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Protein disulfide isomerases (PDIs) aid protein folding and assem-
bly by catalyzing formation and shuffling of cysteine disulfide
bonds in the endoplasmic reticulum (ER). Many members of the PDI
family are expressed in mammals, but the roles of specific PDIs in
vivo are poorly understood. A recent homology-based search for
additional PDI family members identified anterior gradient ho-
molog 2 (AGR2), a protein originally presumed to be secreted by
intestinal epithelial cells. Here, we show that AGR2 is present
within the ER of intestinal secretory epithelial cells and is essential
for in vivo production of the intestinal mucin MUC2, a large,
cysteine-rich glycoprotein that forms the protective mucus gel
lining the intestine. A cysteine residue within the AGR2 thioredoxin-
like domain forms mixed disulfide bonds with MUC2, indicating a
direct role for AGR2 in mucin processing. Mice lacking AGR2 were
viable but were highly susceptible to colitis, indicating a critical role
for AGR2 in protection from disease. We conclude that AGR2 is a
unique member of the PDI family, with a specialized and nonre-
dundant role in intestinal mucus production.
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Formation of intrachain and interchain disulfide bonds is
essential for the folding and multimerization of proteins that

travel through the secretory pathway. Members of the protein
disulfide isomerase (PDI) family are critical for efficient forma-
tion of correctly arranged disulfide bonds in the endoplasmic
reticulum (ER). PDI family members are defined by the pres-
ence of 1 or more thioredoxin-like domains and by localization
to the ER. At least 19 human PDI family members have been
identified (1–3), and each has a known mouse ortholog. Many
PDI thioredoxin-like domains have a motif that contains 2
cysteine residues (CXXC). Depending on the redox state of the
PDI, these CXXC motifs can mediate formation, shuffling, or
reduction of disulfides in client proteins in the ER. Other PDI
thioredoxin-like domains contain a single cysteine, often within
a CXXS motif, that can form a mixed disulfide with a cysteine
residue in a client protein. Such PDI–client interactions may
isomerize disulfide bonds and can serve to retain incompletely
folded clients in the ER (4, 5). Studies involving expression of
mammalian PDIs in yeast demonstrated partial functional over-
lap between PDIs (6, 7), but the roles of specific PDIs in vivo
have been difficult to determine.

Anterior gradient homolog 2 (AGR2, also known as AG2,
HAG-2, or GOB-4) was classified recently as a member of the
PDI family based on a search for sequences with homology to
known family members (3). Murine Agr2 was originally identified
in a screen for mRNAs expressed selectively in intestinal goblet
cells (8). The major function of goblet cells is the production of
mucus, which lines the intestine and provides protection against
environmental insults (9). The distinctive viscoelastic properties
of mucus depend on the unusual characteristics of glycoproteins
called gel-forming mucins. The major intestinal mucin is MUC2,
which contains �5000 aa and is processed in the ER and the
Golgi apparatus. Processing leads to extensive O-glycosylation of

the central mucin repeats and formation of intrachain and
interchain disulfide bonds involving �200 cysteine residues
concentrated in the cysteine-rich amino-terminal and carboxyl-
terminal domains (9–11). After mucins are glycosylated, folded,
and multimerized, they enter secretory granules where they can
be stored before release into the lumen. AGR2 was originally
presumed to be another secreted protein produced by goblet
cells (8). However, AGR2 has a carboxyl-terminal KTEL se-
quence, and a recent analysis indicated that this sequence was
recognized by ER retention receptors and served to localize
AGR2 predominantly to the ER of transfected cells (12). In
addition, AGR2 has a single thioredoxin-like domain with a
CXXS motif (3). Because AGR2 has these structural character-
istics of a PDI and is expressed selectively in mucus-producing
cells, we hypothesized that AGR2 plays a special role in the
production of mucus.

Here, we report that AGR2 is a PDI that is essential for the
production of intestinal mucus. We show that AGR2 is present
within the ER of intestinal secretory epithelial cells, interacts
with MUC2 as it is processed by mucus-producing cells, and is
absolutely required for in vivo mucus production and protection
from colitis. These results establish that AGR2 is a PDI family
member that has a unique and specialized role in intestinal
mucus production and protection against disease.

