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prostasin-matriptase proteolytic cascade early in
experimental colitis
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Compromised gastrointestinal barrier function is strongly
associated with the progressive and destructive pathologies of
the two main forms of irritable bowel disease (IBD), ulcerative
colitis (UC), and Crohn’s disease (CD). Matriptase is a mem-
brane-anchored serine protease encoded by suppression of
tumorigenicity-14 (ST14) gene, which is critical for epithelial
barrier development and homeostasis. Matriptase barrier-pro-
tective activity is linked with the glycosylphosphatidylinositol
(GPI)-anchored serine protease prostasin, which is a co-factor
for matriptase zymogen activation. Here we show that mRNA
and protein expression of both matriptase and prostasin are rap-
idly down-regulated in the initiating inflammatory phases of
dextran sulfate sodium (DSS)-induced experimental colitis in
mice, and, significantly, the loss of these proteases precedes the
appearance of clinical symptoms, suggesting their loss may con-
tribute to disease susceptibility. We used heterozygous St14
hypomorphic mice expressing a promoter-linked �-gal reporter
to show that inflammatory colitis suppresses the activity of the
St14 gene promoter. Studies in colonic T84 cell monolayers
revealed that barrier disruption by the colitis-associated Th2-
type cytokines, IL-4 and IL-13, down-regulates matriptase as
well as prostasin through phosphorylation of the transcriptional
regulator STAT6 and that inhibition of STAT6 with suberoyla-
nilide hydroxamic acid (SAHA) restores protease expression and
reverses cytokine-induced barrier dysfunction. Both matriptase
and prostasin are significantly down-regulated in colonic tissues
from human subjects with active ulcerative colitis or Crohn’s dis-
ease, implicating the loss of this barrier-protective protease path-
way in the pathogenesis of irritable bowel disease.

Inflammatory bowel diseases (IBD)2 ulcerative colitis (UC)
and Crohn’s disease (CD) are associated with inflammation

of the gastrointestinal tract that arises from a dysregulated
immune response to both bacteria and bacterial products in
genetically predisposed individuals (reviewed in Refs. 1 and 2).
The pathogenesis of IBD is still unclear, but increasing evidence
shows that compromised intestinal epithelial barrier function is
strongly associated with IBD susceptibility and progression
(3– 6). Antigen-induced inflammatory cytokines in the intesti-
nal submucosa are believed to play a central role in the patho-
genesis of human IBD (7–9), perpetuating the increased in-
testinal permeability and causing cyclical bouts of painful
inflammation. In general, mucosal inflammation in CD is asso-
ciated with increased expression of T helper (Th) 1 and Th17
cytokines (e.g. IFN�, IL-17A), whereas UC is associated with
Th2 cytokines such as IL-4, IL-10, and IL-13. Both disease states
converge in the production of TNF�, which activates multiple
pro-inflammatory pathways and contributes to epithelial bar-
rier disruption (reviewed in Ref. 10).

Th1 and Th2 inflammatory cytokines present in human IBD
tissue increase intestinal permeability by inducing the internal-
ization and loss of barrier-protective junctional proteins from
the cell surface (e.g. E-cadherin, occludin, zonula occludens-1
(ZO-1)) (11, 12), leading to increased paracellular permeability
to macromolecules (11, 12), and also by increasing the expres-
sion and junctional localization of permeability-associated
tight junction proteins such as claudin-2, which forms paracel-
lular pores mediating cation and water flux (13, 14). Elevated
claudin-2 expression is found in inflamed villus epithelium of
patients with active IBD, correlating with disease severity (15,
16). Studies using human colonic epithelial monolayers show
that claudin-2 mRNA and protein are specifically induced by
Th2 cytokines IL-13 and IL-4, but not Th1 cytokines TNF� or
IFN� (8, 13, 17).

IL-13 is considered a critical effector cytokine in UC (8, 18),
where lymphocytes in the lamina propria produce substantially
more IL-13 than healthy individuals and CD patients do (9, 19,
20). The functional importance of IL-13 is underscored by the
finding that neutralization of IL-13 prevents oxazalone-in-
duced colitis (8), a mouse model with similar features to human
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UC. However, antibody-based IL-13 blockade for the treatment
of UC has been ineffective in two independent clinical trials
(21), suggesting a more complex cytokine milieu in humans.
IL-4 expression is also elevated in rectal mucosa of patients with
active UC (16), and deficiency or inhibition of IL-4 results in
reduced disease severity in murine models of ulcerative colitis
(22, 23). The potential use of a dual antagonist of IL-4 and IL-13
is currently being explored and has also shown promising
results in mice (24).

Multiple studies using genetic ablation approaches in mice
have demonstrated an essential role for the membrane-an-
chored serine protease matriptase (also known as MT-SP1,
TADG-15, epithin, and SNC19) (25) in the formation and
maintenance of epithelial barriers in the intestine and skin (26 –
30). In prior studies, we investigated the role of matriptase in
intestinal barrier function and protection against DSS-induced
inflammatory colitis using St14 hypomorphic mice, which
express 1–5% of normal matriptase levels and demonstrate
both increased paracellular macromolecular permeability and
paracellular ion flux that is associated with increased claudin-2
expression (29, 30). Increased macromolecular permeability
and increased claudin-2 are also associated with siRNA-
mediated knockdown of matriptase in human intestinal epithe-
lial Caco-2 monolayers, which fail to develop an epithelial bar-
rier (29, 31). Matriptase is found localized to epithelial adherens
junctions (29, 32), and indirectly mediates the post-transla-
tional turnover of claudin-2 (29). Although the precise mecha-
nisms are still unclear, these studies demonstrate a critical role
for matriptase in regulating intestinal epithelial barrier closure
that protects against colitis.

