
days), colonic SPAK mRNA and protein levels decreased
throughout time and reached to the levels reported in
untreated mice (Figure 2, C–E). Together, these results
indicate a strong correlation between the level of SPAK
expression and the extent of intestinal inflammation,
which in turn indicates that SPAK could be involved in the
pathogenesis and/or maintenance of IBD.

TNF-� Increases SPAK Expression

TNF-� is an important pro-inflammatory cytokine and has
a key role in the pathogenesis of IBD,27 overexpression of
TNF-� is sufficient to generate colitis in a mouse model,28

anti-TNF-� therapies have been successfully proven to
attenuate IBD patients29 as well. Here, we show that
TNF-� significantly increases SPAK mRNA and protein
levels in a dose-dependent and time-dependent manner,
with a maximal effect reported with 12- to 16-hour treat-
ment with 40 ng/ml of DSS (Figure 3, A–D). These results
suggest a link between intestinal inflammation, TNF-�
expression, and SPAK expression.

Cloning and Characterization of the Human
SPAK Promoter

To understand the molecular mechanisms underlying the
regulation of SPAK expression, an 	1.5-kb fragment of
the 5� flanking region of the SPAK gene was cloned from
human genomic DNA using a pair of gene-specific prim-
ers: SPAKFor and SPAKRev (Table 1). Sequencing of this
1.5-kb fragment revealed an overlap (100% sequence
identity) with the 139-bp portion of the 5� untranslated
region (UTR) of the SPAK mRNA sequence from Gen-
Bank (accession no. AY629298) (Supplementary Figure
1, see http://ajp.amjpathol.org). Features of this novel se-

quence (accession no. DQ537524), including putative
cis-acting elements predicted by database analyses
(TFSEARCH and TESS), are presented in Supplementary
Figure 1, see http://ajp.amjpathol.org. The SPAK promoter
appears to be a TATA-less promoter with three Sp1-
binding domains at positions �496, �303, and �114,
and one NF-�B binding site consensus sequence at po-
sition �354 (Figure 4A and Supplementary Figure 1, see
http://ajp.amjpathol.org); the two Sp1-binding sites at po-
sitions �303 and �114 are embedded in CpG-rich is-
lands. The presence of the basal expression regulator
Sp1, the inducible gene expression mediator NF-�B and
CpG islands indicate that complex but complementary
mechanisms are involved in SPAK regulation.

To map the transcription start site (TSS) of the human
SPAK gene, primer extension was performed using total
RNA from Caco2-BBE cells (Figure 4B). Two products were
generated using the primer SPAK Rev (Table 1), located
upstream of the translational start codon ATG (Figure 4B),
indicating the probable existence of two TSSs. To deter-
mine the exact location of the TSSs of the human SPAK
gene, 5�-rapid amplification of complementary DNA ends
(5�-RACE) was performed with total RNA from Caco2-BBE
cells and primer SPAKR1(Table 1), and nested PCR was
then performed using primer SPAKR2 (Table 1). Two DNA
fragments of 	700 bp and 380 bp were generated (Figure
4C). Sequencing analysis revealed that these two frag-
ments mapped to NCBI reference sequences 88 bp and
222 bp upstream of the ATG codon. Our results indicate
these sequences to be the TSSs of the SPAK gene, and the
first bases of these sequences are referred to as nucleo-
tides �88 bp and �222 bp in this study.

Sp1-Binding Sites Play a Role in the Basal
SPAK Promoter Activities and the
NF-�B-Binding Site Is Crucial in
TNF-�-Stimulated SPAK Promoter Activities