Results
AGR2 Is Present Within the ER of Intestinal Secretory Epithelial Cells.
We first examined the localization of AGR2 in the intestine. In
the small intestine, AGR2 was found within a subset of cells near
the base of the crypt, where Paneth cells and pregoblet cells are
found (13), and in cells with goblet cell morphology along the
villi (Fig. 1A). AGR2-stained regions also stained with antibod-
ies recognizing the ER proteins GRP78 and GRP94, indicating
that AGR2 was present within the ER of these intestinal
epithelial cells. The majority of epithelial cells lining the intes-
tinal villi are absorptive enterocytes, and the lack of AGR2
staining in most of the epithelium is consistent with prior studies
showing that AGR2 is not present in these nonsecretory cells (8,
14). Immunohistochemical staining of colon goblet cells showed
AGR2 concentrated in areas surrounding Alcian blue-stained
mucous granules, but little, if any, AGR2 staining was seen
within these granules (Fig. 1B). Consistent with a previous report
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(12), an epitope-tagged AGR2 construct colocalized with the
archetypical family member PDI (also known as P4HB) in
transfected cells (Fig. 1C), providing further evidence that
AGR2, like other PDI family members, is present within the ER.

AGR2 Is Essential for Mucus Production in the Intestine. To investi-
gate the role of AGR2 in vivo, we produced mice with a null
mutation in the Agr2 gene. Agr2 mRNA and AGR2 protein were
expressed in Agr2�/� control mice but could not be detected in
Agr2�/� mice (Fig. 2 A and B and Fig. S1). Periodic acid-Schiff,
which stains heavily glycosylated proteins, including mucins,
revealed mucus-containing goblet cells within the small intestine
and colon of control mice, but staining was markedly reduced in
Agr2�/� mice (Fig. 2 C and D). Furthermore, MUC2 core protein
was abundant in control mice but undetectable in Agr2�/� mice
(Fig. 2 E and F). Pulse–chase analysis revealed synthesis of
MUC2 in colon explants from control mice, but there was little
or no MUC2 synthesis detected in Agr2�/� explants, even in the
presence of a proteasome inhibitor (Fig. S2). Taken together,
these results demonstrate that AGR2 has an essential role in
mucin and mucus production in the intestine.

AGR2 Is Not Required for Establishment of Intestinal Secretory Epi-
thelial Cell Lineages. Intestinal epithelial stem cells near the base
of the crypt give rise to absorptive enterocytes and to a common
precursor for all 3 secretory cell types (goblet cells, Paneth cells,
and enteroendocrine cells) (15). Because AGR2 is found in all
3 secretory cell types in the small intestine, it has been suggested
that AGR2 might have a general role in establishing secretory

cell fate (14). However, analyses of proteins and mRNA tran-
scripts expressed selectively in the Paneth and enteroendocrine
cells showed that these lineages were still present in Agr2�/� mice
(Fig. S3). To determine whether loss of mucus and MUC2
resulted from loss of the goblet cell lineage, we analyzed
expression of goblet cell-specific proteins and mRNAs. MUC2
protein was undetectable by either immunohistochemistry (Fig.
2 E and F) or immunoblotting (Fig. 3A). In contrast, Muc2
mRNA was easily detectable in control and Agr2�/� mice (Fig.
3B), although quantitative RT-PCR demonstrated that levels
were 3-fold lower in Agr2�/� mice (Fig. 3C). Tff3, the mRNA
encoding the goblet cell secretory product intestinal trefoil factor
(16), was also present but reduced 3-fold in Agr2�/� mice. TFF3
protein was detectable in Agr2�/� mice, although the number of
TFF3-stained cells and the size of the TFF3-containing granules
were substantially reduced (Fig. 3 D and E). A reduction in
TFF3-containing granule size has also been described in mice
that lack MUC2 because of a null mutation in the Muc2 gene
(17). In summary, we found that the goblet cell lineage and Muc2
mRNA were present but MUC2 protein absent in Agr2�/� mice.

