THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 7, pp. 4773-4782, February 10, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

AGR2 Gene Function Requires a Unique Endoplasmic

Reticulum Localization Motif*

Received for publication, September 6, 2011, and in revised form, December 15,2011 Published, JBC Papers in Press, December 19,2011, DOI 10.1074/jbc.M111.301531

Aparna Gupta, Aiwen Dong, and Anson W. Lowe'

From the Department of Medicine and the Stanford Digestive Disease Center, Stanford University, Stanford, California 94305

Background: Whether AGR2 promotes adenocarcinoma growth as a secreted or ER-localized protein is not known.
Results: A unique carboxyl-terminal motif, KTEL, is required for AGR2 ER localization and function.

Conclusion: Not all ER localization motifs are interchangeable.

Significance: Specific ER localization signals may be required for protein function. AGR2’s tumor-promoting effects are

mediated from the ER and not as a secreted protein.

Soluble proteins are enriched in the endoplasmic reticulum
(ER) by retrograde transport from the Golgi that is mediated by
the KDEL receptors. In addition to the classic carboxyl-terminal
KDEL motif, a variety of sequence variants are also capable of
receptor binding that result in ER localization. Although differ-
ent ER localization signals that exhibit varying affinities for the
KDEL receptors exist, whether there are functional implications
was unknown. The present study determines whether AGR2
requires a specific ER localization signal to be functionally
active. AGR?2 is expressed in most human adenocarcinomas and
serves a role in promoting growth and the transformed pheno-
type. Using two different cell lines in which AGR2 induces
expression of either the EGFR ligand amphiregulin or the tran-
scription factor CDX2, only the highly conserved wild-type car-
boxyl-terminal KTEL motif results in the appropriate outcome.
Deletion of the KTEL motif results in AGR2 secretion and loss of
AGR2 function. AGR2 function is also lost when ER residence is
achieved with a carboxyl-terminal KDEL or KSEL instead of a
KTEL motif. Thus variations in ER localization sequences may
serve a specific functional role, and in the case of AGR2, this role
is served specifically by KTEL.

Soluble proteins are targeted to the endoplasmic reticulum
(ER)? by two major mechanisms. The first is signal peptide-
directed translocation of newly translated proteins into the ER.
Second, the proteins remain enriched in the ER by KDEL recep-
tor-mediated retrieval of proteins that have entered the inter-
mediate compartment or the Golgi apparatus (1-3). Whether a
protein is retrieved back to the ER is determined by four car-
boxyl-terminal amino acids that mediate binding to one of
three KDEL receptors in higher vertebrates. The classic endo-
plasmic reticulum localization motif in higher vertebrates is
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KDEL (4). Subsequent work led to a Prosite motif ((K/R/H/Q/
S/A)(D/E/N/Q)EL) that encompasses a set of carboxyl-termi-
nal peptide sequences that result in ER residence. The implica-
tions of why different carboxyl-terminal sequences capable of
ER localization exist are not clear, but recent studies have dem-
onstrated that affinity for the three known KDEL receptors is
affected by which localization motifis employed (5, 6). Whether
different ER localization motifs also carry functional signifi-
cance is not known.

Anterior Gradient Homolog 2 (AGR2) encodes a 17-kDa pro-
tein that is highly conserved in vertebrates. AGR2 was first
described in Xenopus laevis where its expression is responsible
for the development of a glandular organ called the cement
gland (7, 8). A significant role in tissue regeneration was estab-
lished for AGR2 in salamanders where it functions in nerve-de-
pendent limb regeneration (9, 10). AGR2 is also expressed by
secretory cells in the normal murine intestine (11). In humans,
enhanced AGR2 expression was first described in breast cancer,
which was followed by similar observations in most human ade-
nocarcinomas, including those derived from the esophagus,
pancreas, lung, ovary, and prostate (12—19). Both in vitro and in
vivo studies have demonstrated that AGR2 promotes tumor
growth and metastasis (11, 14, 20).

Recent studies have provided insights into the AGR2 mech-
anism of action. AGR2 expression in esophageal and lung ade-
nocarcinoma cells induces expression of the EGF receptor
ligand amphiregulin (AREG), which is responsible for the trans-
formed phenotype observed in cultured cells in vitro (21). In
addition, AGR2 stimulation of AREG expression required acti-
vation of the Hippo signaling pathway co-activator, YAPI. Thus
AGR2 expression promotes tumor growth and the transformed
phenotype by affecting the Hippo and EGF signaling pathways.

