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Abstract
Intestinal epithelial cells respond to inflammatory extracellular stimuli by activating mitogen
activated protein kinase (MAPK) signaling, which mediates numerous pathophysiological effects,
including intestinal inflammation. Here, we show that a novel isoform of SPS1-related proline
alanine-rich kinase (SPAK/STE20) is involved in this inflammatory signaling cascade. We cloned
and characterized a SPAK isoform from inflamed colon tissue, and found that this SPAK isoform
lacked the characteristic PAPA box and alphaF loop found in SPAK. Based on genomic sequence
analysis the lack of PAPA box and alphaF loop in colonic SPAK isoform was the result of specific
splicing that affect exon 1 and exon 7 of the SPAK gene. The SPAK isoform was found in inflamed
and non-inflamed colon tissues as well as Caco2-BBE cells, but not in other tissues, such as liver,
spleen, brain, prostate and kidney. In vitro analyses demonstrated that the SPAK isoform possessed
serine/threonine kinase activity, which could be abolished by a substitution of isoleucine for the
lysine at position 34 in the ATP-binding site of the catalytic domain. Treatment of Caco2-BBE cells
with the pro-inflammatory cytokine, interferon γ, induced expression of the SPAK isoform. Over-
expression of the SPAK isoform in Caco2-BBE cells led to nuclear translocation of an N-terminal
fragment of the SPAK isoform, as well as activation of p38 MAP kinase signaling cascades and
increased intestinal barrier permeability. These findings collectively suggest that pro-inflammatory
cytokine signaling may induce expression of this novel SPAK isoform in intestinal epithelia,
triggering the signaling cascades that govern intestinal inflammation.
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Introduction
Intracellular signaling cascades form the main routes of communication between the plasma
membrane and regulatory targets in various intracellular compartments. Protein
phosphorylation, which is reversibly mediated by kinases and phosphatases, is considered one
of the most fundamentally important events governing cellular signal transduction. Mitogen-
activated protein kinase (MAPK) signaling, which is shared among many cellular signaling
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cascades, plays a significant role in transducing various extracellular stimuli, including growth
factors and environmental stresses. Receive of these signals in the nucleus leads to alterations
in various cellular processes. such as proliferation, differentiation, development, stress
responses and apoptosis. Each of the related signaling cascades seems to consist of up to five
levels of protein kinases that sequentially activate each other via phosphorylation.

At least six distinct MAPK pathways have been identified in multicellular organisms. Of them,
three (the ERK, JNK and p38 cascades) have been characterized and are known to be involved
in diseases such as inflammatory bowel disease (IBD). The three characterized MAPK
cascades collectively orchestrate the intestinal inflammatory response, which also involves
extensive cross-talk with other inflammatory signaling pathways, including the NF-kB and
Janus kinase/STAT cascades (1,2,3). The genes encoding p38α and ERK1 are localized in
major IBD susceptibility regions on chromosomes 6 (4) and 16 (5), respectively, and the JNK/
p38 inhibitor, CNI-1493, was found to strongly reduce clinical disease activity in Crohn’s
disease (CD) patients (6), providing additional evidence that such signaling plays important
roles in intestinal inflammation.

The MAP pathways appear to share common upstream mediators, namely the Ste20 family of
kinases. Ste20 was originally identified as a component of the pheromone-response pathway
in budding yeast, and mammalian homologs have been identified to date (7,8,9,10,11,12,13).
The Ste20 family includes two subfamilies that share basic structural and functional properties.
The first subfamily is made up of the p21-activated kinases (PAKs), which are characterized
by a C-terminal catalytic domain and an N-terminal binding site for the small G proteins Rac1
and Cdc42. The second family is made up of the germinal center kinases (GCKs), which contain
an N-terminal kinase domain and a C-terminal regulatory domain. The GCKs may be divided
into 8 subfamilies based on homologies within their C-terminal domains (GCK1-VII). GCK
VI contains the related human kinases, OSR1 (oxidation stress response kinase1) and SPAK/
PASK (Ste20-related Proline-Alanine-rich Kinase), which share a conserved short C-terminal
region (10,11). OSR1 and SPAK are ubiquitously expressed, while PASK (the rat SPAK
homolog) is widely expressed in most mouse tissues, particularly in cells having high ion
transport activity (15). Both SPAK and PASK are highly expressed in epithelia and neurons
(16), but PASK is found at only negligible levels in liver and skeletal muscle (17). Various
studies have suggested that SPAK functions as a stress-responsive scaffolding protein (18)
and/or acts to regulate the activity of the Sodium Potassium Chloride co-transporter (NKCC1)
(15,16,19,20). However, no previous study has evaluated SPAK expression, activity, or
signaling in intestinal epithelial cells. Thus, we herein examined the expression and role(s) of
the Ste20-related Proline-Alanine-rich Kinase in intestinal epithelial cells.

Materials and methods
Total RNA preparation

Total RNA was prepared from normal and inflamed human colonic tissue and Caco2-BBE
cells treated with or without cytokines with RNeasy Mini Kit (Qiagen, Germantown, MD),
polyA+ mRNA was purified using the Oligotex Direct mRNA Mini Kit (Qiagen, Germantown,
MD). Complementary DNA was synthesized using the cDNA cycle kit (Invitrogen, Carlsbad,
CA).