The barrier-protective activities of matriptase in intestinal
epithelium can be regulated by an upstream GPI-anchored ser-
ine protease, prostasin. Whereas matriptase has the capacity to
auto-activate (33, 34), prostasin appears to function as a co-fac-
tor for matriptase zymogen activation (35, 36), an activity that
may be independent of prostasin’s proteolytic activity (32). Like
matriptase, depletion of prostasin in Caco-2 intestinal epithe-
lial monolayers inhibits barrier development, and the addition
of recombinant prostasin to the basolateral side of polarized
Caco-2 monolayers causes matriptase activation and stimu-
lates barrier formation that is dependent upon expression of
matriptase (31). Hence, prostasin acts upstream of matrip-
tase, and matriptase is the effector protease that directly
enhances barrier function. Consistent with this role in intes-
tinal barrier protection, rats possessing a natural homozy-
gous mutation in the prostasin gene that causes reduced
proteolytic activity show increased susceptibility to DSS-in-
duced colitis (37, 38).

The regulation of the matriptase-prostasin axis in intestinal
epithelium and during inflammatory colitis is not known. We
hypothesized that cytokine-dependent intestinal barrier per-
meability could be associated with the down-regulation of
matriptase and/or prostasin. Using the experimental model of
DSS-induced colitis in mice, here we show that both matriptase
and prostasin are transcriptionally down-regulated during the
initiating phase of experimental colitis, and that the loss of
these proteases precedes the appearance of clinical symptoms.
The data suggest that inflammatory cytokine-mediated down-

regulation of these proteases could contribute significantly to
disease susceptibility and progression.

Results

The early response to experimental colitis is similar between
control and St14 hypomorphic mice

DSS administered via drinking water induces a form of colitis
in mice with features similar to those found in human UC (39).
The initiating trigger, DSS, causes injury to the epithelial layer,
provoking activation of an innate immune response to luminal
contents. Treatment of mice with 2% DSS in drinking water for
7 days followed by removal of the DSS stimulus at day 8, results
in intestinal injury with increasing clinical symptoms of acute
colitis characterized by bloody diarrhea, ulcerations, and
inflammatory infiltrates that reach maximum at 7– 8 days.
Removal of the DSS at day 8 results in rapid mucosal recovery
that is associated with a progressive reduction of clinical symp-
toms. In previous studies we found that, unlike wild-type litter-
mate control mice, St14 hypomorphic mice fail to recover from
DSS-induced injury after removal of the DSS, with progression
in the severity of clinical symptoms and hastened mortality
(30). Given the enhanced intestinal barrier permeability in the
St14 hypomorphic mice compared with their wild-type litter-
mates (30), it was unclear why their initial response to DSS
appeared so similar. To investigate this initial phase in more
detail, 2% DSS was administered to St14 hypomorphic and con-
trol littermate mice in drinking water for up to 5 days and the
regulation of matriptase investigated.

The shorter duration of DSS treatment reduced the aggrava-
tion of symptoms and enhanced survival of the St14 hypomor-
phic mice. The body weights of both the St14 hypomorphic and
control groups remained relatively constant through the 5 days
of DSS treatment, with weight loss starting to be apparent only
at day 5 (Fig. 1A). The St14 hypomorphic mice developed clin-
ical symptoms similar to control mice, including shortening of
colon length (an indicator of colonic inflammation) (Fig. 1B)
and increased spleen weight (an indicator of systemic inflam-
mation) (Fig. 1C). Likewise, the overall clinical disease score, a
combination of weight loss, stool consistency, and blood in
stool, was similar in both groups and was not significant until
day 5 (Fig. 1D); however, there was a trend toward enhanced
clinical symptoms in St14 hypomorphs compared with litter-
mate controls at day 1.5 (Fig. 1D). Consistent with this, the
distal colonic segments from St14 hypomorphic mice treated
with DSS for 1.5 days microscopically appeared mostly normal
(Fig. 1E, middle panels, 20�) but displayed a few areas of patchy
damage, whereas at day 5 both groups had a similar level of
damage, immune infiltration, and loss of colonic mucosa (Fig.
1E, right panels), compared with water-alone treated mice (Fig.
1E, left panels).

The onset of clinical symptoms during acute experimental
colitis correlates with decreased matriptase and prostasin
expression

Matriptase and prostasin protein expression during experi-
mental colitis was examined by immunohistochemical staining
of colonic epithelium. In control mice, strong matriptase
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staining was localized to colonic epithelial cells, with expression
levels increasing from colonic crypts toward villous tips (Fig.
2A, 200�). Higher-magnification images show that matriptase
is concentrated at epithelial junctions of the murine colonic villi
(Fig. 2A, 600�, arrow), which is consistent with its observed
expression in polarized human colonic epithelium (29, 40).
Prostasin is similarly expressed most highly at villous tips (Fig.
2B, 200�), but displays a more diffuse and apical location in
villous epithelial cells (Fig. 2B, 600�, arrow), a pattern similar
to its localization in human colonic epithelium and other epi-
thelial tissues (41– 43). After administration of DSS for 5 days,
expression of both matriptase and prostasin in the colonic tis-
sues was dramatically decreased compared with water alone
(Fig. 2). Reduced staining for both matriptase and prostasin was
observed in areas of colonic injury as well as in areas where the
epithelium appeared to remain intact, as visualized by �-tubu-
lin staining. Both matriptase and prostasin were consistently
reduced at the villous tips, with prostasin expression appearing
to be particularly reduced on the apical surface (Fig. 2, A and B,
200�, 600�). Quantitation of staining intensities using image
analysis software showed that matriptase and prostasin protein
expression are significantly decreased by �2-fold and �4-fold,
respectively, in the colonic epithelium of mice exposed to DSS
(Fig. 2C).