The induction of AREG expression also provides a means to
identify structural requirements for AGR2 activity, including
protein domains that are essential for its biologic action. The
AGR2 N terminus contains a sequence motif characteristic of
signal peptides, which results in protein targeting to the secre-
tory pathway of the cell. Indeed, several studies have proposed
that AGR2 secretion from the cell is necessary for its action (7,
10, 14, 16). In addition, yeast two-hybrid screens identified
AGR?2 binding proteins that naturally occur on the cell surface
(9, 22). Whether AGR2 binding to the identified receptors
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results in a biological response, however, has yet to be
established.

Immunocytochemistry of AGR2-expressing cells, however,
reveals an intracellular pattern that is most consistent with an
ER distribution (11, 21). The carboxyl terminus of AGR2 con-
tains a tetra-peptide sequence, KTEL, that is conserved in all
vertebrates from Xenopus to humans (Treefam accession
TF321449 (23)). Although the sequence does not agree with the
Prosite consensus sequence for ER residence (4, 24), a recent
study by Raykhel et al. (5) demonstrated that the KTEL motif
does result in binding to the three known KDEL receptors,
which results in ER localization. The study also demonstrated
that the KTEL motif results in lower affinities for the three
known KDEL receptors when compared with proteins termi-
nating with a KDEL sequence.

This study addresses two questions concerning AGR2 biol-
ogy and the functional significance of endoplasmic reticulum
localization signals. The first is whether ER residence of AGR2
is necessary for its function. The second is whether endoplas-
mic retention by the KTEL sequence is absolutely required for
AGR2 function, as suggested by its high conservation in all spe-
cies where AGR2 is expressed, or whether other ER localization
signals may serve a similar role.

EXPERIMENTAL PROCEDURES

Cell Lines—IEC-6, a rat small intestinal jejunal cell line
(ATCC, Manassas, VA), was cultured in Dulbecco’s modified
Eagle’s medium with 4 mm L-glutamine, 1.5 g/liter sodium
bicarbonate, 4.5 g/liter glucose, and supplemented with 0.1
unit/ml bovine insulin and 10% fetal bovine serum (Hyclone,
Thermo Fisher Scientific) (25). The IEC-6 stable cell lines
expressing AGR2-KTEL, AGR2-KDEL, AGR2-KSEL, and
AGR2-STOP were transfected with pcDNA3.1 expression vec-
tors (Invitrogen) and cultured in the presence of 2 mg/ml of
G418 (Mediatech, Inc., Manassas, VA). Human OE33 esopha-
geal adenocarcinoma cells were obtained from Sigma-Aldrich
and cultured in RPMI 1640 with 10% FBS. Transient transfec-
tion for different AGR2 mutants was used for OE33 cells. The
GFP-KTEL and RFP-KTEL expression vectors were transiently
transfected into both IEC-6 and OE33 cells.

Antibodies—Mouse monoclonal anti-CDX2 antibodies were
obtained from Biogenex (San Ramon, CA). A mouse monoclo-
nal anti-GRP78 (HNGC symbol HSPA5) was obtained from
Enzo Life Sciences (Farmingdale, NY). The antibody was gen-
erated against the peptide SEKDEL derived from HSPA5 (also
known as GRP78), which reacts against all KDEL proteins, and
is thus referred to as an anti-KDEL antibody. Rabbit anti-hu-
man AGR2 antisera were produced as previously described
(21).

Expression Vectors—All of the recombinant DNA constructs
utilized the pcDNA3.1 expression vector (Invitrogen), and sta-
ble expression was achieved using G418 selection. The AGR2
constructs utilized the human AGR2 gene (GenBank™™ acces-
sion number NM_006408). In vitro mutagenesis was performed
using the QuikChange® site-directed mutagenesis kit (Strat-
agene, Santa Clara, CA). Dr. Erik Snapp (Albert Einstein Col-
lege of Medicine, Bronx, NY) graciously provided the GFP- and
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RFP-KDEL expression vectors (26). The KDEL terminus was
then mutated to KTEL for the purposes of this study.