Molecular cloning of SPAK
RT-PCR was performed with three degenerate oligonucleotide primers corresponding to three
highly conserved amino acid sequences found in the catalytic domain (subdomain I, VIb and
VIII) of protein kinases (LGXGSFGKVY, P1 5′ YTN GGN III GGN WSN TTY GGN AAR
GTN TA 3′; IHRDLKPXNIL, P2 5′ NAR DAT RTT III NGG YTT NAR RTC NCK RTG
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DAT 3′; YWMAPEVL, P3 5′ NAR NAC YTC NGG NGC CAT CCA RTA 3′), as previously
described by Wilks (21). Degenerate PCR was performed with the platinum Taq DNA
polymerase kit (Invitrogen, Carlsbad, CA) using cDNA from inflamed human colonic tissue
as the template. The resulting PCR products were cloned into TOPO vectors (Invitrogen,
Carlsbad, CA) and subjected to nucleotide sequencing (Lark Company, Houston, TX). To
obtain a full-length cDNA sequence, 5′ and 3′ Rapid Amplification of cDNA Ends (RACE)
amplifications were carried out using a commercial RACE kit (Invitrogen, Carlsbad, CA) and
specific primers (5′ RACE, P4 5′ GCC TCT TCC AGA ACT CCA TTC TTG 3′ and P5 5′ GGT
CAC TAC GTT GGG ATG GCT GCA 3′; 3′ RACE, P6 5′ CTG TGG TTC AGG CAG CCC
TAT GC 3′ and P7 5′ CTA AGT GGA GGT TCA ATG TTG G 3′). Finally the full length
colonic SPAK was obtained by PCR with forward primer 5′
ATGGCGGAGCCGAGCGGCTCGCCCGTG 3′ and reverse primer 5′
GCTGACACTCAACTGAGCAAACCCAAT 3′. The PCR products were cloned and
sequenced as described above. The full-length cDNA sequence was subjected to predicted
amino acid sequence analysis using PSORT II, CLUSTAL W, and other programs available
at the EMBNET, ExPASy or NCBI websites.

PCR amplification of SPAK
We obtained cDNA from Caco2-BBE cells and commercial cDNA from human colon, liver,
spleen, brain, prostate and kidney tissues (Invitrogen, Carlsbad, CA). To obtain higher
resolution of the PCR products, the RT-PCR was performed with primers in the N-terminal
region, forward primer: 5′ ATGGCGGAGCCGAGCGGCTCGCCCGTG 3′ and reverse
primer: 5′ TTCTTGTGTTCTCCTCGGTTGACAATG 3′. To check the potential splicing site
of SPAK, we performed two genomic PCRs, one is to obtain part of the first exon and first
intron with the forward primer in first exon as above and reverse primer in the first intron: 5′
CTGTTGAAGCCAGTAGGCCCCGAAGCCGGC 3′. The other one is to obtain the joint part
of the seventh exon and the seventh intron with the primers as followed: forward primer 5′
GCAACAGGAGCAGCGCCTTATCAC 3′, reverse primer 5′
CTATCAACCTCCATCAACCAATCTG 3′. The PCR products were cloned into sequence
vector and subjected to sequence analysis. The SPAK genomic sequence was referenced from
NCBI GenBank with the accession number: NW_921585.

Northern blot
To examine the splice isoform of SPAK in Caco2-BBE cells, northern blot analysis was
performed using the North2South Complete Biotin Random Prime Labeling and Detection Kit
(Pierce, Rockford, IL) with three different probes; one probe in the N-terminal of SPAK in
colon which does not include PAPA box was obtained by PCR with primer I forward 5′
ATGGCGGAGCCGAGCGGCTCGCCCGTG 3′ and primer I reverse: 5′
TTCTTGTGTTCTCCTCGGTTGACAATG 3′, the template is from Caco2-BBE cells. The
second probe was PCR amplified from liver tissue which is the PAPA box with the primer II
forward 5′ TGACAGCGGCGGCGGCGGCG 3′, primer II reverse 5′
ATAACCTCCTGCAGCTCGTAC 3′, the template is commercial liver cDNA; The third probe
was PCR product with the primer III which contains the sequence including F helix loop and
some other junction part forward 5′ AAGGCTGACATGTGGAGTTTTGGA 3′, primer III
reverse 5′ ATCTCGTCGTCACTCCACTCCCAG 3′ which is in the C-terminal regulatory
domain, the template is also from commercial liver cDNA. The northern blot was performed
according to the protocol with the 18s RNA to show same loading of samples.

Plasmid construction
For kinase activity and other functional assays, the full-length cDNA encoding SPAK was
inserted into pcDNA3.1/V5 (Invitrogen, Carlsbad, CA) such that the V5 tag was fused to the
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C-terminus of the encoded SPAK protein (pcDNA3.1/V5/SPAK-like), or into pcDNA6
(Invitrogen, Carlsbad, CA), such that the Xpress tag was fused to the N-terminal of the encoded
SPAK protein (pcDNA6/Xpress/SPAK-like). To generate a kinase-deficient mutant of SPAK,
a conserved lysine in the kinase domain (amino acid 34 in the ATP binding domain) was
replaced with an isoleucine using the QuikChange Site-Directed Mutagenesis kit (Stratagene,
La Jolla, CA) and specific primers (forward 5′ AAG AAC GTG TAG CAA TAA TAC GGA
TCA ACT TGG AAA AAT G 3′ and reverse 5′ CAT TTT TCC AAG TTG ATC CGT ATT
ATT GCT ACA CGT TCT T 3′). The constructed plasmids were purified using the Qiagen
maxiplasmid kit and verified by sequencing.

