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Introduction
The epithelium of the gastrointestinal mucosa pro-
vides a barrier against potentially injurious luminal
agents, including acid, enzymes, bacteria, and toxins.
Disruption of this barrier is the salient feature of a vari-
ety of common and important gastrointestinal disor-
ders, including inflammatory bowel disease (IBD) and
peptic ulcers (1, 2). Several general and specific protec-
tive factors are thought to contribute to maintenance
of barrier function. Goblet cells are abundant con-
stituents of the surface epithelium within the small
and large intestine that have long been thought to play
an important role in mucosal protection (3–5). How-
ever, direct assessment of their function has been gen-
erally lacking to date.

Past studies have demonstrated that targeted dis-
ruption of a specific cell lineage can be a useful
method for evaluating its function. In these approach-
es, a toxin gene driven by a tissue-specific promoter is
used to achieve the genetic ablation of a particular cell
lineage. Targeted expression of γ2-crystallin promoter
fused to diphtheria toxin (DT) A-chain gene (DT-A)
caused microphthalmia in experimental transgenic
mice (6). Similar targeted expression of the elastase I
promoter fused to DT-A caused aplasia of the pancreas
(7) in transgenic mice. 

Within the gastrointestinal tract, targeted ablation of
the parietal cell lineage of the stomach (8) and the
Paneth’s cell lineage of the small intestine (9) have been

achieved in transgenic murine models in which the
expression of the DT-A gene is driven by the H+/K+-
ATPase and cryptdin-2 promoters, respectively. In addi-
tion to these gastrointestinal tract–specific promoters,
fatty acid binding protein promoter is known to lead
to expression of the DT-A gene within the small intes-
tine (10, 11). However, none of these promoters causes
expression in goblet cells.

We previously reported the selective expression of
intestinal trefoil factor (ITF) in goblet cells throughout
the small and large intestine, and the ability of such
expression to both protect intestinal mucosa from
injury and to facilitate repair after injury (12–15). Sub-
sequently, the goblet cell–specific transcriptional mech-
anism was partially clarified, and 6.35 kb of the 5′ flank-
ing region of the ITF gene was found to be sufficient to
promote goblet cell–specific expression (16, 17).

To assess the functional role of goblet cells in the
intestine, we generated transgenic mice expressing
attenuated DT gene driven by the ITF promoter. The
highly selective targeted expression driven by the ITF
promoter enabled targeted ablation of goblet cells,
making possible functional assessment of diminished
goblet cell populations.

Methods
Preparation of mITF promoter. To obtain a sufficiently
large segment of 5′ flanking promoter region to con-
fer goblet cell–specific expression of the transgene, a
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10-kb BamHI DNA fragment including 6,353 bp of 5′
flanking region of mouse ITF (mITF) gene was pre-
pared from a mouse (129/SvJ) genomic bacterial arti-
ficial chromosome library (Genome Systems Inc., St.
Louis, Missouri, USA) and subcloned into a pBlue-
script II KS+ phagemid vector (Stratagene, La Jolla,
California, USA) (17). Because no appropriate restric-
tion sites were present near the start codon of the
mITF gene, a DNA fragment spanning nucleotides
–6,353 to +24 of the mITF 5′ flanking region was made
by the long and accurate PCR (LA-PCR) technology
using LA Taq DNA polymerase (Takara Shuzo Co.,
Otsu, Japan) and a subcloned 10–kb fragment as a
template. Primers used were as follows: T3(+)X: 5′-
AGCTTGATAACGCGTTCCTGCAGCCCGGGGA-
ATCC-3′ and 5′(-)X: 5′-AGCTTCAGGATCCCTGCAC-
AGGATGTGCAAGGTCA-3′ . Both primers contain
the XhoI restriction site at the 5′ end.