Quantitative Real Time PCR—RNA levels were quantified
using real time PCR. Quantitative PCR primers included: rat
Agr2, 5'-TCAGTCTCGGCAATCCTGCTTCTT-3" and 5'-T-
CTTTAAAGCTTGA-3'; rat Cdx2, 5'-GCGGCGAAACCTT-
TGTGAATGGAT-3" and 5'-ACTCAGCTTTCCTCCTGAT-
GGTGA-3'; rat B-actin, 5'-TGAACACGGCATTGTCACCA-
ACTG-3" and 5'-ATACAGGGACAACACAGCCTGGAT-3';
human AGR2, 5'-ATGAGTGCCCACACAGTCAA-3' and 5'-
GGACATACTGGCCATCAGGA-3'; human AREG, 5'-
GTGGTGCTGTCGCTCTTGATA-3' and 5'-ACTCACAGG-
GGAAATCTCACT-3'; and human B-actin, 5'-GAGCGCGG-
CTACAGCTT-3" and 5'-TCCTTAATGTCACGCACG-
ATTT-3".

Total RNA was isolated from cells using TRIzol reagent
(Invitrogen). First strand cDNA was synthesized from total
RNA using Superscript II reverse transcriptase (Invitrogen)
with random hexamer primers. Real time PCRs were per-
formed using IQSYBR Green Supermix and the iCycler iQ™
detection system (Bio-Rad).

Protein Immunoblotting—The protein concentrations of cell
lysates were spectrophotometrically determined (NanoDrop
2000; Thermo Fischer Scientific, Wilmington, DE). Protein
samples were resolved using 4—12% Bis-Tris gel (Invitrogen)
and transferred to PVDF membranes (Millipore Corp., Bed-
ford, MA). The membranes were blocked for 1 h using 5% non-
fat milk in buffer containing 20 mm Tris, 137 mm NaCl, 0.1%
Tween 20, pH 7.6, followed by incubation with primary anti-
bodies (anti-AGR2, 1:2000; anti-CDX2, 1:50; anti-S-actin,
1:5000; anti-KDEL, 1:1000). Detection was achieved with the
appropriate secondary antibodies followed by chemilumines-
cence (GE Healthcare). For detection of AGR2 in the culture
media, equal numbers of cells were plated in regular culture
media. After 1 day, the media were changed to serum-free
media. Twenty-four hours later, the media were collected and
concentrated using a spin column that retains 90-95% of a
17-kDa protein (MICROCON YM-30; Millipore), followed by
immunoblotting for secreted AGR2. The concentrated media
were stained with colloidal Coomassie Brilliant Blue R-250
(Invitrogen) to normalize for the amount of protein loaded for
each cell line. All of the immunoblots were quantified using a
flatbed scanner and Image].

Immunocytochemistry—25,000 cells were plated in 8-well
chamber slides (Applied Scientific South San Francisco, CA).
The cells were fixed in 4% paraformaldehyde for 10 min, fol-
lowed by permeabilization using 0.1% saponin, 10% FBS in PBS
for 20 min. PBS with 10% FBS was then used for blocking for 20
min. Primary antibodies were diluted in PBS with 0.1% saponin
10% FBS and incubated for 2 h (anti-AGR2 1:300; anti-cdx2 1:5,
anti-KDEL 1:50) at room temperature. Anti-mouse or anti-rab-
bit IgG conjugated to either Alexa 594 or Alexa 488 (Invitrogen)
was used as a secondary antibody. Imaging was achieved with a
Nikon TS-1 microscope equipped for confocal laser scanning
fluorescence microscopy (Nikon C1 system) or with standard
fluorescence with a Nikon Eclipse E600 microscope.

Miscellaneous Methods—Secreted AREG in solution was
measured using the Amphiregulin Duo-set ELISA kit (DY262;
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R & D Systems, Minneapolis, MN.). Quantification of immun-
ofluorescent images was achieved using Image]. The image
threshold before counting cells utilized the algorithm by Li (40).

RESULTS

Expression of Secreted and ER Retained AGR2 Isoforms—Our
previous studies have utilized RNA interference to define the
function of AGR2 in tumor cells. To explore the functional sig-
nificance of the carboxyl-terminal sequence, a cell line with no
AGR?2 expression was used in this study. The presence of wild-
type AGR2 containing a KTEL carboxyl-terminal domain may
confound experiments when mutant proteins are expressed in
the same cells. For the present study, function was prospec-
tively monitored by the AGR2-induced appearance of new gene
transcription, which provided a cleaner background to assess
functional determinants. IEC-6 cells are derived from normal
rat intestinal crypts and represent nontransformed cells that
were first propagated as sustained primary cultures (25). Previ-
ous studies have shown that IEC-6 cells can be induced to dif-
ferentiate through the expression of various developmental
genes (27-30). No AGR?2 expression is detected in wild-type
IEC-6 cells when evaluated with quantitative real time PCR,
protein immunoblotting, or immunocytochemistry (Fig. 1).