To identify the core promoter region of SPAK gene, we
generated five partial deletion constructs fused with the
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Figure 3. Real-time PCR (A) and Western blot (B) demonstrate dose re-
sponses of TNF-� on SPAK expression in Caco2-BBE cells. *P � 0.05, **P �
0.01. Real-time PCR (C) and Western blot (D) show the time course of TNF-�
on SPAK expression in Caco2-BBE cells. *P � 0.05, **P � 0.01.
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Figure 4. Characteristics of 5� flanking region of human SPAK gene. A:
Schematic presentation of characteristics of 5� flanking region of SPAK gene.
The red vertical line represents translational initiation site; two blue vertical
lines represents the two TSSs; three green bars represent Sp1 binding sites;
one gray bar represents NF-�B binding site; the horizontal line represent the
5� flanking region of SPAK gene, of which the light blue line represents CpG
island. The digits indicate the position of corresponding sites. B: Mapping of
the TSS by primer extension analysis. Lane 1, Primer extension results with
template; lane 2, Primer extension results without template. C: Mapping of
the TSS by 5�-RACE. Lane M, 100-bp DNA molecular weight marker; lane 1,
gel electrophoresis of PCR products; lane 2, gel electrophoresis of PCR
products without template.
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luciferase reporter gene. Caco2-BBE cells were tran-
siently transfected with these five constructs, then stim-
ulated with or without 40 ng/ml of TNF-� for 16 hours. The
transcriptional activities were examined by transient
transfection of using the Dual-Luciferase Reporter Assay
System (Promega). Construct I displayed 	35-fold and
83-fold greater basal and TNF-�-stimulated promoter ac-
tivities, respectively, compared with the control empty
pGL3 basic vector (Figure 5, A and B). Construct II,
construct III, and construct IV had 	18-fold higher pro-
moter activity than the pGL3 vector at the basal level, a
response that was similar (93%) to that of the full-length
SPAK promoter. With TNF-� stimulation, construct II had
	70-fold greater promoter activity compared with the
basic vector pGL3, which was 	84% of the full-length
SPAK promoter activity. However, the promoter activities
of constructs III and IV were low under both basal and
TNF-�-stimulated conditions (	40-fold greater than basic
vector pGL3), only 	45% of the full-length SPAK pro-
moter activity. In contrast, construct V had low basal and
TNF-�-stimulated promoter activities (Figure 5B). In short,
the promoter activity of construct II was similar (	80-fold
increase compared with the basic vector pGL3) to that of
construct I (Figure 5B), whereas constructs III, IV, and V
did not show significant increases in TNF-�-stimulated
promoter activity compared with controls (Figure 5B).
Together, these results indicate that elements responsi-

ble for the basal and TNF-�-stimulated promoter activities
of the SPAK gene are both in the full-length SPAK pro-
moter and the truncate construct II (Figure 5, A and B).
However, constructs III and IV, which contain Sp1-bind-
ing sites but not NF-�B-binding sites, show reduced TNF-
�-stimulated promoter activities and slightly reduced
basal activities compared with the full-length SPAK pro-
moter. Finally, construct V, which has neither NF-�B- nor
Sp1-binding sites, shows minimal basal activity of the
SPAK promoter. To determine the level of specificity of
TNF-�-induced response, Caco2 cells transfected with
SPAK promoter constructs were treated with 10 ng/ml of
IL-1�; luciferase assay did not show significant different
promoter activity, which means TNF-� specifically in-
duces SPAK promoter activity. Together, these results
indicate that the Sp1-binding sites play a role in basal
promoter activities, and the NF-�B-binding site is crucial
for TNF-�-stimulated SPAK promoter activities.