Construction of transgene and generation of β-galactosidase
ITF transgenic mice. The β-galactosidase gene was obtained
from pSV-β-galactosidase vector (Promega Corp., Madi-
son, Wisconsin, USA) by digestion with BamHI and
HindIII. The resulting 3.7 kb of β-galactosidase gene was
inserted into the BamHI and HindIII sites of pBluescript
II KS(+). The 6.3 kb of XhoI-digested 5′ end of the mITF
promoter was then inserted into XhoI sites of pBluescript
II KS(+) containing the β-galactosidase gene. The result-
ing plasmid was digested with BamHI, yielding a 10-kb
DNA fragment consisting of the 6.35-kb mITF promot-
er followed by the β-galactosidase gene (3.7 kb). This frag-
ment was gel purified, dialyzed, and injected into the
mouse oocytes. The resulting offspring were screened
both by Southern blotting (using the above β-galactosi-
dase fragment as a probe) and by PCR using the follow-
ing primers directed at the inserted β-galactosidase gene:
sense: 5′-CCTGAGGCCGATACTGTCGTC-3′; antisense:
5′-CCAGATAACTGCCGTCACTCC-3′. PCR was per-
formed according to the manufactur-
er’s guidelines (Promega Corp.) using
0.5 µL of Taq DNA polymerase
(Promega Corp.) in a 50-µL reaction
containing 1.5 mM MgCl2, 0.2 mM
dNTP, 0.8 µM of each primer, and
approximately 1 µg of extracted tail
DNA. PCR conditions included an ini-
tial 10 minutes at 95°C followed by 36
cycles each of 95°C for 1 minute, 58°C
for 1 minute, 72°C for 1 minute, and a
final 8-minute extension period.

Construction of transgene and generation of mITF/DT-A
transgenic mice. The 6.35-kb mITF 5′ flanking sequence
digested with XhoI (as described above) was subcloned
into the XhoI site of a pBluescript II KS+ phagemid
containing 700 bp of attenuated mutant-type DT-A
fragment followed by a polyadenylation signal
between NotI and HindIII sites (6–9, 18, 19). This 700-
bp DT-A fragment was excised with NotI and HindIII
from pGlyCAM/DT-A (G128A) plasmid (6, 7, 20; our
unpublished data). The subcloned DNA construct
comprising nucleotides –6,353 to +24 of the mITF gene
promoter linked to the DT-A fragment was trans-
formed into competent Escherichia coli DH5α cells
(CLONTECH Laboratories Inc., Palo Alto, California,
USA). The subcloned DNA construct was subjected to
restriction mapping and sequencing of the insertion
junctions to confirm the correct orientation and pre-
servation of the start codon.

To remove the vector sequence, a 7.1-kb DNA frag-
ment comprising mITF promoter linked to DT-A
cDNA was released by digestion with BamHI (mITF
promoter 5′ end) and NotI (DT-A cDNA 3′ end) using
standard techniques. The linearized DNA fragment
was purified by agarose gel electrophoresis followed by
extraction using QIAquick Gel Extraction Kits (QIA-
GEN Inc., Santa Clarita, California, USA). After dialy-
sis against injection buffer (5 mM Tris [pH 7.4], 5 mM
NaCl, and 0.1 mM EDTA [pH 8.0]), the DNA was used
for pronuclear injection of 129/SvJ mouse oocytes that
were transferred to pseudopregnant mice using stan-
dard techniques (21). Four-week-old live-born mice
were screened for the presence of the DT-A transgene by
Southern blot analysis using tail DNA. Briefly, after
digestion of approximately 1 cm of cut tail with 0.5
mg/mL of proteinase K in digestion buffer (10 mM Tris
[pH 7.6], 100 mM NaCl, 10 mM EDTA, and 0.5% SDS)
overnight at 55°C, the DNA was purified by conven-
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Figure 1
Goblet cell–specific expression of β-galactosidase
by ITF promoter in transgenic mice. Transgenic
mice were produced by injection of a construct
composed of 6.35 kb of 5′ end of mITF ligated to
β-galactosidase. Tissues were fixed and stained
using Lac-Z to locate expression of β-galactosi-
dase, as detailed in Methods. Counterstaining was
done with eosin Y. (a) Small intestine. (b) Colon.



tional phenol/chloroform extraction and ethanol pre-
cipitation techniques (22). Subsequently, the DNA was
subjected to 1% agarose gel electrophoresis followed by
blotting onto nylon membranes (Micron Seperations
Inc., Westboro, Massachusetts, USA). The membrane
was probed with a 32P-labeled probe — either a 700-bp
fragment of DT-A, an 800-bp fragment of 5′-end mITF,
or human GAPDH cDNA (CLONTECH Laboratories
Inc.) — by random priming, and then exposed at –80°C
overnight. Copy number of the transgene was deter-
mined by the density ratio of mITF 5′ end to GAPDH in
DNA from transgenic mice compared to the ratio of
mITF 5′ to GADPH in DT-A–negative littermates.