Stable wild-type AGR2 expression was achieved in [EC-6
cells to produce IEC-6:AGR2-KTEL. In addition to wild-type
AGR?2, [EC-6 cells were also transfected with DNA constructs
in which the carboxyl-terminal sequence was mutated from
KTEL to KDEL (T173D, IEC-6:AGR2-KDEL) or a STOP was
inserted before the KTEL (K172STOP, IEC-6:AGR2-STOP).
The cells exhibited no gross phenotypic changes. Consistent
with other proteins retained in the ER, immunofluorescence for
AGR2 in IEC-6:AGR2-KTEL and IEC-6:AGR2-KDEL cells
revealed punctate cytoplasmic staining consistent with an ER
distribution (Fig. 1, A and B). ER localization was confirmed
when the cells were also probed with an anti-KDEL antibody
that binds HSPAS5 (also known as GRP78), an ER resident pro-
tein, which revealed a similar staining pattern (Fig. 1, E and F).
In contrast, IEC-6:AGR2-STOP cells (Fig. 1C) showed no cyto-
plasmic staining for AGR2 and were similar to IEC-6 cells
transfected with the vector control (Fig. 1D). Protein immuno-
blotting of cell lysates also revealed the presence of AGR2 pro-
tein for IEC-6:AGR2-KTEL and IEC-6:AGR2-KDEL cells but
not in the IEC-6:AGR2-STOP cells. In contrast, AGR2 was
detected in the media only for the IEC-6:AGR2-STOP cells,
revealing that it is secreted and not retained (Fig. 1H). Thus
IEC-6:AGR2-KTEL and [EC-6:AGR2-KDEL cells exhibited ER
localization in IEC-6 cells.

Only KTEL Retained AGR2 Induces CDX2 in IEC-6 Cells—A
screen for markers of intestinal development revealed that
expression of the transcription factor CDX2 was markedly
induced upon expression of wild-type AGR2 in IEC-6 cells. Real
time quantitative PCR did not detect CDX2 expression in wild-
type IEC-6 cells, but IEC-6:AGR2-KTEL cells showed a dra-
matic induction of CDX2 RNA (Fig. 24). CDX2 protein pro-
duction was confirmed with protein immunoblotting (Fig. 2B).
Immunocytochemistry revealed the expected nuclear localiza-
tion for CDX2, although the distribution among cells was het-
erogenous (Fig. 2C). Thus CDX2 expression in IEC-6 cells is a
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downstream result of AGR2 expression and can be used as a
functional readout.

In contrast to the IEC-6:AGR2-KTEL cells, the IEC-6:AGR2-
KDEL and IEC-6:AGR2-STOP cells did not show significant
CDX2 RNA or protein expression (Fig. 2), despite the presence
of AGR2 RNA (Fig. 2A) and protein (Fig. 1, H and /). Thus
secreted AGR2 (IEC-6:AGR2-STOP) was not able to induce
CDX2 expression. In addition, only ER localization by KTEL
resulted in CDX2 expression. When a single amino acid substi-
tution was performed changing KTEL to KDEL, CDX2 expres-
sion was not induced despite the presence of AGR2 in the ER.