To investigate and confirm the functional role of the
relevant binding motifs in regulating SPAK promoter ac-
tivity, we generated various Sp1- and NF-�B-binding mu-
tants (Figure 5C) with relevant primers (Table 1). With the
transcriptional activity assay, we found that all of the Sp1
mutants had significantly reduced basal promoter activity
levels compared with the wild-type promoter, whereas
the TNF-�-stimulated activity levels of these Sp1 mutants
were similar to wild-type promoter activity levels (Figure
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Figure 5. Characterization of SPAK promoter:
A: Schematic representation of human SPAK
promoter constructs. The full-length SPAK pro-
moter (nt �1472 to �4); construct I (nt �1050 to
�4); construct II (nt �398 to �4); construct III
(nt �331 to �4); construct IV (nt �149 to �4);
and construct V (nt �72 to �4). Numbers are
given in relation to the translational start codon
(�1) and indicate 5�-ends of the deletion con-
structs. The location of the identified positive
regulatory region is indicated by a light blue
box. Positions of the putative Sp1 (red) and
NF-�B (yellow) sites are indicated by arrows.
B: Promoter activities of the 5� deleted con-
structs in untreated or TNF-�- and IL-1�-stimu-
lated Caco2-BBE cells normalized to Renilla Luc
activities driven by the phRL-CMV control vec-
tor. Activities are expressed as fold inductions
over cells transfected with the empty pGL3-basic
vector. Each value represents the mean � SD of
at least three independent sets of transfection
experiments performed in triplicate. *P � 0.05,
**P � 0.01. C: Schematic representation of mu-
tated SPAK promoter constructs: the full-length
SPAK promoter; I Sp1 binding site (�496); II
Sp1 binding site (�303); III Sp1 binding site
(�114); and NF-�B binding site (�354). The
digits are given in relation to the translational
start codon (�1). The location of the identified
positive regulatory region is indicated by a light
blue box. Positions of the putative Sp1 sites are
indicated by arrows and NF-�B is indicated by
a rectangle. The corresponding mutated tran-
scription factor binding site is indicated by a
black arrow or black rectangle. D: Effects of
mutations of Sp1 or NF-�B binding sites on
SPAK promoter activity. The various mutated con-
structs were transiently transfected into Caco2-
BBE cells under the basal (gray bar) or TNF-�-
stimulated promoter activities of the full-length
wild-type construct were set to 100% (control).
Values represent means � SD of at least three
independent sets of transfection experiments per-
formed in triplicate. *P � 0.05, **P � 0.01.
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5, C and D). In contrast, although the NF-�B mutant basal
luciferase activity was similar to that of the wild type, there
was a marked reduction in TNF-�-stimulated promoter
activity (	50% reduction) (Figure 5D). Taken together,
these results show that the Sp1-binding sites are impor-
tant in basal SPAK promoter activities, and the NF-�B-
binding site has a crucial role in TNF-�-stimulation SPAK
promoter activities.

The Transcription Factors Sp1 and NF-�B Are
Physically Associated with Their Corresponding
Binding Sites in the SPAK Promoter

To study the association between the transcription fac-
tors and the corresponding binding sequences, and fur-
ther confirm the importance of Sp1 and NF-�B for activa-
tion of the SPAK gene, we used EMSA to characterize the
binding of the transcription factors Sp1 and NF-�B to their
respective binding sites: Sp1 �496 (Figure 6A), Sp1
�303 (Figure 6B), Sp1 �114 (Figure 6C), and NF-�B
�354 (Figure 6D). EMSA revealed that incubation of the
DNA-protein complexes with anti-Sp1 or anti-p65 anti-
bodies shifted the migrating bands in an upward direc-
tion, indicating specificity to Sp1 and NF-�B (p65) pro-
teins (Figure 6, A–D; lane 4). Surprisingly, under
treatment with TNF-� (40 ng/ml) for 16 hours, we noticed
that the binding of Sp1 to the corresponding oligonucle-
otides was much weaker compared with the untreated
control (Figure 6, A–C; lane 3). This indicates that TNF-�
might reduce Sp1 expression levels or inhibit the binding
of Sp1 to oligonucleotides.30 However, as shown in Fig-
ure 6C, TNF-� treatment increases NF-�B (p65) binding
to the corresponding oligonucleotides.

To confirm the in vivo importance of Sp1- and NF-�B
(p65)-binding sites in response to TNF-� in Caco2-BBE
cells, we performed ChIP analysis. As shown in Figure
6E, under resting conditions, the transcription factor Sp1
binds to the I Sp1 (lane 1), II Sp1 (lane 3), and III Sp1
(lane 5) binding sites and the transcription factor NF-�B
(p65) binds to the NF-�B binding site (lane 7). After
TNF-� treatment, the DNA binding activities of I Sp1 (lane
2), II Sp1 (lane 4), and III Sp1 (lane 6) are reduced
compared with untreated cells. However, the NF-�B
(p65) (lane 6) binding site showed a more-dense band,
which indicates that more NF-�B (p65) binds to this site.
However, if Caco2-BBE cells are treated with irrelevant
cytokine IL-1�, no significant different dense bands are
shown either for Sp1 or NF-�B binding sites both at the
resting or treated conditions (Figure 6F). Together, these
results indicate that Sp1 has an important role in basal
SPAK promoter activity and NF-�B has a role in TNF-�-
stimulated SPAK promoter activity.