Quantitative PCR
Caco2-BBE cells were treated with proinflammatory cytokines (20 ng/ml TNF-α, 10 ng/ml
TGF-β or 1000U/ml IFN-γ) for 24 hours and real-time PCR was used to quantify SPAK
transcript levels. Total RNA was extracted using trizol method (Qiagen, Qiagen, Germantown,
MD), and reverse transcribed using the Thermoscript™ RT-PCR System (Invitrogen,
Carlsbad, CA). The resulting cDNAs (50 ng) were PCR amplified using the SYBR® Green
PCR Master Mix and the iCycler sequence detection system (BioRad, Hercules, CA). Specific
primers were designed using the Primer Express Program (Applied Biosystems, Foster City,
CA), and had the following sequences: forward, 5′ AAG TGG TCA CCT TCA TAA AAC CG
3′ (nt 903–925) and reverse, 5′ GAT GAG AAG AGC GAA GAA GGG AAA G 3′, (nt 961–
985). The cycling conditions consisted of 50°C for 2 min and 95°C for 10 min, followed by
40 cycles of 95°C for 15 s and 60°C for 1 min. The expression levels of β-actin were used as
an internal control, and fold-induction was calculated by the relative standard curve method.
For graphical representation of quantitative PCR data, raw cycle threshold values (Ct values)
obtained for cytokine-treated cells were deducted from the Ct value obtained for internal β-
actin transcript levels, using the ΔΔCt method as follows: ΔΔCT=(Ct,Target − Ct,Actin)treatment
− (Ct,Target − Ct,Actin)non-treatment, and the final data were derived from 2−ΔΔCT.

Cell culture and transfection
The Caco2-BBE human intestinal cell line was cultured in OptiMEM (Invitrogen, Carlsbad,
CA) supplemented with 10% fetal calf serum (Invitrogen, Carlsbad, CA), with twice weekly
changes of medium. Cells were kept in a 5% CO2 humidified atmosphere at 37°C. For
transfections, 2×105 Caco2-BBE cells were seeded in 6-well plates. At 60–80% confluence
(approximately 24 h post-plating), the cells were transfected with 2 μg of the relevant plasmid
using the Lipofectin transfection reagent (Invitrogen). Briefly, Lipofectin (6 μl/well) and
plasmid DNA were separately suspended in OptiMEM (50 μl/total volume each) and incubated
at room temperature for 20 min. The suspensions were combined and incubated at room
temperature for an additional 20 min (final volume 100 μl/well). The media from the Caco2-
BBE cell cultures were then replaced with the Lipofectin-DNA suspensions, and the cultures
were incubated at 37 °C in a humidified atmosphere containing 5% CO2. After 6 h, the
transfection media were replaced with Opti-MEM containing fetal bovine serum, and
transfectants were selected in medium containing 1.2 mg/ml G418 (Sigma, St Louis, MO).
Clones were viewed under light microscopy, and were selected and trypsinized with cloning
rings. Ten selected clones harboring each construct were maintained in 1.2 mg/ml G418 and
were expanded.

Staining and confocal microscopic examination of Caco2-BBE cells
Caco2-BBE cells transfected with or without the indicated plasmids were grown on filters (0.4
μm pore size; Costar, Cambridge, MA). At 100% confluence, the cells were washed twice in
HBSS, pH 7.4, and then fixed with 3.7% paraformaldehyde in Hank’s balanced salt solution
with calcium, pH 7.4 (HBSS+). The cells were then permeabilized with 0.5% Triton for 30 min
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at 25°C, and the fixed and permeabilized cells were rinsed and incubated with rhodamine-
phalloidin (Invitrogen; diluted 1:60) for 40 min. The fixed and permeabilized cells, but not
untreated cells, were blocked for 1 h in 0.2% gelatin and 0.08% saponin in HBSS+ and then
all monolayers were incubated for 1 h with 1 μg/ml mouse monoclonal antibodies specific for
the V5 or Xpress tags (Invitrogen, Carlsbad, CA). The monolayers were stained with anti-
mouse fluorescein isothiocyanate antibodies (Roche, Indianapolis, IN; diluted 1:1000) and
examined with a Zeiss epifluorescence microscope (Zeiss, Thornwood, NY) equipped with an
MRC600 confocal unit (BioRad, Hercules, CA). The results were analyzed using laser
scanning microscope image analysis software (Zeiss, Thornwood, NY), as previously
described (22).

TNT-based in vitro transcription/translation of colonic SPAK
The TNT T7 Quick Coupled Transcription/Translation System (Promega, Madison, WI) was
used for in vitro transcription and translation of SPAK and the kinase-deficient mutant; here
p38/pcDNA3 acts as a control. Briefly, 40 μl of TNT T7 Quick Master Mix, 2 μl of S35

methionine or unlabeled methionine and 1 μg of the appropriate plasmids were mixed in a total
volume of 50 μl, and the reactions were incubated at 30°C for 70 min. The transcribed/translated
proteins could be used directly for the following experiments.

Immunoprecipitation
Cells were washed with ice-cold PBS and then lysed on ice in appropriate volume of lysis
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P40) containing
1 mg/ml aprotinin, 1 mM pepstatin and 2 mM serine proteases for 15 min. The lysates were
centrifuged at 10,000 x g for 30 min at 4°C, and the supernatants were subjected to
immunoprecipitation or immunoblot (Western blot) analysis. For immunoprecipitation, the
supernatants were incubated overnight at 4°C with 50 μl of protein G-Agarose beads
(Invitrogen, Carlsbad, CA) to clear nonspecific proteins and immunoglobulin. The samples
were then centrifuged at 12,000 x g for 20s, and the supernatants were incubated for 4 hours
at 4°C with 1 μg of anti-V5 or -Xpress antibody (Invitrogen, Carlsbad, CA), with gentle
rocking. Protein G-Agarose beads (50 μl) were added to each mixture and the samples were
incubated overnight at 4°C. The samples were then centrifuged at 12,000 x g for 20s, and the
beads were collected and washed twice each for 20 min with buffer 1 (50 mM Tris-HCl, pH
7.5, 150 mM NaCl, 1% Nonidet P40), buffer 2 (50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 1
mM EDTA, 0.1% Nonidet P40) and buffer 3 (10 mM Tris-HCl, pH 7.5, 0.1% Nonidet P40).
For immunoprecipitation of the TNT-expressed proteins, 450 μl of lysis buffer was added
directly to the expression system, and samples were processed as described above.