Together, these data indicate that the similarity in clinical
symptoms between matriptase-sufficient control mice and St14
hypomorphic mice during the initial response to DSS may be
explained by the down-regulation of matriptase and prostasin
in control mice after treatment with DSS.

Matriptase and prostasin mRNA levels are decreased early in
experimental colitis

To better understand the mechanisms responsible for the
down-regulation of matriptase in colonic epithelium after
exposure to DSS, matriptase and prostasin mRNA levels were
determined by quantitative PCR (qPCR) analysis of colonic epi-
thelial tissues isolated from control mice administered DSS for
either 1.5 or 5 days. The mRNA expression was normalized to
the mRNA of the epithelial cell marker EpCAM to account for
the possible loss of signal because of epithelial cell death by DSS
exposure (Fig. 3, A and B). Both matriptase and prostasin
mRNA levels were significantly decreased as early as 1.5 days
after DSS administration and remained low through 5 days of
DSS treatment, compared with mice treated with water alone
(Fig. 3, A and B). The down-regulation of both protease mRNAs
occurs before the appearance of significant clinical symptoms
(Fig. 1, A–D), consistent with the notion that loss of this path-
way contributes to the pathogenesis of colitis.

St14 gene transcription is down-regulated during
experimental colitis

qPCR of mRNA measures the steady state levels of mRNA
transcripts, which are a combination of gene transcription rates
and post-transcriptional regulatory mechanisms. To determine
whether St14 gene activity is down-regulated in colonic epithe-
lium exposed to DSS, we analyzed promoter-driven gene
expression in vivo utilizing the heterozygous St14 hypomorphic
mouse strain, which harbors an ST14 allele containing a �-ga-
lactosidase gene trap (GT) under the control of the ST14 pro-

Figure 1. Clinical symptoms induced during the initiating phase of murine colitis do not become significant until 5 days of DSS treatment in littermate
control and St14 hypomorph mice. St14 hypomorph (Hypo) mice and littermate control (Ctl) mice were treated with 2% DSS in drinking water or water alone.
A, body weight was monitored daily and expressed relative to day 0, mean � S.D. (n � 4 – 6 per group). B, colon lengths measured in littermate controls and St14
hypomorph mice after sacrifice at the indicated times after DSS treatment (Ctl, n � 7– 8/group; Hypo, n � 4/group). Colon lengths are significantly shorter after
5 days’ DSS treatment compared with mice treated with water alone. **, p � 0.01, unpaired t test. C, spleen weights (expressed as % body weight, mean � S.D.)
are significantly higher after 5 days’ DSS treatment in both groups. *, p � 0.05, Mann-Whitney U test (Ctl, n � 7– 8/group; Hypo, n � 4/group). D, clinical disease
scores mean � S.D. (Ctl, n � 7– 8/group; Hypo, n � 4/group). Both groups do not show significant clinical disease until day 5. ***, p � 0.001, *, p � 0.05,
Mann-Whitney U test. E, representative H&E-stained images of distal colons from St14 hypomorph and littermate control mice at the indicated times of DSS
treatment. The majority of tissue after 1.5 days’ treatment appears normal with some patchy damage (middle panels, 20�, 40�), but extensive damage was
evident at day 5 with immune cell infiltrate and loss of colonic villi. Scale bars: 20� � 200 �m, 40� � 100 �m.
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moter (44, 45). Although these mice express 50 –55% of normal
matriptase levels, their intestinal epithelial barrier function is
normal compared with littermate control mice (30).3 �-galac-
tosidase activity as measured by hydrolysis of X-gal was used
to monitor St14 promoter-driven gene expression. Compar-

ison of X-gal staining of colonic tissues from heterozygous
St14 hypomorphic mice administered DSS for either 1.5 or 5
days, or water alone, shows a dramatic loss in the intensity of
blue staining in the presence of DSS, even in areas where the
intestinal epithelium remains intact (Fig. 3C, 40�). These
data show that mucosal inflammation induced by exposure
to DSS down-regulates matriptase through suppression of the
St14 gene promoter.