Ten mice expressing the DT-A transgene were success-
fully obtained from 24 live-born mice and then bred. All
pedigrees were maintained by crosses to nontransgenic
129/SvJ littermates. Mice were kept on a standard chow
diet ad libitum in a specific pathogen–free environment.

Histologic examination. Various tissues from β-galac-
tosidase transgene and DT-A transgene–positive and
–negative mice were used for histologic examination,
immediately after death or sacrifice by cervical dislo-
cation. Samples from stomach, duodenum, jejunum,
ileum, and proximal and distal portions of colon were
fixed in 10% buffered formalin overnight followed by
dehydration in 70% ethanol and embedding in paraf-
fin wax. Serial sections 4 µm thick were deparaffinized,
rehydrated, and stained with hematoxylin and eosin
for routine histology, or with Alcian blue and period-
ic acid–Schiff (AB-PAS) to locate goblet cells as des-
cribed previously (23, 24). The ratio of goblet cells to
total epithelial cells was obtained by counting AB-
PAS–positive cells and total epithelial cells in 10 high-
power fields of well-oriented longitudinal sections
under light microscopy. The results are shown as the
mean ± SD from 3 mice.

Lac-Z staining. After sacrifice of mice, tissues from β-
galactosidase–ITF and control mice were removed and
rinsed in cold 1×PBS (pH 7.4) with 2 mM MgCl2. Tissues
were fixed for 20 minutes at 23°C in a solution contain-
ing 1% formaldehyde, 0.2% glutaraldehyde, 2 mM
MgCl2, 5 mM EGTA, and 0.02% NP-40 (Roche Molecu-
lar Biochemicals Inc., Indianapolis, Indiana, USA), fol-
lowed by overnight staining at 37°C in a solution con-
taining 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 2 mM
MgCl2, 0.1% sodium deoxycholate, 0.02% NP-40, and 1
mg/mL X-galactosidase (5-bromo-4-chloro-3-indolyl-—
D-galactoside; Promega Corp.) made up in 1× PBS (free
of Mg2 and Ca2). Tissue samples were rinsed in PBS and
postfixed in 2% paraformaldehyde with 0.1% glutaralde-
hyde for 1 hour, then dehydrated in xylene and embed-
ded in paraffin. Sections of 5–10 µm were stained with
hematoxylin and eosin Y or eosin Y alone, per standard
protocols. (Unless otherwise noted, all reagents were pur-
chased from Sigma-Aldrich, St. Louis, Missouri, USA.)

RNA blot analysis. Eight-week-old mice (both DT-A trans-
gene–positive and –negative) were sacrificed by cervical
dislocation. Total cellular RNA from various tissues was
extracted with Trizol (Life Technologies Inc., Gaithers-

burg, Maryland, USA) according to the manufacturer’s
protocol. Thirty micrograms each of total RNA from var-
ious tissues was denatured with formamide, fractionated
by electrophoresis on a 1% formaldehyde agarose gel, and
transferred onto nylon membranes (Micron Seperations
Inc.). Hybridization was performed under high-strin-
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Figure 2
Expression of (a) DT-A, native endogenous trefoil peptides, and (b)
the MUC2 and MUC3 genes in gastrointestinal tissues of mITF/DT-A
transgenic mice and normal control mice. Northern blot analysis
using 30 µg of total RNA from various tissues of both DT-A trans-
gene–positive and –negative mice was performed as detailed in Meth-
ods; blots were hybridized under high-stringency conditions with 32P-
labeled probes made by the random-primed DNA labeling method.
The membranes were exposed at –80°C overnight (ITF and GAPDH)
or for 3 days (DT-A, MUC2, and MUC3). DT mRNA was detected
strongly in the colon, weakly in the jejunum and ileum, and faintly in
the duodenum, but not at all in stomach or kidney of mITF/DT-A
transgenic mice, in a manner parallel to that of the ITF gene. Arrow
indicates predominant DT transcript. No DT-A mRNA was detected
in tissues of normal control mice.