KTEL and KDEL carboxyl-terminal Proteins Share the Same
Receptor—Whether wild-type AGR2 is being retained in the ER
by the same mechanism as other KDEL-retained ER resident
proteins was explored using competition experiments. Previ-
ous studies in yeast revealed that overexpression of a carboxyl-
terminated HDEL protein results in secretion of ER resident
proteins through competition with the ERD2 receptor (1, 31).
The HDEL receptor (ERD2) represents the sole determinant for
ER localization in yeast, because there is only one HDEL recep-
tor. IEC-6:AGR2-KTEL cells that express CDX2 were tran-
siently transfected with a previously described GFP-KDEL con-
struct. The GFP-KDEL construct (also known as ER-GFP) is an
inert protein with no interacting partners and does not undergo
glycosylation or form disulfide bridges (26). Transient transfec-
tion of GFP-KDEL in IEC-6:AGR2-KTEL cells resulted in a
7-fold reduction in CDX2 expression as determined by the frac-
tion of cells that express nuclear CDX2 expression on immu-
nofluorescence (Fig. 3, B and E). Expression of a KTEL carbox-
yl-terminated GFP, GFP-KTEL, also induced a 3.8-fold
decrease in CDX2 nuclear expression (Fig. 3, C and E). Consist-
ent with the decrease in CDX2 protein detected by immunoflu-
orescence, a concomitant decrease in CDX2 RNA was also
observed using real time quantitative PCR of cells transfected
with either GFP-KDEL or GFP-KTEL (Fig. 3F). To ensure that
the observed results were not due to the GFP protein itself,
RFP-tagged proteins were similarly expressed in the IEC-6:
AGR2-KTEL cells, resulting in a similar outcome as measured
by immunocytochemistry or CDX2 RNA levels (Fig. 3, G and
H).

As observed for other ER resident proteins, overexpression
of GFP-KDEL is expected to displace AGR2 if they share the
same KDEL receptor. With the expression of either GFP-KDEL
or GFP-KTEL, greater amounts of AGR2 are secreted into the
culture media (Fig. 3Q). Protein immunoblotting of the culture
media also showed increased secretion of soluble HSPA5 ER
proteins as detected with anti-KDEL antibodies (Fig. 3Q). The
results indicate that both KTEL- and KDEL-terminated pro-
teins bind to the same receptors. The loss of function observed
with KDEL-terminated AGR2 is not due to binding a different
receptor.

Expression of KTEL-terminated AGR2 Is Required for Secre-
tion of Amphiregulin in Human Esophageal Adenocarcinoma
Cells—AGR?2 is normally expressed in human esophageal ade-
nocarcinoma OE33 cells where it induces the expression of the
EGF receptor ligand, amphiregulin (AREG) (21). When AGR2is
overexpressed in OE33 cells, AREG expression is also induced.
Thus OE33 cells provided an opportunity to study the role of
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FIGURE 1. AGR2 expression in rat intestinal IEC-6 cells. A-D, immunofluo-
rescence images of I[EC-6 cells transfected with AGR2 constructs terminating
with a carboxyl-terminal KTEL (A), KDEL (B), or a STOP inserted before the
wild-type KTEL (C) sequence. D, cells transfected with the expression vector
alone. A-D, anti-AGR2 antibodies (red) and nuclear DAPI staining (blue). E and
F, representative IEC-6 cell transfected with wild-type AGR2 and labeled with
anti-KDEL (E, green) and anti-AGR2 (F, red) antibodies. The white bars in the
images equal 10 um. G, real time quantitative PCR determination of AGR2
RNA from transfected IEC-6 cells. The error bars represent S.D. H, protein
immunoblots of transfected IEC-6 cell lysates (anti-AGR2 and anti-$-actin) or
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the AGR2 carboxyl-terminal KTEL sequence in a tumor cell
line that normally expresses the protein.

The same AGR2 DNA constructs previously used with the
IEC-6 cells were also transiently transfected into OE33 cells to
determine whether ER localization by the carboxyl-terminal
KTEL sequence was similarly required for efficient AREG
induction. Expression of wild-type KTEL carboxyl-terminated
AGR2 enhanced AREG RNA and protein secretion by 12.5- and
1.9-fold, respectively (Fig. 4, C and D). Wild-type AGR2 over-
expression resulted in higher levels of AREG secreted into the
culture media (Fig. 4D). Expression of KDEL carboxyl-termi-
nated AGR2, however, induced AREG RNA expression and
protein secretion by only 4- and 1.3-fold, respectively, whereas
the AGR2 (STOP) construct resulted in 4.7- and 1.1-fold differ-
ences from the control. Thus the functional significance of the
carboxyl-terminal ER localization motif is conserved in a tumor
cell line in which AGR2 expression is normally observed.

Whether the AGR2 induction of AREG expression also
requires binding to the KDEL receptors was evaluated in OE33
cells through overexpression of the GFP-KDEL and GFP-KTEL
constructs. Constructs terminating in either KDEL or KTEL
motifs resulted in a decrease in AREG protein secretion of 2.4-
and 3.2-fold, respectively (Fig. 4E).