Western blot analysis
Treated and untreated cells were lysed in 200 μl lysis buffer supplemented with protease
inhibitor cocktail (Sigma, St Louis, MO), 1 mM PMSF, 1 μm leupeptin, 1 mM Na3VO4 and
20 mM β-glycerophosphate on ice for ~30 min. The samples were centrifuged at 14,000 x g
for 30 min at 4°C, the supernatants were collected, and protein concentrations were determined
using a SmartSpec 3000 (BioRad, Hercules, CA). Proteins (40 μg) were suspended in 3X
protein loading buffer (BioRad, Hercules, CA), boiled for 5 min, and resolved by SDS-PAGE.
The resolved proteins were transferred to nitrocellulose membranes using a semi-dray transfer
cell (BioRad), and the membranes were blocked for 1 h with PBS containing 5% skim milk
and Tween-20. The appropriate primary antibodies were diluted in PBS containing 1% skim
milk, and incubated with the membranes overnight at 4°C. The membranes were then washed
3 times for 5 min each in PBST, the blots were detected with HRP-labeled anti-mouse or anti-
rabbit secondary antibodies (Amersham Bioscience, Piscataway, NJ; 1:20,000) for 1 h, washed
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3 times for 5 min each in PBST, and visualized by ECL (Denville Scientific Inc, South
Plainfield, NJ).

Immune complex kinase assay
For assays of exogenous substrate phosphorylation, immune complexes were prepared as
described above, washed 3 times with lysis buffer, and washed twice with kinase buffer (50
mM HEPES, pH 7.5, 12.5 mM MgCl2, 150 mM NaCl, 1 mM DTT, 1 mM Na3VO4 and 1 mM
PMSF). The substrate, myelin basic protein (MBP; 3 μg; Upstate, Charlottesville, VA) was
added to immune complexes in the presence of Mg2+/ATP (diluted with cold ATP to a final
concentration of 200 μM) in kinase buffer (final reaction volume, 30 μl), and samples were
incubated at 30°C for 30 min in a water bath. Reactions were terminated by the addition of 10
μl of 3×SDS-PAGE buffer, the samples were resolved by 4–20% gradient SDS-PAGE, and
the resolved proteins were subjected to Western blot analysis with antibodies specific for
phosphorylated MBP. For detection of MAPK activity, the samples were prepared and blotted
as described above, and then detected with antibodies against Xpress (Invitrogen), Erk, JNK,
p38, phospho-Erk, phospho-JNK and phospho-p38 (all from Cell Signaling Technology,
Danvers, MA). As positive control, we treated the Caco2-BBE cells with EGF (10 ng/ml, 2hr)
(Peprotech, Rocky hill, NJ) or IL-1 (2 ng/ml, 20 minutes) (R&D systems, Minneapolis, MN),
then probed with relevant antibodies.

Electrophysiological studies
Caco2-BBE cells were transfected with the indicated plasmids and allowed to grow to
confluence on filters (1 cm2 Snapwell polyester filters, Corning Costar, Corning, NY).
Transepithelial Resistance (TER) was measured on day 8 post-plating. Briefly, the filter rings
were detached and mounted in Ussing chambers that had been pre-incubated in KREBS
solution (138 mM NaCl, 0.3 mM Na2HPO4, 0.4 MgSO4.7H2O, 0.5 mM MgCL2.6H2O, 5 mM
KCL, 0.3 mM KH2PO4, 2.5 mM CaCl2, pH 7.4) at 37°C, with continuous bubbling of 95%
O2 and 5% CO2. The fluid volume on each side of the filter was maintained at 5 ml. Voltage-
sensing electrodes (Ag/AgCl pellets) and current-passing electrodes (silver wire) were
connected by agar bridges containing 3 M KCl, and interfaced via head-stage amplifiers to a
microcomputer-controlled voltage/current clamp (DM-MC6 and VCC-MC6, respectively;
Physiologic Instruments, San Diego, CA). The voltage-sensing electrodes were matched to
within 1 mV asymmetry and corrected by an offset-removal circuit. The current between the
two compartments (values reported are with reference to the apical side) was monitored and
recorded at 5s intervals, and the voltage was clamped to zero. The total resistance between the
apical and basal compartments was determined at the start and at intervals throughout each
experiment, using the voltage evoked by a 5 μA bipolar current pulse in Ringer’s solution. The
background resistance was determined with blank filters (representing the sum of the filter
resistances), and the TER was determined by subtracting the resistance of the fluid in the
chambers, current-passing electrodes and bridges from the total resistance measured with filters
containing attached cell monolayers. For each experiment, the TER was collected after a 20
min equilibrium period; the TER was maintained within 10% of its baseline value for at least
1 h, whereas the duration of an experiment was typically ~10 min. The reported TER value for
each experiment is the average of the TER values collected at 5s intervals over 10 min. Each
experiment was repeated at least 4 times. The results are expressed as means ± SD, and the
statistical significance was determined using ANOVA with Tukey’s Post-hoc test (Graph Pad
InStat3; Graph Pad, San Diego, CA).
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Results
Molecular cloning and sequence analysis of a colonic SPAK isoform