A Cysteine Residue in the Thioredoxin-Like Domain of AGR2 Forms
Mixed Disulfide Bonds with MUC2. We next considered whether
AGR2 might have a direct role in processing of MUC2, which
contains 215 cysteine residues (Fig. 4A). PDIs form mixed
disulfide bonds with client proteins during processing in the ER.
To determine whether AGR2 associates with MUC2, we per-
formed coimmunoprecipitation experiments. We found that
MUC2 from a human intestinal cell line coimmunoprecipitated
with AGR2 (Fig. 4B). To analyze the AGR2–MUC2 interaction
further, we coexpressed wild-type or mutant AGR2 with
cysteine-rich regions of MUC2. Wild-type AGR2 coimmuno-
precipitated with a 1,397-aa, cysteine-rich region from the amino
terminus of MUC2 (Fig. 4C). This association was disrupted by
treating cells with reducing agent. AGR2 contains a single
thioredoxin-like domain with a CXXS motif, and mutation of the
cysteine residue in that motif abolished the association of AGR2
with the amino terminus of MUC2 (Fig. 4C). A 981-aa, cysteine-
rich region from the carboxyl terminus of MUC2 also associated
with wild-type AGR2 but not with mutant AGR2 lacking the
cysteine residue. These results show that the single cysteine
residue in the AGR2 thioredoxin-like domain can form mixed
disulfide bonds with cysteines in the amino-terminal and
carboxyl-terminal portions of MUC2.

AGR2-Deficient Mice Had an Increased Incidence of Rectal Prolapse
and Were More Susceptible to Experimentally Induced Acute Colitis.
A total of 30 litters produced by breeding an Agr2�/� male with
an Agr2�/� female included 240 pups that survived until weaning
at 3–4 weeks of age, and 31% of these pups were Agr2�/�,
indicating that lack of AGR2 did not adversely affect viability
during early life. Mice that lack intestinal mucin because of null
mutations in Muc2 may develop spontaneous colonic inflam-
mation and weight loss, depending on genetic background and/or
environmental factors (17, 18). Despite a lack of intestinal
mucus, young Agr2�/� mice appeared healthy, did not have
diarrhea, and had body weights similar to those of wild-type
littermates until at least 4 months of age (Fig. 5A). Routine
histological examination of the colon again revealed the lack of
mucus-filled goblet cells but showed no apparent inflammation
(Fig. S4A). DNA microarrays were used to further analyze the
effects of AGR2 deficiency (Table S1). The transcript with the
largest fold decrease encodes cytochrome P450 1A1, a xenobiotic-
metabolizing enzyme that is regulated in response to toxins and
certain dietary components (19). There were prominent in-
creases in mast cell proteases in small intestine from Agr2�/�

mice. Toluidine blue staining of mast cells confirmed that there
were increased numbers of these innate immune cells in the
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Fig. 1. AGR2 is localized to the ER. (A) Mouse intestinal villi were stained with
antibodies to AGR2 (red) and the ER proteins GRP78 and GRP94 (green). The
outlined area within the composite image at left is magnified in the images on
the right to show AGR2 localization in the ER in a subset of cells at the base of
the crypt area (yellow arrows) and in goblet cells above the crypts (yellow
arrowheads). AGR2 was absent from the ER of other cells (open white arrow-
heads). (Magnification: 400�.) (B) AGR2 staining (brown) surrounding mu-
cous granules in the colon. Mucus was stained with Alcian blue. (Scale bar: 25
�m.) (C) COS7 cells were transfected with AGR2-FLAG and stained with
antibodies to FLAG (red) and the archetypical PDI (P4HB; green). DAPI (blue)
was used to visualize nuclei. (Left) A composite image. Yellow arrowheads
indicate cells expressing both AGR2-FLAG and P4HB, and open white arrow-
heads indicate cells expressing P4HB but not AGR2-FLAG. (Magnification:
400�.)
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intestine in Agr2�/� mice (Fig. S4B). We also found decreased
expression of kallikrein 1 and several related peptidases. Goblet
cells are a prominent source of kallikreins, and goblet cell
kallikrein expression is substantially reduced in inflammatory
bowel disease (20). Despite the lack of overt disease, colon from
Agr2�/� mice had increased expression of several proinflamma-
tory cytokines (Table S2). In addition, expressions of Hsp90b1
(an ER chaperone) and Sec61a1 (which encodes an ER pore
protein involved in the removal of misfolded proteins) were
increased in Agr2�/� colon. Similar changes in these genes were
recently identified in mice with Muc2 mutations that cause
MUC2 misfolding (21). Although we did not detect overt colitis
in young mice, 5 of 8 Agr2�/� mice that we followed for 1 year
after birth developed rectal prolapse, a condition that is seen in
various mouse models of intestinal inflammation (22, 23). None
of the 7 Agr2�/� littermate controls developed rectal prolapse
(P � 0.03 by Fisher’s exact test). In summary, Agr2�/� mice had
increases in mast cells, increased expression of some genes
associated with inflammation and MUC2 misfolding, and an
increased incidence of rectal prolapse.