ER Localization Signals with Similar Physical Characteristics
as KTEL Cannot Support AGR2 Function—The substitution of
KDEL for KTEL is predicted to result in a significant change in
physical characteristics that may affect AGR2 function. Thus an
alternative construct was evaluated in which a carboxyl-termi-
nal sequence of KSEL replaced the KTEL ER localization motif.
Previous work demonstrated that KSEL exhibits affinity for the
KDEL receptors and results in ER localization (5). In addition,
the substitution of serine for threonine is predicted to be the
least disruptive. AGR2-KSEL expression in IEC-6 cells resulted
in an ER distribution similar to that observed with anti-KDEL
antibodies (Fig. 5, A and B). KSEL-terminated AGR2, however,
did not induce CDX2 RNA or protein (Fig. 5, C-F). When
AGR2-KSEL is expressed in OE33 cells, there is 4.7-fold less
induction of AREG RNA compared with transfection with
AGR2-KTEL (Fig. 5, G and H).

Both IEC-6 and OE33 Cells Express All Three Known KDEL
Receptors—To determine which KDEL receptors were being
affected by the competition experiments, real time PCR was
performed on both cell lines to determine the relative levels of
the three known KDEL receptors, KDELRI, KDELR2, and
KDELR3. Both IEC-6 and OE33 cells expressed all three recep-
tors, although in different proportions (Fig. 6). Similar to what
has been previously reported for HelLa cells, RNA for KDELR2
was most abundant compared with the other two receptors.

KTEL Carboxyl-terminated Proteins Sort to Same ER Com-
partment as KDEL-terminated Proteins—Additional experi-
ments were performed to evaluate sorting by the KTEL motif
independent of the AGR2 protein. GFP and RFP with either a
carboxyl-terminal KTEL or KDEL were expressed together by

concentrated media (anti-AGR2). |, Coomassie Blue-stained SDS-PAGE of cul-
ture media depicted in H to show protein loading. J, graph of AGR2 protein
levels as determined by densitometry of the immunoblot in H. The values are
normalized by the corresponding B-actin band density.
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FIGURE 2. AGR2 expression in IEC-6 cells induces CDX2 expression and requires a carboxyl-terminal KTEL sequence. A, real time quantitative PCR
determination of AGR2 RNA (gray columns, left ordinate) and CDX2 RNA (black columns, right ordinate) levels in transfected IEC-6 cells. The error bars represent
S.D. (n = 2). B, protein immunoblots of IEC-6 cell lysates for CDX2 and B-actin. C-F, immunofluorescence images of IEC-6 cells transfected with the same AGR2
constructs as depicted in Fig. TA but probed with an anti-CDX2 antibody (red) or DAPI nuclear stain (blue). C, [EC-6:AGR2-KTEL; D, IEC-6:AGR2-KDEL; E,

IEC-6:AGR2-STOP; F, IEC-6:VECTOR. The white bars represent 50 um.

co-transfection in CHO cells. Subsequent confocal immunocy-
tochemistry revealed that both motifs resulted in co-localiza-
tion of the GFP and RFP signals in a pattern consistent with the
ER (Fig. 7, A-C).

Additional experiments were also performed using IEC-6
cells to determine whether AGR?2 that is terminated with either
KTEL or KDEL will co-localize with other ER resident proteins
as determined using the anti-KDEL antibody. In both scenarios,
IEC-6 cells that express either AGR2 with a KTEL or KDEL
carboxyl terminus co-localized with ER resident proteins as
determined with the anti-KDEL antibody (Fig. 7, D—I). Thus ER
localization by KTEL is required for AGR2 function, and a pref-
erential distribution within the ER was not discernible.

DISCUSSION
Previous work established that AGR2 expression in esopha-
geal and lung adenocarcinoma cell lines induces expression of
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the EGF receptor ligand, AREG. For the present study, AGR2
was discovered to induce the de novo expression of CDX2 in
IEC-6 cells. AREG and CDX2 expression thus provided an
opportunity to evaluate the protein domains necessary for
AGR?2 function. Published studies to date have reported an
extracellular role for AGR2 as a secreted protein as well as an
intracellular role as a protein chaperone or stress response fac-
tor (7, 10, 14, 16, 32, 33). Among the factors favoring an intra-
cellular role based in the ER is the presence of a carboxyl-ter-
minal motif, KTEL, that is conserved from Xenopus to humans.