In an effort to clone a serine/threonine kinase cDNA from inflamed human colon tissue, we
designed primers P1, P2 and P3 corresponding to conserved regions in the middle of human
protein kinase genes. Screening with degenerate RT-PCR from inflamed human colon tissue
yielded one out of 8 randomly chosen clones which had an identical sequence. Sequencing
allowed us to identify a single 350 bp fragment having high homology to members of the Ste20-
like kinase family. Both 5′ and 3′ RACE resulted in a single product, same as above, 8 random
clones were picked to sequence for both 5′ and 3′ RACE. A PCR was performed to isolate the
full-length transcript of 1431 bp with a 138 bp UTR before the translation start site (ATG) and
ends with stop codon TGA. The transcript encodes a predicted protein of 476 amino acids
(Figure 1A) with a calculated molecular weight of about 52.6 kDa and a pI of 6.51. The
predicted protein exhibited the closest homology to members of the Ste20-like kinase family
such as STK39 (NP_037365): 92%, LOK-like (AAN72832): 31%, SLK (AF006640): 46%
and we thus designated the isolated protein colonic SPAK or ‘SPAK-like’ (GenBank accession
number: AY629298). The isolated colonic SPAK isoform transcript contained the expected
N-terminal serine/threonine kinase domain and C-terminal regulatory domain. Alignment of
the predicted sequence with those of other kinases such as SLK, LOK-like and STK39 revealed
that the kinase domain contains 10 highly conserved subdomains with the exception of the
domain IX (F alpha-helix loop) (Figure 1A). In addition, unlike other STK39 molecules (Serine
Threonine Kinase), the SPAK sequence does not contain a PAPA box. However, we did
identify a potential caspase-3 cleavage site (DEMD) between the kinase and regulatory
domains, as well as a nuclear localization signal (RAKKVRR) in the regulatory domain (Figure
1A). PSORT II- and kNN-based predictions of cytoplasmic/nuclear localization indicated that
SPAK should be located in the nucleus (reliability = 94.1).

Colonic SPAK is a colon-specific SPAK isoform
We then investigated the presence of SPAK in Caco2-BBE cells and non-inflamed colon, as
well as liver, spleen, brain, prostate and kidney tissues. As shown in Figure 1B, the SPAK
specific primers generated a single 335 bp product in Caco2-BBE and colon tissue samples,
but yielded a single 488bp product in the other tissues. Sequence analysis revealed that the
SPAK product from Caco2-BBE cells and colon tissues were identical to the larger SPAK
product in the other tissues, with the exception that the colon-associated SPAK isoform lacked
the characteristic PAPA box. This isoform was not observed in the other tested tissues,
suggesting that it may be colon-specific. Since it was very intriguing that the colon SPAK does
not have PAPA box and F alpha-helix loop, we analyzed the SPAK genomic sequence. On the
one hand we performed alignment of colonic SPAK cDNA sequence with genomic sequence
obtained from GenBank (Figure 2A); on the other hand we cloned the joint part genomic
sequence of the first exon and first intron, seventh exon and seventh intron, from Caco2-BBE
cell line (Figure 2B). From the alignment and genomic sequence, the SPAK gene is composed
of 18 exons spanning 184 kb of the long arm of chromosome 2 (Figure 2A). The joint part
sequence of the first exon and the first intron showed that the universally conserved GT
nucleotides are present in the 5′ junction sequence. Interestingly there are GT nucleotides after
GCCCCG (amino acids AP) (Figure 2A), from the genomic sequence provided by GenBank.
We found in the 3′ junction sequence, all the SPAK share the common AG nucleotides as the
end of the first intron. Exactly the same unusual splicing event occurs around the F helix loop
in the IX subdomain, the GT nucleotides after the nucleotides ATGAAA (Amino acid MK)
(Figure 2A). We found in the 3′ junction part from GenBank genomic sequence the universally
conserved AG nucleotides as the end of the seventh intron. Those above indicated the potential
mechanism of the splicing of colonic SPAK. Furthermore with the northern blot analysis
(Figure 2B), we found only one transcript present in Caco2-BBE cells (lane 1 and lane 3), while
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the northern blot with the probe just containing the PAPA box did not show any hybridized
band (lane 2).

Colonic SPAK isoform possesses serine/threonine kinase activity
Next, we assessed the functionality of SPAK protein. In vitro transcribed/translated SPAK
(Figure 3A, lane 1) and kinase-deficient mutant SPAK (Figure 3A, lane 2) could be visualized
as a 53 kDa band, whereas expression of the same proteins in Caco2-BBE yielded products
with an apparent molecular size of ~60 kDa (Figure 3B). The molecular size difference between
SPAK expressed in vitro and SPAK expressed in vivo likely represents different
phosphorylation forms of the proteins. We then analyzed whether the SPAK protein had serine/
threonine kinase activity. Our kinase assays revealed that immunoprecipitated in vitro
transcribed/translated Xpress-tagged SPAK immunoprecipitates could autophosphorylate at
ser and thr but not tyr residues (Figure 3C). In addition, immunoprecipitated Xpress-tagged
SPAK could phosphorylate the test substrate, myelin basic protein, while the kinase-deficient
mutant could not (Figure 3D). The latter observation indicates that the observed kinase activity
is directly attributed to SPAK rather than other co-immunoprecipitated molecules.

Colonic SPAK isoform activates p38 MAP kinase cascades in intestinal epithelial cells
Since many of the Ste20 family members have been shown to activate the JNK/SAPK MAP
kinase and/or the p38 MAPK signaling cascades, we analyzed whether SPAK could activate
ERK, JNK/SAPK, and p38. Caco2-BBE cells were transfected with expression vectors
encoding Xpress-tagged SPAK or the kinase-deficient mutant, and Western blotting was used
to examine activation (phosphorylation) of ERK (Figure 4A), JNK (Figure 4B) and p38 (Figure
4C). Our results revealed that Xpress-tagged SPAK did not phosphorylate ERK or JNK. In
contrast, p38 was phosphorylated in Caco2-BBE cells expressing Xpress-tagged SPAK-like,
but not those expressing the kinase-deficient mutant or vector alone. These findings indicate
that SPAK may have the ability to activate p38 MAPK cascades in Caco2-BBE cells.