gency conditions using 32P-labeled probes made by the
random-primed DNA labeling method. The probes used
were DT-A fragment, rITF cDNA (12), PCR products of
rpS2 and rSP cDNA (24), and GAPDH (CLONTECH Lab-
oratories Inc.). Rat MUC2 and mouse MUC3 probes cor-
responding to nucleotide positions 440–657 and
1,062–1,399 respectively were also prepared by PCR (25,
26). The membranes were exposed at –80°C overnight
(ITF, pS2, and GAPDH), for 2 days (rSP), or for 3 days (DT-
A, MUC2, and MUC3), and signal intensities of trefoil pep-
tides and MUCs were compared with that of GAPDH by
scanning densitometry.

Western blotting for ITF and mucin. The entire colon and
the distal 6 cm of the small bowel were removed, rinsed
in ice-cold 1× PBS, and suspended ice-cold lysis buffer
(600 µL/100 mg tissue) containing 1× PBS, 1% NP-40,

0.5% sodium deoxycholate, 0.1% SDS, 0.7 mM EDTA,
and Roche Molecular Biochemicals complete Mini pro-
tease inhibitor cocktail tablets. Samples were homoge-
nized for 30 seconds using a Polytron tissue homoge-
nizer (Brinkmann Instruments Inc., Westbury, New
York, USA), and then subjected to centrifugation at
16,000 g for 20 minutes at 4°C. Protein concentration
was determined using the DC protein assay kit (Bio-
Rad Laboratories Inc., Hercules, California, USA).

Immunoprecipitation was performed on approxi-
mately 200 µg of protein using a rabbit polyclonal anti-
body to ITF peptide (HM 88) (27). Thirty-five micro-
liters of a solution of 20% protein A–Sepharose
(Amersham Pharmacia Biotech, Piscataway, New Jersey,
USA) was added and the incubation continued for 8
hours at 4°C. After centrifugation at 16,000 g for 2 min-

utes, the samples were heated in loading
buffer for 2 minutes at 85°C, and then
loaded onto a 10–20% tricine gel (Novex,
San Diego, California, USA) and trans-
ferred onto PVDF membrane (Millipore
Corp., Bedford, Massachusetts, USA).
Blots were blocked for 1 hour at 23°C in a
blocking solution containing 5% dry milk,
0.1% BSA, and 0.05% Tween-20 in 1× PBS,
and then incubated with the rabbit poly-
clonal antibody to ITF at 1:500 in the
above blocking solution. The blots were
then washed in 1× PBS and 0.05% Tween-
20 (3 washes of 20 minutes each) and incu-
bated with horseradish peroxidase–linked
donkey anti-rabbit antibody (Amersham
Life Sciences, Arlington Heights, Illinois,
USA) at 1:10,000 in the same blocking
solution for 60 minutes at 23°C. Antibody
detection was carried out using Renais-
sance chemiluminescent reagents (NEN
Life Science Products Inc., Boston, Massa-
chusetts), according to the manufacturer’s
instructions. Western blotting of mouse
colonic or small bowel mucin was per-
formed on 60 µg of protein from the above
tissue homogenate supernatant. Protein
was then separated on a 10–20% tricine gel
and transferred and blocked as above.
Blots were incubated overnight at 4°C
with monoclonal anti-human colonic
mucin antibody (R35.2.3) from mice
immunized with unfractionated pure
colonic mucin (27), followed by incuba-
tion with horseradish peroxidase–linked
rabbit anti-mouse antibody (Amersham
Life Sciences Inc.) at 1:10,000, and anti-
body detected using the Renaissance
chemiluminescent reagents (NEN Life Sci-
ence Products Inc.) as described above.