DSS Increases SPAK Expression via Increased
NF-�B Expression

To confirm the effects of DSS stimulation on SPAK ex-
pression, nuclear protein was extracted from colonic ep-

ithelial cells from mice with colitis induced by DSS and
subjected to Western blot analysis with relevant antibod-
ies. As shown in Figure 7A, after different durations of
DSS treatment, there was no significant change in Sp1
expression level; however, expression of NF-�B (p65)
reached a maximum level after 5 days, then returned to
basal levels after withdrawal of DSS treatment. These in
vivo data show that DSS does not alter overall nuclear
levels of Sp1. In contrast, DSS treatment can translocate
NF-�B (p65) to the nucleus and up-regulate its expres-
sion as well. These results indicate that DSS increases
expression of NF-�B-dependent SPAK expression.
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Figure 6. EMSA of I Sp1 (�496) (A), II Sp1 (�303) (B), III Sp1 (�114) (C),
NF-�B (�354) (D). Lane 1, biotin-labeled oligonucleotide alone; lane 2,
biotin-labeled oligonucleotides incubated with 5 �g of Caco2-BBE nuclear
extracts; lane 3, biotin-labeled oligonucleotides incubated with 5 �g of
TNF-�-treated Caco2-BBE nuclear extracts; lane 4, biotin-labeled oligonu-
cleotides incubated with 5 �g of Caco2-BBE nuclear extracts in the presence
of anti-Sp1 (A–C) or NF-�B (p65) (D) antibodies; lane 5, biotin-labeled
oligonucleotides incubated with 5 �g of Caco2-BBE nuclear extracts in the
presence of nonspecific IgG; lane 6, biotin-labeled oligonucleotides incu-
bated with 5 �g of Caco2-BBE nuclear extracts in the presence of a 50-fold
excess of cold competitor oligonucleotide; lane 7, biotin-labeled binding
site-mutated oligonucleotides incubated with 5 �g of Caco2-BBE nuclear
extracts. ChIP assay: the antibodies indicated were incubated with cross-
linked DNA isolated from Caco2-BBE cells treated with (�) or without (�)
TNF-� (E) or IL-1� (F). Sp1 (I, II, and III) and NF-�B promoter elements in
the immunoprecipitates were detected by PCR using the specific primers
shown in Table 1. The bottom panel uses DNA input as template for internal
control.
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Reduction of Sp1 or NF-�B Expression
Differentially Regulates SPAK Expression

One approach to study the functional role of a specific
protein is to knockdown its expression. As shown in Fig-
ure 7C, Caco2-BBE cells transfected with siRNA against
Sp1 and NF-�B (p65) showed lower expression levels of
the targeted proteins Sp1 (lanes 1 and 2) and NF-�B
(p65) (lanes 5 and 6) compared with Caco2-BBE cells
transfected with scrambled control Sp1 siRNA (lanes 3
and 4) and NF-�B siRNA (lanes 7 and 8). Basal SPAK
protein expression was also significantly reduced in
Caco2-BBE cells transfected with Sp1 siRNA (SPAK lane
1 versus lane 4); however, there were no significant re-
ductions in SPAK expression with NF-�B (p65) siRNA
(SPAK lane 5 versus lane 8). Thus, not like NF-�B (p65)
siRNA, Sp1 siRNA effectively reduces basal SPAK ex-
pression in Caco2-BBE cells by reducing expression of
its target protein Sp1. We further investigated whether
siRNA against Sp1 and/or against NF-�B reduced TNF-
�-induced SPAK expression. As shown in Figure 7C,

there were significant increases in SPAK expression in
TNF-�-stimulated Caco2-BBE cells transfected with Sp1
siRNA but not in cells transfected with NF-�B siRNA
(SPAK lanes 6 and 8, respectively), when compared with
cells transfected with scrambled Sp1 siRNA (SPAK lane
3) and p65 (SPAK lane 7).

Induction of SPAK Is Primarily at the
Transcriptional Level

To determine whether the induction of SPAK gene ex-
pression by TNF-� was mediated through transcriptional
or posttranscriptional mechanisms, nuclear run-on as-
says (Figure 8A) were performed on Caco2-BBE cells
pretreated with or without TNF-�. Data demonstrate that
after stimulation with TNF-�, SPAK mRNA was increased
compared to the mRNA transcribed from nuclei without
TNF-� treatment. This experiment was repeated three times
with the same result. These results indicate that the TNF-�-
induced increase in SPAK mRNA is transcriptional.