3 S. Netzel-Arnett, M. S. Buzza, T. Shea-Donohue, and T. M. Antalis, unpub-
lished data.

Figure 2. Matriptase and prostasin proteins are significantly down-regulated during murine colitis. A and B, representative immunostaining of
distal colon sections from untreated control mice or after 5 days of DSS treatment. Images from different treatment groups were captured at equal
exposure times and are shown at 200� or 600�. In untreated mice both proteases are most highly expressed at villous tips, matriptase concentrates at
epithelial cell junctions (A, water, 600�, arrow), whereas prostasin displays a more diffuse and apical distribution (B, water, 600�, arrow). DSS treatment
causes a reduction in staining intensity for both proteases, with evidence of leukocyte infiltrate (L) in some colonic segments of DSS-treated mice.
�-tubulin staining of similar regions of colonic sections shows the epithelial cells, where matriptase and prostasin expression is reduced. C, quantitation
of signal intensities of matriptase and prostasin in colons sections from untreated or DSS-treated mice (n � 4 – 6 mice/group). Graphs show mean � S.D.
*, p � 0.05, ***, p � 0.001, unpaired t test.
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Th2 cytokines down-regulate the prostasin-matriptase
pathway and are associated with increased epithelial barrier
permeability

The colonic mucosa of UC patients maintains a Th2-like
cytokine pattern (10). To model the effect of Th2 cytokines
implicated in UC on matriptase and prostasin expression and
epithelial permeability, we utilized polarized human colonic
epithelial T84 monolayers, which we have shown previously to
be dependent on matriptase expression for barrier formation
(30). T84 monolayers were cultured on Transwell filters for 6
days until well polarized (transepithelial electrical resistance
(TEER) of �1000 ohms�cm2), and were then treated basolat-
erally with Th2 cytokines (IL-4 and IL-13) or Th1 cytokines
(TNF� and IFN�) for comparison (Fig. 4). Both combina-
tions of Th1 and Th2 cytokines disrupted the epithelial bar-
rier over 5 days, as demonstrated by the decrease in TEER
(Fig. 4A) and by the significant increase in paracellular per-
meability to 4 kDa FITC-dextran (Fig. 4B), consistent with
previous reports (13).

Both matriptase and prostasin protein expression were
substantially decreased by both combinations of cytokine
treatments at day 5 after cytokine treatment (Fig. 4C). IL-13
and IL-4 mediate their activities by binding to a dimeric

receptor, which triggers signaling cascades leading to the
phosphorylation of signal transducer and activation of tran-
scription 6 (STAT6) and downstream gene regulation (46).
The Th2 cytokines induced the activation of STAT6, as indi-
cated by the increased levels of phospho-STAT6 (p-STAT6)
(Fig. 4C). Claudin-2 was also induced by the Th2 cytokines,
which has been correlated previously with loss of matriptase
and/or prostasin in Caco-2 intestinal epithelium and in the
colonic epithelium of St14 hypomorphic mice (29 –31).
Although IL-13 has been reported to induce apoptosis in
human intestinal epithelial HT29 monolayers (8, 47), we did
not detect an increase in the apoptosis markers, cleaved
PARP, or activated caspase-3 after treatment with the Th2
cytokines. In contrast, the Th1 cytokines, which also
decreased matriptase and prostasin protein expression, were
associated with induction of these apoptotic markers (Fig. 4,
C and D), indicating that apoptosis likely contributes to the
Th1 cytokine-induced barrier permeability. These data show
that the induction of T84 barrier permeability by the Th2
cytokines IL-4 and IL-13 is not dependent on cell death but
instead suggest that the increased barrier permeability and
enhanced claudin-2 expression are caused by Th2 cytokine-
induced loss of the matriptase-prostasin barrier-protective
pathway.

Figure 3. Matriptase and prostasin mRNA are down-regulated early dur-
ing the initiating phase of murine colitis. A and B, qPCR analysis of mRNA
isolated from control mice after treatment with 2% DSS for 1.5 or 5 days for
matriptase (A) and prostasin (B). Signals were first normalized to GAPDH to
account for cDNA content, and then normalized to the epithelial marker
EpCAM. mRNA for both proteases is significantly down-regulated at both 1.5
days and 5 days of DSS treatment (n � 6 – 8 mice/group). Graphs show indi-
vidual mice in each treatment group, and mean � S.D. *, p � 0.05, **, p � 0.01,
unpaired t test. C, X-gal staining (blue) of proximal colons from littermate
control mice treated with water alone compared with DSS-treated mice. Rep-
resentative images from 6 – 8 mice/group. Scale bars: 4� � 1000 �m, 10� �
400 �m, 40� � 100 �m.

Figure 4. Cytokines that are implicated in UC down-regulate matriptase
and prostasin during disruption of polarized T84 epithelial barriers. T84
cells were plated onto Transwell filters and allowed to develop barrier func-
tion for 6 days as assessed by TEER, and were then treated basolaterally with
10 ng/ml of the indicated cytokines for 5 days (arrow below A). A, addition of
both combinations of cytokines decreased TEER over time, mean � S.E. from
triplicate wells. Data are representative of two experiments. B, measurement
of the paracellular permeability of T84 monolayers to 4 kDa FITC-dextran
assessed after 5 days of cytokine treatment (day 11 in A), shows a significant
disruption of epithelial barrier function by both combinations of cytokines,
mean � S.E. from quadruplicate wells. ***, p � 0.001, unpaired t test. C and D,
immunoblot analysis of whole cell lysates prepared on day 5 of cytokine treat-
ment (day 11 in A) probed with the indicated antibodies. Data show
decreased matriptase and prostasin expression, elevated claudin-2, in-
creased STAT6 activation (p-STAT6, phospho-STAT6) induced by IL-4 and
IL-13, and increased apoptosis induced by TNF� and IFN�. Data are represen-
tative of two independent experiments.
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Time-dependent down-regulation of matriptase and prostasin
in human colonic T84 epithelium during Th2-mediated barrier
disruption

To gain insight into the time-dependent regulation of
matriptase and prostasin expression relative to the loss of bar-
rier function, a time course analysis of barrier disruption by the
Th2 cytokines in T84 monolayers was performed (Fig. 5). TEER
measurements showed that barrier disruption is clearly appar-
ent at �6 h after the addition of cytokines (Fig. 5A) and is
associated with an increase in claudin-2 protein expression
through 72 h (Fig. 5B). Matriptase and prostasin protein levels
start to decrease at the 24 h time point, and whereas matriptase
remains low through 72 h, prostasin levels are decreased at 48 h
and recover by 72 h (Fig. 5B).