IFN-γ treatment up-regulates colonic SPAK isoform mRNA expression in Caco2-BBE cells
To investigate whether SPAK could be up-regulated in inflamed intestinal epithelial cells, we
used real-time RT-PCR to examine the effects of the pro-inflammatory cytokines, IFN-γ
(1000U/ml), TGF-β (10 ng/ml) and TNF-α (20 ng/ml), on SPAK mRNA levels in Caco2-BBE
cells over 24 h. As shown in Figure 5, ~2.5-fold greater levels of SPAK transcript were observed
in IFN-γ-treated cells versus untreated cells, whereas cells treated with TGF-β and TNF-α did
not show significant changes in the levels of SPAK transcripts.

Colonic SPAK isoform can undergo nuclear translocation
Since the predicted SPAK sequence contains a caspase-3 cleavage site and a nuclear
localization signal, we investigated the cellular localization of SPAK in Caco2-BBE cells.
SPAK and the kinase-deficient mutant were cloned into eukaryotic vectors to generate C-
terminal V5- and N-terminal Xpress-tagged proteins (pcDNA3.1/V5 and pcDNA6/Xpress,
respectively). Caco2-BBE cells transfected with the various constructs were immunostained
with anti-V5 or -Xpress antibodies and examined by confocal microscopy. Control Caco2-
BBE cells stained with anti-V5 did not show detectable fluorescence, demonstrating that the
V5 antibody does not cross-react with any endogenous epitopes (Figure 6A). Consistent with
the known diffuse expression of the V5 epitope, diffuse staining was observed in pcDNA3.1/
V5 vector-transfected Caco2-BBE cells (Figure 6B). Caco2-BBE cells expressing pcDNA3.1/
SPAK-like/V5 showed positive staining in the cytoplasm and membrane (Figure 6C). To
determine whether this indicated localization of the full-length protein or the caspase-3-cleaved
C-terminus, we examined the localization of SPAK in Caco2-BBE cells transfected with
pcDNA6/Xpress/SPAK-like, wherein the Xpress epitope was fused to the N-terminus. Strong
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anti-Xpress staining was observed in the nucleus of expressing Caco2-BBE cells (Figure 6D),
indicating that the cleaved N-terminal region of SPAK could be translocated to the nucleus. In
contrast, Caco2-BBE cells expressing Xpress-tagged kinase-deficient mutant SPAK showed
staining in the cytoplasm and membrane (Figure 6E), indicating that the inactive mutant does
not undergo nuclear translocation.

Colonic SPAK isoform over-expression decreases barrier function in intestinal epithelial
cells

To investigate the functional role of the SPAK in intact monolayers, Caco2-BBE cells
transfected with vectors encoding SPAK or kinase-deficient SPAK, or empty pcDNA6/Xpress
vector were grown to confluency on filter, and changes in transepithelial resistance (TER) were
monitored. Caco2-BBE cells monolayers that over-expressed SPAK had a significantly lower
TER versus control vector-transfected monolayers (120 ± 25 Ohms/cm2 vs. 280 ± 75 Ohms/
cm2, respectively). In contrast, kinase-deficient SPAK-like-expressing monolayers showed
TER values similar to those of control monolayers (290 ± 22 Ohms/cm2 vs. 280 ± 75 Ohms/
cm2, respectively), indicating that the observed decrease in TER requires expression of active
SPAK-like.

DISCUSSION
We herein report the cloning and characterization of a Ste20-related protein kinase from
inflamed colon tissue. Our analyses revealed that this Ste20-related protein kinase, which was
found in Caco2-BBE cells and inflamed and non-inflamed colon tissues but not in the other
tested tissues, was a unique isoform of SPAK. Accordingly, we designated this 476 amino acid
kinase colonic SPAK. Sequence analysis revealed that SPAK belongs to the GCK IV
subfamily, unlike the other SPAK proteins described in human and mouse (SPAK) and rat
(PASK), which belong to Ste20 protein Kinases (STK39). The N-terminus of colonic SPAK
lacks the PAPA box found in human and mouse SPAK homologs, as well as in the cyclin-
dependent kinase inhibitor, p57Kip2 (23), and myosin light chain kinase (24). The PAPA box
has been implicated in protein-protein interactions, and has been shown to target the myosin
light chain kinase to actin (25). In PASK, the conserved C-terminal (CCT) domain can interact
with an RFXV (Arg-Phe-Xaa-Val) motif present in the substrate NKCC1, leading to increase
of NKCC1 activity (20). The lack of the PAPA box seems to suggest that colonic SPAK may
not interact with actin and/or NKCC1 in colonic epithelial cells. Alignment analysis found that
this SPAK also misses subdomain IX, which is F helix loop in catalytic domain. The F helix
loop, as a signal integration motif (SIM), does not contact substrate or peptide directly but it
appears to serve as a conduit to communicate MgATP binding from the active site to the distal
peptide-binding site via the Trp-Phe network of interactions and substrate binding. Trp, in
particular, stabilizes the activation loop, which is important for ATP and substrate binding, and
appears to communicate ATP binding to the peptide binding F-to-G helix loop (26,27,28). Asp
hydrogen in F helix loop bonds to the catalytic loop through the amide hydrogen atoms of Tyr
and Arg in the catalytic loop and help F helix loop plays a role in eukaryotic protein kinase
signal integration (27,28). Mutation of the F-helix aspartate to alanine in cAMP protein kinase
failed to abolish catalytic activity, suggesting that it fails to play an important catalytic role
which suggests a regulatory role for the F-helix aspartate (28,29). Whether the absence of the
F helix loop was always correlating with the absence of the PAPA box is to be defined,
coincidently, the recently submitted SPAK sequence to GenBank (accession number
XP_001102205) from rhesus monkey is 98% identical in protein level, same as colonic SPAK,
STK39 homologous in rhesus monkey does not have PAPA box and F helix loop, showing
that the SPAK is highly conserved during the evolution. In another parallel study of regulation
of colonic SPAK′s expression and function, primer extension and RACE for the transcription
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start site also showed single products and sequencing did not show the existence of PAPA box
(data not shown).