The Increase in SPAK Transcription by TNF-� Is
Not Mediated by Alteration of mRNA Stability

Changes in steady-state mRNA levels may be attribut-
able to changes in the degradation rate of a transcript
and/or rate of gene transcription. Hence, it was important
to investigate the relative contribution of a posttranscrip-
tional mechanism in the modulation of SPAK mRNA levels
by TNF-�. To measure SPAK mRNA stability, Caco2-BBE
cell lines were treated with 5 ng/ml of AcD to inhibit
mRNA synthesis, and SPAK mRNA levels were measured
at the indicated time points in the presence and absence
of 40 ng/ml of TNF-� by real-time RT-PCR. 18S rRNA was
used as an internal control to normalized SPAK mRNA
levels. The half-life of SPAK mRNA (t1/2 � 	240 minutes)
in AcD-treated Caco2-BBE cells was almost the same as
that of SPAK mRNA in cells treated with AcD plus TNF-�
(t1/2 � 	250 minutes), no significant difference was de-
tected (Figure 8B). In parallel, Northern blots were per-
formed with 20 �g of Caco2-BBE mRNA treated with or
without AcD (5 ng/ml) and/or TNF-� (Figure 8C). Results
showed that AcD can significantly reduce mRNA levels
(Figure 8C, lane 2) compared with untreated Caco2-BBE
cells (Figure 8C, lane 1), TNF-� treatment (without AcD
treatment) markedly increased levels of SPAK mRNA
transcripts. However, if Caco2-BBE cells were treated
with AcD 1 hour before TNF-� treatment, TNF-� cannot
reverse the AcD-induced inhibition. Together, these find-
ings indicate that the observed changes in SPAK protein
level are attributable to increased levels of SPAK mRNA
transcripts, not because of changes in mRNA stability.

CpG Island in the SPAK Promoter Was
Demethylated during Inflammation

As we have shown previously, there is one CpG island in
the 5� flanking region of the SPAK gene. CpG islands are
often located near the promoters of genes that typically

Figure 7. A: Western blots of Sp1 and NF-�B (p65) demonstrating DSS effect
on Sp1 and NF-�B protein levels. Histone 1 acts as a control. *P � 0.05, **P �
0.01. B: Co-immunoprecipitation assay of TNF-� increasing phosphorylation
of Sp1. C: Reduction of NF-�B not Sp1 expression reduced SPAK protein
expression in unstimulated and in TNF-�-stimulated Caco2-BBE cells. Cells
were harvested and subjected to Western blot analysis using Sp1, NF-�B
(p65), and SPAK antibodies as described in the Materials and Methods.
GAPDH acts as a loading control.
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lack TATA core promoter elements but might contain
multiple GC box motifs that bind Sp1 and related tran-
scription factors.31,32 Analysis of 1031 human genes re-
vealed that approximately half of the potential promoter
regions are located in CpG islands.33 Regulation of CpG
islands, particularly the methylation of CpG islands, af-
fects the activity of adjacent genes and is critical to the
regulation of gene expression. As shown in Figure 8D, the
methylation index is reduced in Caco2-BBE cells stimu-
lated by TNF-� treatment. In other words, TNF-� treat-
ment of Caco2-BBE cells may significantly demethylate
the CpG island in the SPAK promoter compared with
untreated cells, which is consistent with recent results
showing that TNF-� can demethylate the 5�-long terminal
repeat (LTR) of the HTLV-1 provirus34,35 when it induces
its expression.

Discussion

In this study, we demonstrate for the first time that colonic
epithelial SPAK expression is increased in IBD patients
and in mice with experimentally induced colitis. Impor-
tantly, we have also found that the pro-inflammatory cy-
tokine TNF-� increases colonic SPAK expression, which
is in agreement with studies that have shown that TNF-�
may regulate the expression of other Ste20-like kinases.
For example, TNF-� increased Map4k4 expression levels
through TNF-� receptor-1 signaling to c-Jun.36 Based on
these findings, we speculated that colonic SPAK might
play a role in multifactorial IBD. To study the mechanisms
by which SPAK expression is regulated during intestinal

inflammation, we characterized the SPAK promoter and
its regulation by TNF-�.