The decrease in matriptase and prostasin also occurs at the
mRNA level, with loss of both mRNAs beginning around 6 h
after cytokine addition (Fig. 5C), correlating with barrier dis-
ruption and increased claudin-2 mRNA expression at the same
time point. Matriptase mRNA remains suppressed over the
course of the experiment through 72 h, matching its protein
expression (Fig. 5, B and C), whereas prostasin mRNA expres-
sion begins to return after 24 h, and returns to normal levels by
72 h. These data suggest that the mRNA levels of these pro-
teases are differentially regulated by Th2 cytokines.

Claudin-2 mRNA is rapidly induced in response to Th2 cyto-
kine treatment (Fig. 5C), consistent with published reports (17).
By 48 h the induced claudin-2 mRNA expression has returned
to close to initial levels, yet the claudin-2 protein levels remain
high through 72 h. (Fig. 5B). The loss of matriptase protein and
the increased claudin-2 protein levels at 48 –72 h is likely

because of the promotion of claudin-2 turnover by matriptase,
as we have reported previously (29). These data suggest that
Th2 cytokines initiate a barrier-disruptive pathway that in-
volves coordinated dysregulation of both claudin-2 and the
matriptase-prostasin pathway.

Th2 cytokine-induced down-regulation of matriptase is
rescued by the STAT6 inhibitor SAHA

Together these data suggest that Th2 cytokines induce
the down-regulation of matriptase though a mechanism that
involves activation of STAT6 (Fig. 4C), which contributes to
epithelial barrier disruption. SAHA (suberoylanilide hydro-
xamic acid) is a histone deacetylase (HDAC) inhibitor that pre-
vents the phosphorylation and activation of STAT6 by IL-4 and
IL-13 (47). We found that the addition of SAHA inhibited the
Th2 cytokine-induced loss of TEER at 6 and 24 h, and the up-
regulation of claudin-2 mRNA and protein (Fig. 6, A and B).
SAHA also prevented the down-regulation of matriptase
mRNA levels by the Th2 cytokines at 24 h, and the down-reg-
ulation of prostasin mRNA at 6 h (Fig. 6A). Immunoblot anal-
ysis confirmed the decrease in Th2 cytokine-mediated phos-
phorylation of STAT6 in the presence of SAHA (Fig. 6B). The
decrease in matriptase protein expression after 24 h of Th2
cytokine treatment is also rescued when cells are exposed to
SAHA (Fig. 6B). Similar results were observed when STAT6
was knocked down by siRNA silencing (supplemental Fig. S1).
Together these data suggest that matriptase and prostasin
down-regulation in colonic epithelium is regulated by Th2-me-
diated STAT6 activation and signaling.

Figure 5. IL-4/IL-13 induce time-dependent down-regulation of matriptase and prostasin. T84 monolayers were allowed to develop barrier function for 10 days,
at which time they were treated basolaterally with 10 ng/ml IL-4 and IL-13 (arrow) for 5 days. A, measurement of TEER shows that cytokine-induced TEER loss begins
at �6 h of treatment (inset). Graphs show mean � S.E. from triplicate wells. Data are representative of two experiments. B, immunoblot analysis of whole cell lysates
prepared at the indicated times after cytokine addition show both matriptase and prostasin protein levels start to decrease after 24 h of treatment. Matriptase
expression remains suppressed over 72 h, whereas prostasin expression returns at 72 h. C, qPCR analysis of matriptase, prostasin, and claudin-2 mRNA expression in
IL-4/IL-13 treated T84 monolayers compared with untreated monolayers. Signals were normalized to GAPDH and expressed relative to untreated at 3 h. Matriptase
mRNA is significantly lower after 24 h of treatment (p � 0.001) and remains suppressed over 72 h, whereas prostasin mRNA is significantly lost by 6 h (p � 0.05) but
begins to return at 24 h (n.s). Data are representative of two independent experiments, from triplicate wells each.
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The matriptase-prostasin proteolytic axis is down-regulated in
human IBD colonic tissues

Mucosal inflammation during UC is associated with elevated
Th2 cytokines (9, 19, 20). To determine whether the matrip-
tase-prostasin pathway is altered during human colitis, a cDNA
microarray of human colonic tissues from normal, ulcerative
colitis and Crohn’s disease patients was analyzed for prostasin
and matriptase expression. The mRNA signals were normal-
ized to the epithelial cell marker EpCAM, in consideration of
the variation in epithelial cell content of individual tissue sam-
ples. We found that matriptase and prostasin mRNA levels are
significantly reduced in colonic tissues from patients with both
UC and CD (Fig. 7), consistent with the loss of this barrier-
protective protease pathway in the dysregulation of barrier
function during human IBD.