Using immunofluorescence studies of Myc-tagged AGR2,
Raykhel et al. (5) previously demonstrated that AGR2 is
retained in the ER. The same study utilized biomolecular fluo-
rescence complementation to show that AGR2 binds to all
three isoforms of the KDEL receptor, although with lower affin-
ity than controls possessing a KDEL carboxyl-terminal
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FIGURE 4. AGR2 induction of AREG in OE33 esophageal adenocarcinoma 80 O0AGR2 [, 'o 2 025
cells requires a carboxyl-terminal KTEL sequence. A, real time quantitative 5~ 70 BAREG |14 % Z 020
PCR of total AGR2 RNA in OE33 cells transiently transfected with AGR2 con- & 60 128 «
structs terminating with a carboxyl-terminal KTEL, KDEL, or a STOP sequence < 50 1.0 2 & :0ls
(before the wild-type KTEL). Vector designates transfection with the expres- g 40 8'2 > < o010
sion vector alone. B,immunoblots of cell lysates for total AGR2 and B-actinof & 30 N9
1 ; G 20 04 5 005
transfected cells. The AGR2 antisera recognizes both the endogenous and < 02~ % I_I
transiently expressed constructs of AGR2. Under each lane is a column graph 0 0 ol
KTEL  KSEL  Vector KTEL KSEL

depicting the total AGR2/B-actin ratio determined by densitometry. C, real

time quantitative PCR of total AREG RNA in the same cells as in A. D, determi-
nation of AREG protein levels in the culture media by ELISA. E, determination
of AREG concentration in the media of wild-type OE33 cells that have been
transiently transfected with GFP-KDEL and GFP-KTEL constructs. F-/, controls
for GFP transfection efficiency. Phase contrast (F and H) and GFP fluorescence
(Gand /) of OE33 cells transfected with GFP-KDEL (F and G) or GFP-KTEL (H and
1) are shown. The error bars for all of the column graphs represent S.D.

FIGURE 5. Mutation of KTEL to KSEL results in compromised AGR2 induc-
tion of CDX2 and AREG. A and B, immunofluorescence labeling of AGR2-
KSEL-expressing IEC-6 cells with anti-AGR2 (A) and anti-KDEL (B) antibodies.
The white bars represent 10 um. C, quantified RNA levels determined by real
time quantitative PCR for AGR2 (left ordinate) and CDX2 (right ordinate) for
AGR2-KTEL- and AGR2-KSEL-transfected IEC-6 cells. D, proportion of CDX2
positive cells in [EC-6 cells transfected with the AGR2-KTEL or AGR2-KSEL con-

structs. £ and F, representative images from IEC-6 cells transfected with the
AGR2-KTEL (E) or AGR2-KSEL (F) constructs and stained for CDX2 (red) and
DAPI (blue). The white bars represent 100 um. G, quantified RNA levels deter-
mined by real time quantitative PCR for AGR2 (left ordinate) and AREG (right
ordinate) derived from AGR2-KTEL- and AGR2-KSEL-transfected OE33 cells. H,
OE33 data from G that depict AREG expression normalized to total AGR2
expression. The error bars on all graphs represents S.D.

sequence. Although a variety of different carboxyl-terminal
motifs bind to the three KDEL receptor isoforms and exhibit
different affinities, whether there are functional consequences
remained unknown.