We first cloned the 5�-flanking region of the colonic
SPAK gene from the epithelial cell line Caco2-BBE. Com-
puter analysis indicates that this region contains a CpG
island, three potential Sp1 binding sites, one NF-�B bind-
ing site, and two TSSs located at �88 bp and �222 bp
upstream of the first ATG, but no TATA or CCAAT boxes.
Several studies have investigated the incidence of TATA-
less human promoters and have yielded apparently con-
flicting results from 11% up to 76%.37 More than half of
these TATA-less promoters have CpG islands and con-
tain more than one weak TSS, which may have different
functions.38 The presence of the basal expression regu-
lator Sp1, inducible gene expression mediator NF-�B and
CpG islands indicate that SPAK regulation may involve
multiple complex and complementary mechanisms. Sp1,
one of the first isolated and characterized eukaryotic
transcription factors,39 is a sequence-specific and ubiq-
uitously expressed zinc finger element that supports con-
stitutive basal expression of a variety of eukaryotic genes
that specially lack a functional TATA box and is believed
to have a key role in maintaining expression of house-
keeping genes.19,40,41 In addition, there is now emerging
evidence that shows the function of Sp1 in modulating
specific gene expression.42 The NF-�B family forms a
variety of hetero- and homodimers with its subunits to
differentially control gene expression elicited by cyto-
kines, bacterial products, viral expression, growth fac-
tors, and stress stimuli.43 Increased activation of NF-�B
subunit p65 has been shown to be involved in the regu-
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lation of inflammatory responses in both CD and UC.44,45

Literature also showed that in CD and UC, NF-�B precur-
sor p105 is processed by proteasomes to active form
p50.45 However no studies demonstrated that precursor
p100 was cleaved to its active form p52 during IBD;
furthermore we did Western blot with p100/p52 antibody
(Cell Signaling technology Inc.) to check the p100/p52
status in DSS mouse model of colitis induced during the
period of DSS treatment, we only saw the precursor p100
form, not the p52 (data not shown). So NF-�B het-
erodimer p65/p50 is the form that seems to play a crucial
role in the regulation of inflammatory responses.

Here, EMSA and ChIP assay show that TNF-� treat-
ment reduces the binding of Sp1 to its binding site, this
unanticipated result could be attributable to NF-�B bind-
ing to Sp1 binding site owing to the similar consensus
sequence. If this was the case, increased binding of
NF-�B under TNF-� treatment would be expected to
compete with and prevent the binding of Sp1, thereby
reducing Sp1 binding. This possibility is supported by the
results of previous studies that demonstrated such an
interaction in IL-6 and P-selectin promoters.46,47 The re-
duced levels of Sp1 binding with TNF-� stimulation could
also be attributable to TNF-�-induced Sp1 phosphoryla-
tion (Figure 7B) because Sp1 phosphorylation could re-
duce Sp1 binding48 and dephosphorylation of Sp1 has
been suggested to enhance Sp1 DNA binding activity.49

In DSS-treated mice, we found that DSS does not alter
overall nuclear levels of Sp1, similar studies showed that
TNF-� did not change Sp1 expression30 but increased
NF-�B (p65) expression.50 Similarly, DSS treatment can
up-regulate the expression of NF-�B (p65) in colon epi-
thelial cells, and more importantly, DSS treatment can
translocate p65 protein into nucleus as active form, which
suggests that the increased expression of SPAK might be
attributable to the increased nuclear protein NF-�B (p65).
Our data also showed that knock-down of NF-�B (p65) by
siRNA will decrease SPAK expression significantly, which
implied the potential of NF-�B as a good target against
inflammatory diseases such as IBD.51–55 Hoffmann and
Baltimore56 pointed out that almost all genes induced by
inflammatory stimuli are transcriptionally up-regulated in
an NF-�B-dependent manner in all of the cell types ex-
amined so far, including gene-encoding proinflammatory
cytokines, IL-1, IL-6, IL-12, TNF-�, IFN-�, IL-8, chemokine
MIP-1, and adhesion molecules ICAM.57–59 We showed
here that NF-�B is crucial to activate SPAK gene expres-
sion, however, we cannot exclude the possibility that
NF-�B acts in concert with other transcription factors or
co-activators to affect chromatin remodeling, recruitment
of the transcription initiation machinery, and/or the elon-
gation process.60,61

As we know from our study, TNF-� treatment can en-
hance the SPAK mRNA in a time- and dose-dependent
manner, but this increase in RNA abundance could be
brought about either by an increase in transcription, a
decrease in the rate of degradation, or both. To distin-
guish between these possibilities, the transcription rate
should be measured by nuclear run-on assay. By this
method, per mRNA levels62 in Drosophila were found to
be regulated at a posttranscriptional level without evident

transcriptional regulation. In contrast, another nuclear
run-on assay63 demonstrated that inhibition of both Erk
and p38 kinase pathways simultaneously resulted in a
decrease in cytokine gene transcription (IL-6 and TNF-�)
to near-control levels. Here our data also show that a
short time treatment (6 hours) of TNF-� increases SPAK
mRNA transcription.