Discussion

The prostasin-matriptase axis plays a key role in the regulation
and maintenance of epithelial barrier function (28, 31, 48, 49).
Here, we show that the coordinate down-regulation of matriptase

and prostasin by cytokines produced during inflammatory colitis
likely contributes to the increased permeability associated with
cytokine-mediated intestinal epithelial barrier dysfunction during
colitis. Down-regulation of these proteases occurs early in the ini-
tiating phase of inflammatory experimental colitis in mice, prior to
the appearance of clinical symptoms, suggesting that the loss of
this protease axis plays a key role in disease susceptibility.

The dramatic and early loss of matriptase and prostasin
mRNA in murine colonic tissue during DSS-induced colitis
suggests that even low levels of inflammation can cause the loss
of this barrier-protective pathway, therefore perpetuating dis-
ease progression. The early mRNA down-regulation also indi-
cated that that this protease pathway may be directly regulated
by inflammation, which was confirmed using the St14 �-galac-
tosidase reporter mice, which showed a clear loss of matriptase
gene transcription during inflammatory colitis. Our in vitro
studies using polarized human T84 epithelial cells confirmed
that Th2 inflammatory cytokines induce the down-regulation
of matriptase and prostasin protein as well as mRNA ex-
pression. Interestingly cytokine-induced down-regulation of

Figure 6. The STAT6 inhibitor SAHA prevents the loss of barrier function and down-regulation of matriptase and prostasin mRNA induced by
IL-4/IL-13. Polarized T84 monolayers on Transwell filters were treated basolaterally with 10 ng/ml each IL-4 and IL-13 with or without pretreatment with 5 �M

SAHA for 1 h. A, analysis of TEER and matriptase, prostasin, and claudin-2 mRNA expression at 6 and 24 h after cytokine addition. Both TEER and matriptase
mRNA expression are significantly decreased by 24 h of treatment with IL-4/IL-13 (p � 0.05), which is abrogated in the presence of SAHA. The significant loss
of prostasin mRNA that occurs at 6 h in the presence of IL-4/IL-13 (p � 0.001) is also inhibited by SAHA. Signals are normalized to 18S rRNA because we found
GAPDH mRNA to be regulated by SAHA. Data are representative of three independent experiments. Mean � S.E. B, immunoblots of whole cell lysates at 24 h
(top) and densitometry analysis of matriptase protein expression (bottom). The data show a decrease in IL-4/IL-13 induced STAT6 phosphorylation, the
prevention of loss of matriptase protein, and the failure to upregulate claudin-2 in the presence of cytokines by SAHA. The bottom panel shows a significant loss
of matriptase protein that is recovered in the presence of SAHA as quantified by densitometry. Matriptase protein expression is expressed relative to vehicle-
treated cells after normalizing to �-tubulin at 24 h of treatment. Graph shows mean � S.E. from three independent experiments. **, p � 0.01, unpaired t test.
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matriptase and prostasin was dependent on the formation of a
polarized T84 epithelial barrier, which is achieved by plating
the epithelial cells on Transwell filters and allowing differenti-
ation with TEER development, wherein they resemble colonic
epithelium. Even so, the induced protease mRNA loss did not
appear as dramatic in vitro as observed in vivo, which may
reflect a more complex milieu of cytokines induced during coli-
tis. Th1 cytokines also induced the loss of matriptase and pros-
tasin protein in vitro, which is consistent with studies by others

showing that matriptase loss in psoriatic skin lesions is regu-
lated by TNF� via an IKK2/NF�� signaling pathway (50).

To date, there has not been a thorough examination of either
the matriptase or prostasin promoter to identify elements that
may regulate their expression. Our data suggest that Th2-in-
duced matriptase down-regulation occurs at the gene expres-
sion level through the activity of STAT6. It is possible that
matriptase gene expression is suppressed indirectly after Th2
cytokine-induced STAT6 activation, because STAT6 can both
induce direct gene transcription and indirectly negatively reg-
ulate gene expression presumably via the induction of tran-
scriptional repressors (51). Our previous studies showed that
prostasin functions upstream of matriptase to stimulate intes-
tinal epithelial barrier formation (31). An interesting finding
from this study is that although they are down-regulated, they
do not follow the same pattern. Matriptase expression remains
suppressed in the presence of Th2 cytokines, however prostasin
mRNA and protein loss appears more transient. This re-ex-
pression of prostasin may represent a feedback loop where the
increase in prostasin serves to activate matriptase in an attempt
to reform the epithelial barrier.

It is also possible that post-translational regulation could
contribute to protease down-regulation, because the loss of
protein expression occurs after barrier disruption in the in vitro
model. In T84 and Caco-2 monolayers, we have found that
matriptase and prostasin protein levels correlate with barrier
tightness, which is not reflected in a corresponding increase in
mRNA levels (29, 31),4 and intact cell junctions are required for
matriptase expression at epithelial adherens junctions (52). It is
possible that cytokine-induced alteration of adherens junctions
could stimulate matriptase endocytosis and degradation via
mechanisms similar to other junctional proteins such as E-cad-
herin with which matriptase is co-localized (29, 53, 54).

The in vitro studies using T84 monolayers demonstrate that
the Th2 cytokines IL-13 and IL-4, whose activity is associated
with elevated claudin-2 expression, induce the down-regula-
tion of matriptase and prostasin through activation of STAT6.
Epithelial STAT6 phosphorylation is elevated in patients with
UC (47), and inhibition of STAT6 expression or activation is
sufficient to prevent IL-13-induced epithelial barrier disrup-
tion, and to ameliorate the severity of colitis in murine models
(17, 47, 55–57).