DSS and acetic acid–induced experimental coli-
tis. Experimental colitis was induced by two
methods using 2 separate standard agents:
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Figure 3
Histology of proximal (a–d) and distal (e–h) portions of the colon in mITF/DT-A trans-
genic mice and normal control mice. Tissues from DT-A transgene–positive and –neg-
ative mice were fixed in 10% buffered formalin and stained with hematoxylin and eosin
or AB-PAS, as described in Methods. Goblet cells were depleted by approximately 60%
in the proximal portion (a) and distal portion (e) of the colon in the transgenic mice,
compared with normal littermates (c and g). Depletion of goblet cells was confirmed
by AB-PAS staining (b, d, f, and h). Histologically, other cell lineages including Paneth’s
cells were unaffected by expression of attenuated DT-A in the transgenic mice.



oral administration of 2.5% (wt/vol) DSS (molecular
weight 40 kDa; ICN, Costa Mesa, California, USA) or rec-
tal instillation of 3% acetic acid. For the former treatment,
18 DT-A transgenic mice and 20 normal control mice
were treated with 2.5% DSS in their drinking water ad
libitum for 12 days (28, 29). Body weight was monitored
daily and the survival rate was calculated. Immediately
after death or sacrifice at the end of the experiment, tis-
sues were prepared for histologic examination. For the
latter treatment, after saline lavage, 3% acetic acid (10
µL/g of body weight) was instilled through a tube insert-
ed 3 cm into the rectum of 28 DT-A transgenic and 28
normal mice under ether anesthesia (23, 24, 30). Survival
rate was calculated and mice were examined histologi-
cally on days 1, 3, and 5 after administration.

Statistical analysis. Goblet cell number was determined
by counting under a microscope. Body weight changes
caused by experimental colitis were analyzed using the
Student’s t test. A P value of less than 0.05 was consid-
ered significant. Survival distribution of mice in exper-
imental colitis was estimated by the Kaplan-Meier
method. Difference in survival rate was tested by use
of the log-rank test.

Results
Goblet cell–specific reporter gene expression by mITF promoter
in transgenic mice. A construct comprising 6.35 kb of 5′
end of the mouse ITF gene ligated to the reporter β-
galactosidase was used to establish transgenic murine
lines. As demonstrated in Figure 1, the reporter gene β-
galactosidase driven by the ITF promoter was specifical-
ly expressed in small and large intestinal goblet cells. The
same pattern of expression was observed in each of 4
lines derived from individual founder mice. Of note, β-
galactosidase was not detected in other tissues, con-
firming both the cell and tissue specificity of ITF pro-
moter–driven gene expression.

Expression of DT-A in transgenic mice. To study the func-
tional importance of goblet cells, transgenic mice
expressing attenuated DT under control of the goblet
cell–specific mITF promoter were produced. Efforts to
establish viable fetuses using a construct including
wild-type DT gene were unsuccessful despite numer-
ous attempts. The presence of the transgene was con-
firmed in 10 separate founder mice after initial oocyte
injection of the mITF/DT-A construct. To assess the
distribution of expression of the DT-A transgene and
the mucosal expression of native ITF and GAPDH,
mRNA from both positive and negative transgenic
mice were analyzed by Northern blotting. As shown in
Figure 2, DT mRNA was detected strongly in the
colon, weakly in the jejunum and ileum, and faintly in
the duodenum, but not at all in stomach, kidney, or
other organs (data not shown) of DT-A–positive trans-
genic mice. This pattern of expression generally paral-
lels that of the native ITF gene. As expected, DT-A
mRNA was not detected in any tissues from normal
control mice. These results indicate that the DT-A
transgene was successfully and selectively expressed in
the intestinal tissues but not in other tissues of posi-
tive transgenic mice.

Goblet cells in transgenic mice. Histologic examination
revealed that goblet cells were depleted by approxi-
mately half in the proximal (Figure 3a) and distal (Fig-
ure 3e) colon in the mITF/DT-A transgenic mice com-
pared with normal littermates (Figure 3, c and g).
Depletion of goblet cells was confirmed by AB-PAS
staining (Figure 3, b, d, f, and h). Histologically, other
cell lineages were unchanged in the transgenic
mITF/DT-A mice. The ratio of goblet cells to total epi-
thelial cells was determined by counting AB-PAS–pos-
itive and total epithelial cells in 10 high-power fields of
well-oriented longitudinal sections under light micro-
scopy. This quantitative analysis confirmed the histo-
logic impression. Goblet cell numbers were decreased
by 60% in the proximal and distal portions of the trans-
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Figure 4
Ratio of goblet cells to total epithelial cells in the small and large intes-
tine of mITF/DT-A transgenic and normal control mice. The ratio of
goblet cells to total epithelial cells was obtained by counting AB-
PAS–positive cells and total epithelial cells in 10 high-power fields of
well-oriented longitudinal sections under light microscopy. The results
shown represent the mean ± SD of 3 mice.