In the study, we found that TNF-� demethylates the
CpG island in the SPAK promoter, which is consistent
with a recent study in which TNF-� was shown to demeth-
ylate the 5�-long terminal repeat (LTR) of HTLV-1 provirus
when TNF-� induces its expression.35 DNA methylation
has been found involving in intestinal inflammation. High
levels of methylation for ER, MYOD, p16 exon 1, and
CSPG2 in UC patients have been reported.64–66 To si-
lence the joint gene expression and maintain the ho-
meostasis, CpG methylation is normally combined with
the modification of certain molecules. For example, in
APRT gene, the modification of Sp1 plays a role in main-
tenance of housekeeping genes by preventing joint gene
silencing by DNA methylation.31,32,67 There are different
mechanisms by which TNF-� regulates the expression of
target genes. For one, TNF-� increases the expression of
secreted phospholipases A2 (PLA2), c-fos, and c-jun by
increasing its promoter activity68,69; in contrast, TNF-�
induced increases of Clara cell secretory protein (CCSP)
mRNA and wild-type p53-activated fragment 1 (WAF1) at
posttranscriptional levels70,71; here, mRNA half-life assay
indicated that TNF-� up-regulates SPAK expression at
the transcriptional level.

It has been shown that with different doses of TNF (40
ng/ml, 50 ng/ml, and 100 ng/ml), with different time treat-
ments of TNF (24 hours and 48 hours) in different colon
cell lines (Caco2, HT29), TNF itself cannot cause obvious
apoptosis.72–74 On the other hand, the combination of
TNF with other cytokine such as IFN,75 or with protein
synthesis inhibitor cycloheximide,76 or tyrosine kinase
inhibitor73 can induce strong apoptosis. Furthermore, we
performed Western blots on TNF-� treated Caco2-BBE
cells with caspase3 antibody, we could not find the cleav-
age of caspase3 either (data not shown). However, we
agree with the reviewer that DSS can also cause apopto-
sis.77 Here we cannot rule out the possibility that the
increase of SPAK expression is partially due to the DSS-
induced apoptosis, as well as inflammation.

In the context of intestinal inflammation such as IBD,
recent studies have identified at least two signaling cas-
cades that are activated preferentially by the inflamma-
tory cytokines TNF-�, IL-1�, and IL-6, as well as by a wide
variety of cellular stresses such as UV and ionizing
radiation, hyperosmolarity, heat stress, and oxidative
stress.22,78 It has been reported that ste20 is activated by
at least three pathogen-associated molecular patterns,
namely lipopolysaccharide, peptidoglycan, and flagellin.
These pathogen-associated molecular patterns are pro-
duced by invading microbial pathogens and initiate in-
nate immune responses by binding to pattern recognition
receptors, pathogen-associated molecular patterns can
also activate GCK signals through MLK-2 and -3 to recruit
the JNK p38 and their effectors.79
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In conclusion, we report that during inflammatory con-
ditions (such as IBDs, mouse model of colitis induced by
DSS, and TNF-�-treated Caco2-BBE cells), the expres-
sion of SPAK was significantly up-regulated. This expres-
sion augmentation is accredited to a combination of mul-
tiple factors, including more NF-�B translocation to the
nucleus, phosphorylation of Sp1, and demethylation of
the CpG in the SPAK promoter. We speculate that the
enhanced SPAK exported into the cytoplasm after being
phosphorylated and activated, then was cleaved and
translocated to the nucleus, leading to different functions
such as cell differentiation, cell transformation and prolif-
eration, cytoskeleton rearrangement, cell volume regula-
tion, and intestinal epithelial permeability (Figure 9).11

Regulation of expression of SPAK and other ste20 ki-
nases, and development of compounds that can modu-
late or disrupt the activity of intracellular pathways, are
important for control or attenuation of downstream patho-
logical responses in IBD.
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34. Gómez-Gonzalo M, Carretero M, Rullas J, Lara-Pezzi E, Aramburu J,
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