Cell surface claudin-2 inserts into epithelial tight junctions to
form paracellular pores that mediate the transport of sodium,
potassium, and water via a leak flux mechanism, contributing to
diarrhea in IBD (58 – 60). Our data suggest that in addition to
the regulation of claudin composition at the tight junctions,
Th2 cytokines initiate a coordinate program that also leads to
the loss of the matriptase-prostasin pathway which not only
mediates the post-translational turnover of claudin-2, but also
causes increased macromolecular permeability in intestinal
epithelium through mechanisms that are as yet unclear. Phar-
macological inhibition of STAT6 with SAHA restores protease
expression and reverses cytokine-induced barrier dysfunction
including the induced expression of claudin-2. These data sug-

4 M. S. Buzza and T. M. Antalis, unpublished data.

Figure 7. Matriptase and prostasin are significantly decreased in colonic
epithelium of human IBD patients. A and B, the TissueScan Crohn’s and
Colitis Tissue qPCR Panel II was analyzed for matriptase (A) and prostasin (B)
expression by qPCR. Signals were normalized to �-actin mRNA and then nor-
malized to EpCAM mRNA to account for variation in epithelial content of
individual samples. Graphs show mean � S.D. *, p � 0.05, unpaired t test.
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gest that preventing the loss of the matriptase-prostasin axis in
IBD using HDAC inhibitors may represent a viable treatment
strategy for uncontrolled disease. HDAC inhibitors such as
SAHA (also known as vorinostat) are under investigation for
the treatment of other inflammatory conditions and malignan-
cies and have been FDA approved for treatment of T-cell lym-
phoma (61, 62). Their successful use in several murine colitis
models suggests they may offer a potential therapeutic benefit
for IBD patients (63).

The regulation of intestinal permeability is a delicate balance,
because the intestinal epithelial barrier regulates the paracellu-
lar transport of water, ions, and nutrients while providing a
barrier to microbial translocation. Our data demonstrate that
inflammatory cytokines disrupt barrier function, mediated in
part by down-regulation of epithelial matriptase and prostasin
that, in turn, propagates an inflammatory cycle and enhances
the severity of colitis. The loss of gene expression occurs before the
onset of clinical symptoms which may promote disease initiation.
Thus, targeting the enhancement of the prostasin-matriptase axis,
or preventing its loss, may be therapeutically effective, particularly
in inhibiting the reactivation of quiescent IBD.

Experimental procedures

DSS-induced experimental colitis in mice

These studies utilized the St14 hypomorphic mouse strain
(provided by T. Bugge, NIH) and their littermate controls
which have been described previously (44, 64). St14 hypomor-
phic mice possess one St14 null allele and one allelle in which a
�-galactosidase reporter has been inserted into the matriptase
locus (GT allele). This allele still undergoes a low level of full-
length matriptase transcription, so that the mice express 1–5%
of normal matriptase levels. Littermate control mice contain
one wild-type matriptase allele and either a GT allele or a null
allele, and were used for the majority of the studies. These mice
express 50 –55% of normal matriptase levels and show no dif-
ference in susceptibility to DSS-induced colitis compared with
wild-type C57BL/6J mice (30). To induce inflammatory colitis,
adult mice (8 –12 weeks old, male and female) were adminis-
tered 2% (w/v) DSS (molecular weight of 36,000 –50,000) (MP
Biomedicals, lot number, M5975) in drinking water for 1.5 or 5
days or were given water only. Mice were weighed daily and a
clinical disease score on (a scale of 1–5) was quantified based on
the sum of weight loss, stool consistency, and fecal occult blood
(guaiac test, Sure-Vue, Thermo Fisher). All mice were bred and
housed in the University of Maryland Baltimore animal facility, so
that they were expected to have the same level of environmental
exposure to microbes. Animal care and experimental procedures
were approved by the University of Maryland School of Medicine
Institutional Animal Care and Use Committee (IACUC).

Tissue analysis

Gastrointestinal tracts from mice treated with water alone or
after 1.5 or 5 days’ treatment with DSS were removed and colon
lengths (anus to cecum) documented. Spleen weights were
recorded as an indicator of inflammation. 1-cm colon segments
were dissected and identical tissue segments from each mouse
were compared for molecular analyses. Tissues were either (a)
fixed in 4% paraformaldehyde (PFA; distal colon), paraffin

embedded, cut into 5-�m sections, and sections stained with
H&E or used for immunohistochemical staining for matriptase
and prostasin; (b) frozen in OCT after preparation using the “Swiss
roll” technique (65) (proximal colon) and used for X-gal staining as
described below; or (c) snap frozen for preparation of RNA for
qPCR analyses (distal colon). Immune infiltration was quantified
based on a combined score of inflammatory cell infiltrate (range
0–4) and extent of inflammatory cell infiltrate (range 0–3) along
the length of each H&E-stained tissue segment as in Ref.30.