To determine whether Agr2�/� mice had altered susceptibility to
experimentally induced colitis, we used a widely used model
involving oral administration of dextran sodium sulfate (DSS) that
mimics some features of human inflammatory bowel disease (24,
25). Administration of DSS in the drinking water for 7–8 days
produces a dose-dependent acute colitis characterized by diarrhea,
weight loss, and colonic mucosal ulceration. We exposed Agr2�/�

controls and Agr2�/� mice to a concentration of DSS (1.5%) that
is lower than the dose usually used to induce colitis. All 6 Agr2�/�

control mice maintained a normal body weight, and none had
bloody stool (Fig. 5 B and C). In contrast, all 6 DSS-exposed
Agr2�/� mice had bloody stool and lost weight. DSS exposure
resulted in obvious colonic epithelial damage in Agr2�/� mice but

not in the controls (Fig. 5D). These findings indicate that Agr2�/�

mice had increased susceptibility to DSS-induced colitis.

Discussion
This study establishes that AGR2 is a PDI with a highly specific
and nonredundant role in vivo. In the absence of AGR2, mice
were unable to produce intestinal mucin and became highly
susceptible to experimentally induced colitis. These findings
advance our understanding of functional diversity within the
large family of mammalian PDIs and illustrate how 1 PDI can
influence disease susceptibility.

AGR2 has the 2 key attributes of a PDI: ER localization and
a functional thioredoxin-like domain. AGR2 was initially as-
sumed to be a secreted protein, based on the presence of a
predicted signal peptide at the amino terminus (8). However,
more recent analysis identified an ER localization signal and
thioredoxin-like domain sequences, suggesting that AGR2 is a
PDI (3, 12). We found that AGR2 is localized to the ER in
intestinal epithelial cells and did not detect AGR2 in secretory
granules or in the intestinal lumen. PDI thioredoxin-like do-
mains contain cysteine residues that can form mixed disulfide
bonds with client proteins during processing in the ER. We
showed that AGR2 associates with MUC2, and that the associ-
ation between AGR2 and MUC2 depends on a mixed disulfide
bond formed by a conserved cysteine residue in the AGR2
thioredoxin-like domain. Mixed disulfide bonds between PDIs
and client proteins can catalyze shuffling of disulfide bonds in
the client protein or allow for thiol-mediated retention of
partially processed clients in the ER (1, 2).

AGR2-deficient mice lacked intestinal mucus and MUC2. We
considered several mechanisms that might contribute to the
absence of MUC2 in AGR2-deficient mice. Although it has been
suggested that AGR2 might play a critical role in establishing cell
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Fig. 2. Agr2�/� mice are devoid of intestinal mucus. (A and B) Immunohistochemical detection of AGR2 protein in small intestine (A) and colon (B) of Agr2�/�

and Agr2�/� mice. (C and D) Periodic acid-Schiff staining of glycoproteins in small intestine (C) and colon (D). (E and F) Immunohistochemical detection of MUC2
protein in small intestine (E) and colon (F). (Scale bar: 50 �m.)
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fate in the intestinal epithelium (14), we found that Paneth cell,
enteroendocrine, and goblet cell lineages were still present in
AGR2-deficient mice. The goblet cell mRNA Muc2 was de-
creased 3-fold in these mice. Decreases in Muc2 mRNA were
also reported in mice with mutations in the Muc2 coding
sequence that result in MUC2 misfolding (21), suggesting that
defects in MUC2 protein synthesis may cause a secondary
decrease in Muc2 mRNA. However, the complete absence of
MUC2 protein seen in Agr2�/� mice cannot be explained entirely
by the reduction in Muc2 mRNA. We examined MUC2 synthesis
by pulse–chase experiments and were able to detect newly
synthesized MUC2 in control colon explants but not in Agr2�/�

explants. MUC2 synthesis was not normalized by proteasome
inhibitor treatment, which suggests that the absence of MUC2 is
not due to ER-associated protein degradation of improperly

processed MUC2. It is possible that impaired translation of Muc2
mRNA is an important contributor to MUC2 protein deficiency
in AGR2-deficient mice. ER stress resulting from impaired
protein processing may interfere with translation. However,
there was only modest evidence for activation of the ER stress
response in Agr2�/� mice. Specifically, by using microarrays we
found a significant increase in GRP94 (Hsp90b1; Table S2) and
trends toward increased expression (by 1.3- to 1.7-fold) of
Grp78/Bip (Hspa5), Ero1, Atf4, and Atf6, which did not reach
statistical significance after adjustment for multiple compari-
sons. Another possibility is that some MUC2 is synthesized in
Agr2�/� mice, but problems with processing result in a form of
MUC2 that is not recognized by the MUC2 antibodies we used,
fails to be glycosylated, and does not function normally. Al-
though further studies will be required to precisely determine
which steps in mucin synthesis are affected by AGR2 deficiency,
it is clear that this PDI family member is essential for intestinal
mucin production.

AGR2-deficient mice were more susceptible to intestinal
disease. The Agr2�/� mice that we generated and studied were
viable, but with aging they often developed rectal prolapse, a
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Fig. 3. AGR2 is required for production of MUC2 protein but not for
specification of the goblet cell lineage. (A) Immunoblotting for MUC2 protein
in nonreduced (NR) and reduced (R) samples from small intestine of Agr2�/�

and Agr2�/� mice. (B) Detection of Muc2 mRNA in small intestine by reverse
transcription followed by PCR. Gapd mRNA was used as a control. (C) Expres-
sion of Muc2 and Tff3 mRNAs in small intestine from Agr2�/� and Agr2�/� mice
was measured by quantitative RT-PCR. Results are means � SEM for 4 mice per
group. *, P � 0.001 compared to Agr2�/� mice. (D and E) TFF3 protein (brown)
in the small intestine (D) and colon (E) was identified by immunohistochem-
istry. Mucus was stained with Alcian blue. (Scale bars: 50 �m.) Insets at the
lower left corner of each photomicrograph (3� higher magnification) show
typical TFF3-stained granules.
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common feature of mouse models of colitis (22, 23). Even in the
absence of overt spontaneous colitis, microarray analysis did
reveal an increase in mast cells, which are important in intestinal
innate immunity, and in expression of some proinflammatory
cytokines. In the colitis model, Agr2�/� mice rapidly developed
severe disease characterized by profound weight loss, intestinal
bleeding, and epithelial damage in response to a dose of DSS that
did not cause disease in littermate controls. Because Muc2�/�

mice are also more susceptible to DSS colitis (17, 21), it is likely
that the increased susceptibility of Agr2�/� mice is primarily due
to absence of MUC2. Tff3�/� mice also exhibit increased sus-
ceptibility to DSS (26), and it is possible that the reduction in
TFF3 in Agr2�/� mice helps account for the severe disease these
mice developed in response to DSS.

This work provides new information about how specific PDIs
play specialized roles in vivo. AGR2 is one of 19 known PDI
family members expressed in humans and other mammals.
Differences in the number and type of thioredoxin-like domains
and in cell type-specific expression patterns of PDIs (1–3)
suggest that there is likely to be considerable diversity in PDI
function, but the in vivo functions of mammalian PDIs are largely
unknown. In a previous study involving gene targeting of a PDI
family member, loss of the PDI ERp57, which works together
with calnexin and calreticulin during processing of many glyco-
proteins in the ER (27), resulted in embryonic lethality (28). Our
work demonstrates that a different PDI family member, AGR2,
has a distinct and selective biological role in mucus production.
MUC2 is an unusual protein that contains a central region that

undergoes extensive O-linked glycosylation, and it also contains
amino-terminal and carboxyl-terminal regions containing more
than 200 cysteine residues that form intrachain and interchain
disulfide bonds during mucin folding and multimerization (10,
11, 29). AGR2 may be especially important for meeting the
demanding processing requirements of MUC2. The presence of
AGR2 in non-mucus-producing cells, such as Paneth cells and
enteroendocrine cells (14), suggests that AGR2 may interact
with proteins other than MUC2, but further work will be
required to identify the full range of AGR2 clients. In any case,
this work provides a striking and novel demonstration that a
single member of the mammalian PDI family can have a selective
and nonredundant role in vivo.