Consistent with previous findings about SPAK/PASK proteins (31,32,33), colonic SPAK
isoform was capable of autophosphorylation at ser and thr but not tyr residues, indicating that
colonic SPAK isoform possesses serine/threonine kinase activity. Additional experiments in
Caco2-BBE cells revealed that SPAK was capable of activating components in the p38
signaling pathway, but not those of the Erk and JNK pathways. These findings are consistent
with previous studies in SPAK protein (33). It means that without PAPA box and F helix loop,
SPAK can still have activity, autophosphorylation and phosphorylate the substrate p38, it
strongly suggested that F helix loop did not abolish the kinase activity, neither did PAPA box,
consistent with Gaqnon et al (30) who found that absence of the PAPA box did not affect SPAK
autophosphorylation or transphosphorylation of GST-NKCC1. In addition, it has been reported
that mutation of the F-helix failed to abolish catalytic activity, suggesting that it fails to play
an important catalytic role (28,29)

Although the details of SPAK-associated signaling have not yet been elucidated, some
components are known. For example, a binding interaction between SPAK and the TNF
receptor RELT, a new member of the tumor necrosis factor receptor superfamily that is
selectively expressed in TNF receptor-expressing hematopoietic tissues, can mediate the
activation of p38 and JNK signaling (33). Colonic epithelial cells do not express RELT,
suggesting that this receptor does not account for SPAK signaling. Thus, future work will be
required to identify the SPAK receptors and signaling molecules in colonic epithelial cells.
Many important external inflammatory signals, such as bacterial infection, allergen, cytokines
and growth factors, can activate intracellular kinases via binding to transmembrane receptors
on responsive cells (33). In addition, cytokines may act intracellularly to increase kinase
transcription levels. Consistent with these modes of action, our pro-inflammatory cytokine
treatment experiments revealed that IFN-γ, but not TNF-α or TGF-β, stimulated the
transcription of SPAK in Caco2-BBE cells. We recently isolated a 5′-flanking fragment
containing the promoter region (−1390 to +1 relative to the A of the start ATG) of colonic
SPAK isoform (#DQ519080). This promoter region contains Interferon Response Elements
(IREs), supporting the notion that IFN-γ may induce transcription of SPAK, and providing
additional evidence that SPAK may be involved in epithelial cell signaling during intestinal
inflammation.

The nuclear translocation could be explained by the possible cleavage at the putative caspase
cleavage site, and to assess the nuclear translocation of the N-terminal fragment, which
contained a putative nuclear localization signal in the regulatory domain (RAKKVRR), we
transfected Caco2-BBE cells with expression vectors encoding N- or C-terminally tagged
SPAK, and examined the resulting localizations of these proteins. Our results suggest that
SPAK is cleaved between the catalytic and regulatory domains, possibly at the caspase cleavage
site. This cleavage appeared to affect the subcellular localization of SPAK, as the catalytic
domain was mostly located in the cytoplasm and membrane, while the regulatory domain was
translocated to the nucleus where it might affect gene expression. Furthermore, the kinase-
deficient mutant failed to translocate to the nucleus, suggesting that SPAK isoform activity is
required for cleavage and translocation.

During intestinal inflammation, multiple kinases function to increase intestinal barrier
permeability, leading to decreased intestinal barrier function (34). Over-expression of WNK4,
an upstream kinase of SPAK, was shown to increase the permeability of Madin-Darby Canine
Kidney (MDCK) epithelial cell monolayers (35,36), suggesting the possible involvement of
SPAK in this process. In the present study, we found that over-expression of SPAK decreased
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the overall membrane permeability of intestinal epithelial cell monolayers, indicating that this
protein may be involved in inflammation-associated changes in intestinal barrier function.