Immunohistochemical detection of matriptase and prostasin
expression

Heat-induced antigen retrieval in 10 mM citrate buffer was
performed on colonic tissue sections fixed in 4% PFA. Sections
were stained with 0.5 �g/ml sheep anti-matriptase antibody
(R&D Systems), and detected using anti-sheep DyLight594 sec-
ondary antibody (Thermo Fisher). The specificity of matriptase
staining was validated using St14 hypomorph colonic sections
which showed substantially reduced staining intensity com-
pared with control mice (data not shown), and as observed by
others using St14 ablated tissues (40). Prostasin was detected
using mouse anti-prostasin antibody (0.5 �g/ml) (BD Biosci-
ences) and visualized with goat anti-mouse Alexa Fluor 488
secondary antibody (Life Technologies) after blocking using the
Vectastain M.O.M. kit (Vector Laboratories). Colonic cells
were visualized using �-tubulin, using rabbit anti-�-tubulin
antibody (2 �g/ml) (Santa Cruz Biotechnology), detected
with goat anti-rabbit Alexa Fluor 647 secondary antibody
(Life Technologies). Nuclei were counterstained using
DAPI. For quantitation, images of protease staining were
captured from two or three 20� fields per colon (depending
on section size) using Volocity Image Analysis Software,
with equal exposure time set for all samples for each anti-
body. Signal intensities (average pixels/field) were deter-
mined using ImageJ analysis software from at least 2 � 300
�m2 areas for each 20� field, setting an identical threshold
for all samples for each antibody. The average pixels/field for
the water alone control compared with DSS-treated colonic
tissues was calculated, and levels expressed relative to the
average control signals.

X-gal staining of frozen colonic tissue sections

Frozen sections were stained with X-gal using a �-galactosid-
ase staining kit (Mirus Bio), according to manufacturer’s
instructions. Briefly, sections were fixed then incubated with
X-gal solution at 37 °C for 16 h in a humidified chamber. After
color development, sections were counterstained using nuclear
fast red. Images were captured using an EVOS FL Auto micro-
scope (Life Technologies) at the indicated magnifications.

Cell culture, cytokine treatment, and measurement of
monolayer permeability

T84 cells were cultured and plated as described previously
(30). For barrier development, cells were plated on 1.12-cm2

Transwell filters (Costar) at 3 � 105 cells/well and allowed to
become confluent and polarize over 7–10 days. Barrier function
was assessed daily through the measurement of TEER using an
EVOM voltohmmeter with chopstick probes as described (29).
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Cytokine treatments were performed after cultures had
reached a TEER of �1000 ohms�cm2. Recombinant human
TNF�, IFN�, IL-4, or IL-13 (Peprotech) (10 ng/ml each) was
added to the basolateral chamber, and cytokine containing
media replaced daily. In some experiments cultures were pre-
treated with 5 �M SAHA or DMSO vehicle for 1 h prior to the
addition of cytokines. Assessment of paracellular permeability
to macromolecules was performed using 4 kDa FITC-conju-
gated dextran, and the apparent monolayer permeability calcu-
lated as described (29).

Cell lysis and immunoblotting

T84 monolayers were lysed in LDS sample buffer (Life Tech-
nologies) containing reducing agent, and after homogenization,
equal volumes of lysate were resolved by SDS-PAGE, and
immunoblotted as described (29). Equivalent protein loading
per lane is demonstrated by immunoblotting for GAPDH or
�-tubulin as indicated. Membranes were sequentially probed
with the following antibodies: rabbit anti-matriptase (IM1014,
Calbiochem), mouse anti-prostasin (612172, BD Biosciences),
rabbit anti-claudin-2 (51– 6100, Invitrogen), rabbit anti-clau-
din-1 (71–7800, Invitrogen), rabbit anti-phospho-STAT6 (Tyr-
641, 9361), rabbit anti-STAT6 (5397), rabbit anti-cleaved PARP
(Asp-241, 9541), rabbit anti-caspase-3 (9662), rabbit anti-
cleaved caspase-3 (Asp-175, 9661), or rabbit anti-GAPDH
(2118) from Cell Signaling Technology.

RNA isolation

RNA was isolated at the indicated time points from T84 cells
cultures on Transwell filters or frozen murine tissues using
RNeasy mini kits (Qiagen).

Human colitis real-time tissue array

The human cDNA TissueScan Crohn’s and Colitis Tissue
qPCR Panel II (CCRT302; Origene) contained cDNA from 4
normal human colonic tissues, and colonic tissues from 21
UC and 5 CD patients. qPCR was performed as described
below. Data were initially normalized to �-actin expression
for cDNA content, and then normalized to the epithelial
maker EpCAM (epithelial cell adhesion molecule) to control
for epithelial cell content, because matriptase and prostasin
are almost exclusively expressed in the intestinal epithelial
cells (45, 66).

Quantitative PCR analysis

Reverse transcription and qPCR were performed using Taq-
Man Reverse Transcription and PCR Reagents (Life Technolo-
gies). The predesigned TaqMan primers used were human
ST14 (Hs00222707_m1); murine St14 (Mm00487858_m1),
human PRSS8 (prostasin, Hs00173606_m1); murine Prss8
(Prostasin, Mm00504792_m1), and murine Epcam (Mm00493214_
m1). Data were normalized to human GAPDH (Hs99999905_
m1), murine Gapdh (Mm99999915_g1), or human 18S rRNA
(Hs99999901_s1) as indicated. Relative gene expression was
calculated using the 2	

CT method (67).

Statistical analysis

Data are expressed as means � S.E. or S.D., as indicated, and
are representative of at least two independent experiments. Sta-

tistical analyses were performed using the two-tailed unpaired t
test, or the two-tailed Mann-Whitney U test, as indicated. A
threshold of p � 0.05 was considered significant.
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