Figure 5
Expression of mITF and MUC apoprotein in gastrointestinal tissues
of mITF/DT-A transgenic and control mice. Presence of ITF and MUC
apoprotein were evaluated by Western blot analysis as detailed in
Methods using rabbit anti-ITF and murine monoclonal anti–colonic
mucin apoprotein antibodies as first antibodies, and horseradish
peroxidase–linked donkey anti-rabbit and horseradish peroxi-
dase–linked rabbit anti-mouse as second antibodies, respectively.
Equal loading was confirmed by Coomassie blue staining.



genic mice compared with control littermates. Howev-
er, there was no apparent depletion of goblet cells in the
jejunum or ileum (Figure 4).

Expression of ITF and mucin-associated genes in transgenic
mice. As shown in Figure 2, total native endogenous ITF
and mucin-associated MUC2 and MUC3 mRNA expres-
sion in mITF/DT-A transgenic mice was essentially com-
parable to that of control normal mice, indicating that
expression of these genes is preserved in mITF/DT-A
transgenic mice despite the reduction in goblet cell num-
ber. Similarly, Western blot analysis confirmed preser-
vation of both ITF peptide and mucin apoprotein (Fig-
ure 5). Because goblet cells of mITF/DT-A transgenic
mice were depleted by 60%, these results suggest that ITF
and MUC gene expression in goblet cells is increased in
DT-A transgenic mice. Other trefoil peptides (mpS2 and
mSP) are expressed only in the stomach of the transgenic
mice as described previously for normal control mice
(24); no ectopic expression of these peptides was found
in the transgenic mice (data not shown), indicating that
DT did not affect the expression of other trefoil peptides.

Susceptibility of transgenic mice to colonic injury. To assess
the susceptibility to colonic injury of mITF/DT-A trans-
genic mice, the survival rate, body weight change, and
histology after administration of 2 standard agents —
oral 2.5% DSS or rectal 3% acetic acid — in separate exper-
iments were assessed. Oral administration of 2.5% DSS
resulted in histologically more severe colitis in normal
mice than in DT-A transgenic mice (Figure 6, a and b).

Epithelial restitution was more frequently seen in DT-A
transgenic mice (Figure 6, c and d) than in controls. After
administration of 2.5% DSS, normal mice also experi-
enced progressive weight loss, whereas the mITF/DT-A
transgenic mice with high gene copy numbers (> 3)
maintained their body weight (P < 0.01 at days 7, 8, and
10–12; P < 0.05 at days 6 and 9; Figure 7a). Therefore,
despite lower numbers of goblet cells, mITF/DT-A mice
paradoxically appeared to be relatively resistant to DSS.
This resistance was reflected in improved survival in the
DT-A transgenic mice compared with control normal
mice after exposure to DSS (P < 0.001). Only 1 mITF/DT-
A transgenic mouse with a high number of gene copies
and 2 mice with a single copy (P = 0.33) died during the
12 experimental days, whereas 11 of 20 normal control
mice died by day 12, in addition to experiencing signifi-
cant weight loss (P < 0.01) (Figure 7b). This resistance to
injury was not unique to DSS-treated mice. The
mITF/DT-A transgenic mice appeared to be generally
resistant to injury by exogenous agents. Thus, 5 days
after administration of 3% acetic acid, only 1 of 27 trans-
genic mice had died, whereas 8 of 27 normal control
mice had died (P = 0.005; Figure 7c).