Our analysis of AGR2-deficient mice provides an example of
how loss of function of a PDI family member can influence
disease susceptibility. The susceptibility of Agr2�/� mice to
colitis may be relevant to human disease, because polymor-
phisms in the AGR2 gene were associated with increased risk of
ulcerative colitis and Crohn’s disease in 2 human populations
(30), and abnormalities in MUC2 synthesis can be seen in
humans with ulcerative colitis (21). In addition to mucus-
producing cells, AGR2 is also expressed in cancers of the breast
(31–33), pancreas (34), and prostate (35). In cancer model
systems, overexpression or suppression of AGR2 can affect cell
differentiation, cell migration, metastasis, and tumor growth (14,
32, 36). The molecular mechanisms of these effects have not
been clearly identified, but in light of the work presented here
may involve alterations in the processing of cysteine-containing
secreted or cell surface proteins expressed by those cells. Other
recent studies suggest roles for the archetypical mammalian PDI
(P4HB) in neurodegenerative diseases (37) and in thrombus
formation (38, 39). Improved understanding of the specific roles
of individual mammalian PDIs may therefore provide important
new clues about disease pathogenesis and susceptibility.

Materials and Methods
Immunodetection of Proteins in Mouse Intestine. Antisera against AGR2
(ab22208; Abcam) and MUC2 (sc-15334 from Santa Cruz Biotechnology and
HPA006197 from Sigma) and antibodies against other proteins of interest
were used for immunofluorescence, immunohistochemistry, immunoblot-
ting, and immunoprecipitation (including pulse–chase analysis) as detailed in
SI Methods.

Heterologous Expression of AGR2 and MUC2 Constructs. Plasmids encoding
EGFP-tagged and Myc-tagged amino-terminal (10) and carboxyl-terminal (11)
portions of human MUC2 were gifts from G. C. Hansson (Göteburg University,
Gothenburg, Sweden). The production of a control EGFP-myc construct and
FLAG-tagged AGR2 constructs is described in SI Methods. Cos-7 and HEK-293T
cells were grown in DMEM with 10% FBS and transfected by using Lipo-
fectamine 2000 (Invitrogen) or calcium phosphate and were analyzed 36–48
h after transfection.

Generation of Agr2�/� Mice. The gene-targeting strategy is described in SI
Methods and summarized in Fig. S1. Mice were housed in a specific pathogen-
free facility. The University of California, San Francisco Committee on Animal
Research approved the use of mice for these experiments.

Measurements of Intestinal mRNA Expression. RNA isolates from small intestine
and colon of Agr2�/� and control Agr2�/� littermates were analyzed by using
quantitative RT-PCR and Agilent oligonucleotide microarrays as described in
detail in SI Methods.

Colitis Model. Agr2�/� mice and control Agr2�/� littermates were given drink-
ing water containing 1.5% DSS (40 kDa; MP Biomedicals). Body weight was
measured and stools were examined for the presence of gross blood each day.
After 8 days, mice were killed for histological analysis.

Statistical Analysis. Statistical analyses of microarray data are described in
SI Methods. For other data, P values for comparisons between Agr2�/�

and Agr2�/� mice were obtained by using Student’s t test unless otherwise
indicated.
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Fig. 5. Agr2�/� mice are highly susceptible to DSS-induced colitis. (A) Mean
body weights of mice with no DSS exposure (6 mice per group; P � 0.2 for
Agr2�/� compared with Agr2�/� mice at all ages). Error bars represent SEM. (B)
Weight change during DSS administration in Agr2�/ � mice (6 mice per group;
P � 10�5 at 8 days). (C) Appearance of blood in the stool during DSS admin-
istration. Agr2�/ � mice were more likely than control mice to develop bloody
stools during low-dose DSS treatment (P � 1 � 10�5 by Fisher’s exact test). (D)
Hematoxylin and eosin staining of colon from DSS-exposed mice. (Scale bar:
50 �m.)
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