In sum, we herein report the cloning and characterization of SPAK, a Ste20-related protein
kinase that appears to be specifically expressed in colonic epithelial cells. Our results suggest
the following model: in response to external inflammatory signals, SPAK is up-regulated,
cleaved and translocated to the nucleus, where it triggers p38 MAP kinase signaling and
subsequent changes in gene expression, leading to decreased intestinal barrier permeability.
While future studies will be required to assess these possibilities in detail, the present work
identifies a potential new intestinal inflammation-associated signaling molecule and provides
evidence for its involvement in p38 MAP kinase signaling.
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Figure 1. Colonic SPAK is a SPAK isoform that appears to be colon-specific
A) Amino acid sequence comparison of SPAK and colonic SPAK. Both SPAK and colonic
SPAK isoform contain a potential caspase-3 cleavage site (DEMD) located between the kinase
and regulatory domains, as well as a nuclear localization signal (RAKKVRR). Unlike other
SPAK, colonic SPAK does not contain a PAPA box within its amino acid sequence. B) cDNAs
obtained from Caco2-BBE cells, colon, liver, spleen, brain, prostate and kidney were subjected
to PCR with primers specific to N-terminal part of SPAK. Caco2-BBE cells and colon tissues
yielded a single ~330 bp product, while liver, spleen, brain, prostate and kidney samples yielded
a single ~500 bp product.
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Figure 2. Colonic SPAK is unusual splice single transcript isoform
A) Schematic representation of the SPAK gene intron-exon structure. The SPAK gene is
composed of 18 exons spanning 184 kb long. In the exon 1 and 7, there are at the same time
two unusual splice forms, in both the highly conserved GT nucleotides in the exon become the
start of new and unusual intron, and they share the same end of intron nucleotides AG. The
blue rectangle represents exons, the digits besides them are the size of it and order of the exon,
and the triangles are introns with their respective number. The blue color sequence is the
sequence in the exon, the black sequence is the predicted amino acid sequence. The outer black
sequence is the related intron sequence start with GT and end with AG. B) Northern blot of
the colonic SPAK. Lane 1 and lane 3, Caco2-BBE RNA were probed with probes exists in
both colon and non-colon tissue. The lane 2 was probed with fragment of PAPA box which
only in the non-colon tissue. The lane in the bottom represents the same loading control with
18 s RNA.
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Figure 3. Colonic SPAK isoform has serine/threonine kinase activity
A) In vitro transcribed/translated SPAK or kinase-deficient SPAK mutant proteins each had
an apparent molecular weight of 53 kDa (lanes 1 and 2, respectively), while no protein was
transcribed/translated from the Xpress vector alone (lane 4), lane 3 is the plasmid p38/pcDNA3
as control (43 kDa). B) Caco2-BBE cells expressing Xpress-tagged SPAK (lane 1), Xpress-
tagged kinase-deficient SPAK mutant (lane 2) or Xpress vector alone were lysed, total proteins
(40 μg/lane) were resolved by 4–20% SDS-PAGE, and blots were immunostained with an anti-
Xpress antibody, which revealed an expressed protein with an apparent molecular weight of
60 kDa in Caco2-BBE cells expressing SPAK or kinase-deficient mutant SPAK-like. C) Anti-
Xpress antibodies were used to immunoprecipitate in vitro transcribed/translated SPAK-like,
the immunoprecipitates were subjected to 4–20% SDS-PAGE, and the blots were
immunostained with mouse anti-phospho-ser (lane 1), anti phospho-thr (lane 2) or anti
phospho-tyr (lane 3). Bands (~53 kDa) were detected with anti-phosphoser and anti-phospho-
thr, but not anti-phospho-tyr, indicating that SPAK has the ability to autophosphorylate at ser
and thr but not tyr. D) Protein kinase assays of immunoprecipitated in vitro transcribed/
translated SPAK (lane 1), kinase-deficient SPAK (lane 2), or vector control (lane 3) were
incubated with MBP for 30 minutes at room temperature and resolved by 4–20% SDS-PAGE.
Blots were probed with anti-Xpress (Xpress-SPAK), anti-MBP (MBP) and anti-
phosphorylated MBP (p-MBP).
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Figure 4. Colonic SPAK isoform activates p38 MAP kinase signaling in intestinal epithelial cells
Total proteins from Caco2-BBE cells expressing Xpress-tagged SPAK (lane 1), Xpress-tagged
kinase-deficient SPAK (lane 2), Xpress vector alone (lane 3) or relevant positive control treated
cells (EGF for Erk, and Il-1 for JNK and p38) (lane 4) were lysed, and total proteins (40 μg/
lane) were resolved by 4–20% SDS-PAGE and transferred to nitrocellulose membranes. The
blots were immunostained with antibodies against Xpress (Xpress-SPAK), ERK (ERK),
phospho-ERK (p-ERK), JNK (JNK), phospho-JNK (p-JNK), p38 (p38) and phospho-p38 (p-
p38).
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Figure 5. IFN-γ can increase SPAK mRNA expression in Caco2-BBE cells
Caco2-BBE cells were transfected with vectors encoding SPAK-like, and then treated with or
without IFN-γ (1000 U/ml), TGF-β (10 ng/ml) or TNF-α (20 ng/ml) for 24 hours. For graphical
representation of quantitative PCR data, the raw cycle threshold values (Ct values) obtained
from the experimental groups were deducted from the Ct value obtained from the control group
using the ΔΔCt method, and the data were normalized using 2−ΔΔCt, with β-actin gene levels
serving as the internal standard. Values are normalized as fold-differences relative to transcript
levels in the untreated controls. The presented results are representative of three different
experiments.
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Figure 6. Cleaved N-terminal region of Colonic SPAK-isoform can translocate to the nucleus
Caco2-BBE cells were left untransfected (A), or were transfected with pcDNA3.1/V5 (vector
tag alone; B), SPAK-pcDNA3.1/V5 (SPAK fused to a C-terminal V5 tag; C), SPAK-pcDNA6/
Xpress (SPAK fused to an N-terminal Xpress tag; D) and kinase-deficient SPAK-pcDNA6/
Xpress (kinase-deficient SPAK fused to an N-terminal Xpress tag; E), and then immunostained
with anti-V5 (green), anti-Xpress (green), or rhodamine phalloidin (actin, red). The presented
images represent horizontal sections (xy) taken from below the apical plasma membrane of
transfected polarized Caco2-BBE monolayers.
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Figure 7. Colonic SPAK-isoform over-expression decreases the barrier function in intestinal
epithelium
TER was measured in Caco2-BBE cells transfected with colonic SPAK-isoform-pcDNA6/
Xpress (colonic SPAK isoform), pcDNA6/Xpress vector alone (vector) and kinase-deficient
SPAK-like-pcDNA6/Xpress (kinase-deficient colonic SPAK isoform). The trace represents
TER values collected at 5s intervals for 10 minutes after a 20 minute equilibrium period, and
is representative of six experiments.
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