Discussion
Previous studies using transient transfection approach-
es have suggested that 6.35 kb of 5′ flanking DNA of
mITF was necessary and sufficient to drive goblet
cell–specific expression of a reporter gene. In initial
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Figure 6
Histology of the colon in mITF/DT-A transgenic mice (a and b) and in normal control mice (c and d) after oral 2.5% DSS administration.
Both groups of mice were treated with 2.5% DSS in their drinking water for 12 days. Experimental colitis in normal mice caused by DSS was
histologically more severe than in mITF/DT-A transgenic mice. (a and b) Hematoxylin and eosin staining. (c and d) AB-PAS staining. Epithe-
lial restitution is more frequently seen in DT-A transgenic mice.



studies, we assessed the ability of this same flanking
DNA of ITF to confer cell- and tissue-specific gene
expression in vivo. As demonstrated in Figure 1, this 5′
flanking DNA was indeed sufficient to drive gene
expression that appeared to be highly cell- and tissue-
specific, with reporter β-galactosidase being detected
only in goblet cells. This pattern complements that of
other previously studied promoters derived from intes-
tinal epithelium–associated transcripts that are prima-
rily or exclusively expressed in colonic absorptive cells,
e.g., fatty acid binding protein, sucrase-isomaltase, and
lactase. Further comparative analysis may provide a
more precise understanding of the regulatory elements
conferring tissue-specific vs. cell-specific gene ex-pres-
sion. Of interest, expression of the transgene was
patchy, with some crypts and villi showing consistent
expression of β-galactosidase in all goblet cells and
other crypts and villi not showing expression. These
observations indicate that goblet-cell expression may
also be influenced by epigenetic events.

After confirmation of the ability of the ITF promot-
er to drive goblet cell–specific gene ex-pression, we gen-
erated transgenic mice expressing DT-A gene driven by
the ITF promoter in an attempt to achieve targeted
ablation of goblet cells. Although the cells were not
completely disrupted by this method, approximately
60% depletion was achieved in the proximal and distal
portions of the colon of the transgenic mice, compared
with normal littermates. The reason for incomplete
ablation is unknown, but we speculate that attenuated
DT may be too weak to disrupt all goblet cells, either
because cell turnover is extremely fast in the intestinal
epithelium (31) or because there is an alternative path-
way for the development and differentiation of multi-
potent stem cells to goblet cells with minimal ITF gene
expression. It may be that both of these mechanisms
contribute to incomplete ablation.

The transgene appeared to be more highly expressed
within the colon than in the small intestine, resulting in
greater goblet cell ablation in the colon. However, trans-
gene expression was not observed in other cell types,
again demonstrating the highly cell-selective pattern of
expression of the native ITF. Further, overall tissue speci-
ficity was preserved — aberrant expression was not pres-
ent in tissues that do not normally express ITF or con-
tain intestinal goblet cells. These findings suggest that
the 6.35 kb of 5′ flanking sequence used to drive DT-A
expression contains sufficient regulatory information to
confer cell and tissue specificity, but may not contain
other enhancer elements necessary for expression
throughout the small intestine.

Despite a 60% decrease in goblet cell number in the
large intestine, total native endogenous ITF and mucin-
associated MUC2 and MUC3 expression (both mRNA
and protein) in mITF/DT-A transgenic mice was equiva-
lent to that of control mice. Therefore, ITF gene expres-
sion per goblet cell must be increased in the DT-A trans-
genic mice. In previous studies, an increase of as much
as 3-fold has been observed in ITF expression during the
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Figure 7
Body weight (a) and survival rate after 2.5% DSS (b) and 3% acetic acid
(c) treatment in mITF/DT-A transgenic and normal control mice. Eigh-
teen DT-A transgenic mice and 20 normal control mice were treated
with 2.5% DSS in their drinking water ad libitum for 12 days. Body
weight was monitored daily and the survival rate was calculated. (a)
After administration of 2.5% DSS, normal mice experienced a progres-
sive loss of body weight, whereas the mITF/DT-A transgenic mice with
high copy numbers (> 3) of the gene maintained their body weight (P <
0.01 at days 6 and 9). (b) Only 1 transgenic mouse with a high gene
copy number (P < 0.005) and 2 mice with a single copy (P < 0.01) died
during the 12 experimental days, whereas 11 of 20 normal control mice
died by day 12, in addition to experiencing weight loss. (c) Five days
after administration of 3% acetic acid, only 1 of 27 transgenic mice had
died, compared with 8 of 27 normal control mice (P = 0.005). 



recovery phase of experimental colitis, despite a con-
stant number of goblet cells (23, 24). Similarly, the
MUC2 and MUC3 genes are expressed in ulcerative coli-
tis and Crohn’s disease at levels similar to those in nor-
mal mucosa, despite goblet cell depletion (32–34). Of
note, in these settings, MUC genes are expressed in the
goblet cells and the columnar cells of the surface epithe-
lium (34), and trefoil peptides, including ITF, are
expressed ectopically in a so-called ulcer-associated cell
lineage (35, 36). Therefore, endogenous ITF and MUC
genes may be expressed in mature and immature goblet
cells of mITF/DT-A transgenic mice.

In contrast to the large intestine, the number of gob-
let cells in the small intestine was unchanged in
mITF/DT-A transgenic mice. This suggests that either
another enhancer element specific for small intestine
located far upstream of the mITF promoter may be
required, or that goblet cell number was unaffected by
DT-A because of extremely high cell turnover and a
lower number of goblet cells in the small intestine.
Changes in ITF expression in the jejunum were not
associated with an alteration in the number of goblet
cells in a model of intestinal inflammation (23).
Indeed, the production of ITF by jejunal goblet cells
and its subsequent secretion into the lumen could have
contributed to protection of the colon.

A variety of animal models of inflammatory bowel
disease (IBD) induced by exogenous agents such as
DSS (28, 29), acetic acid (23, 24, 30), and 2,4,6-trini-
trobenzenesulfonic acid (TNBS) (37, 38) have been
described. Although the pathogenesis of colitis
induced by such agents is still unclear, it has been
proposed that a direct toxic effect on mucosal epithe-
lial cells is a key feature in DSS- and acetic
acid–induced colitis (28, 30), whereas the persisting
colitis induced by TNBS appears to be produced by T
cell–mediated immunological response to haptenat-
ed proteins (37, 39). Therefore, the mechanism of
colitis induction seems to differ among these agents.
In this study, mITF/DT-A transgenic mice showed
strong protection against exogenous agents such as
DSS and acetic acid. Because the transgenic mice had
60% fewer goblet cells than the normal control mice
had, our results suggest that goblet cells might be
selectively affected by DSS and acetic acid. Of inter-
est, the severity of TNBS-induced colitis in mITF/DT-
A transgenic mice was not statistically different from
that in normal control mice (unpublished data). Pre-
vious studies have shown that an absolute deficiency
of ITF makes mice exquisitely sensitive to injury by
DSS and acetic acid. Nevertheless, in this instance the
colonic epithelium containing fewer goblet cells
appears to produce sufficient ITF and mucin prod-
ucts to confer adequate or even enhanced healing in
mITF/DT-A transgenic mice. Thus, we suggest that
the goblet cell depletion usually seen in these specif-
ic forms of experimental colitis (and possibly also in
nonspecific colitis) may reflect targeted damage of
the goblet cells by various toxic agents.

Spontaneous development of IBD has been reported
in knockout mice lacking IL-2 (40), IL-10 (41), or T-cell
receptor a (42), and in dominant-negative N-cad-
herin–expressing mice (10). Colitis in these models is
presumed to result from alteration of either the mucos-
al immune system or the epithelial cell-cell adhesion
system, or both. An inappropriate immune response is
likely to perturb intestinal homeostasis and induce IBD,
but the role of epithelial cells — especially goblet cells —
and mucosal protection, and the way in which these
cells are damaged in IBD is still unknown. In this con-
text, the mITF/DT-A transgenic mice provide a useful
model with which to explore the role of the goblet cell
in IBD through cross-breeding with mutant lines that
spontaneously develop colitis.

In summary, transgenic mice showing partial ablation
of the goblet cells were generated by using ITF gene pro-
moter and attenuated DT gene. Paradoxically, these mice
showed marked protection against exogenous toxic
agents such as DSS and acetic acid. Because ITF expres-
sion and goblet cell numbers are increased in mITF/DT-
A mice, mucosal protection may be determined more by
adequate ITF expression than by goblet cells themselves.
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