FIGURE 3. CDX2 induction is mediated by binding to the KDEL receptors. Shown are the effects of expression with GFP and RFP proteins terminated at the
carboxyl terminus with KDEL or KTEL on CDX2 expression in [EC-6:AGR2-KTEL cells. A-D show anti-CDX2 (red) and DAPI (blue) staining in IEC-6 cells transfected
with AGR2 alone (A), AGR2 + GFP-KDEL (B), AGR2 + GFP-KTEL (C), and expression vector alone and no AGR2 (D). The white bars represent 50 wm. E, proportion
of CDX2-positive cells for the constructs shown in A-D as quantified with ImageJ software. The total number of cells counted as determined by DAPI staining
is listed in parentheses below the abscissa. F, real time quantitative PCR of CDX2 RNA normalized to B-actin for the same cells shown in E. G, proportion of
CDX2-positive cells for similar constructs as shown in E except that RFP was substituted for GFP. H, real time quantitative PCR of CDX2 RNA normalized to B-actin
for the same cells shown in G. I-L, controls for GFP transfection efficiency (400X magnification). Phase contrast (/ and K) and GFP fluorescence (J and L) of
IEC-6-AGR2 cells transfected with GFP-KDEL (/and J) or GFP-KTEL (K and L) are shown. M-P, controls for RFP transfection efficiency. Phase contrast (M and O) and
RFP fluorescence (N and P) of IEC-6-AGR2 cells transfected with RFP-KDEL (M and N) or RFP-KTEL (O and P) are shown. Q, culture media of the cells transfected
with the GFP constructs were evaluated with protein immunoblotting with anti-AGR2 and anti-KDEL (HSPA5) antibodies. Below each lane is a column graph
depicting the density of the bands. R, Coomassie Blue staining of equal amounts of culture media as a loading control.
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FIGURE 6. IEC-6 and OE33 cells express all three KDEL receptor isoforms.
Shown is real time quantitative PCR for the three KDEL receptors (KDELR1,
KDELR2, and KDELR3) in human OE33 and rat IEC-6 cells. The ordinate repre-
sents RNA levels normalized to B-actin. The error bars represent S.D. of three
determinations.

.O .U .>

The present study demonstrates that AGR2 residence within
the ER is required for its function as reflected by AREG expres-
sion in OE33 adenocarcinoma cells or CDX2 expression by
IEC-6 intestinal cells. Converting AGR2 to a secretory protein
by deleting the KTEL terminus nullified the functional readout
in both cell lines. The results are consistent with experiments in
which application of recombinant AGR2 to the culture media
was not able to induce either AREG or CDX2 expression.”

ER residence alone, however, is not sufficient for AGR2 func-
tion because conversion of the KTEL sequence to the classic
KDEL motif failed to induce AREG or CDX2 expression. The
results demonstrate that differences in ER localization signals
may serve an essential functional role.

The results of the competition experiments are consistent
with AGR2 ER localization that is mediated by the same recep-
tors as those responsible for retaining KDEL-terminated pro-
teins. Previous studies revealed that the single yeast counter-

3 A. Gupta, A. Dong, and A. W. Lowe, personal observations.

FIGURE 7. Carboxyl-terminal KDEL and KTEL proteins are both sorted to the same compartment. A-C, confocal imaging of CHO cells transfected with
RFP-KDEL (A) and GFP-KTEL (B) in CHO cells. C, merged RFP/GFP image. D-1, IEC-6 cells transfected with AGR2-KTEL (D-F) or AGR2-KDEL (G-/) and probed with
anti-AGR2 (D and G) or anti-KDEL (E and H) antibodies. F and I, merged images of the preceding two panels.
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part of the KDEL receptor, ERD2, can be saturated by high
expression of a HDEL-terminated ligand, resulting in secretion
of ER resident proteins such as GRP78 (HSPA5) (1). In addition,
saturation of the yeast ERD2 receptor with HDEL-terminated
ligand inhibited yeast growth (31), a finding also observed in the
present study. Similar to the yeast studies, overexpression of an
independent protein that terminates in either KDEL or KTEL
compromised AGR2 function and resulted in its secretion.
Consistent with the previous work of Raykhel et al. (5), where
higher affinity for the KDEL receptors was exhibited by KDEL
compared with KTEL-terminated fluorescent proteins, a con-
sistent effect was observed in the inhibition of AGR2 function
or promotion of AGR2 secretion (Fig. 3, E-G and Q).

The distribution of KTEL-terminated proteins, including
AGR2, was similar to that of other ER resident proteins as
determined using the anti-KDEL antibodies. When considered
in the context of the competition experiments, the data would
support involvement of the previously described KDEL recep-
tors. Because the generation of isoform-specific anti-KDEL
receptor antibodies have been unsuccessful (5), whether AGR2
preferentially associates with a particular isoform cannot be
determined. Given that the KDEL receptors were identified by
sequence homology to the yeast ERD2 gene or to each other, it
is possible that another receptor exists that is capable of binding
both KDEL- and KTEL-terminated proteins and is required for
AGR?2 function. If this is true, however, the distribution of such
a receptor must result in a distribution for AGR?2 that is similar
to the other ER proteins retrieved by the KDEL receptors.

Several possibilities may account for the diversity of ER local-
ization signals. One hypothesis is that KDEL receptor binding
influences AGR2 function by affecting its subcellular location
or promoting a protein complex that includes the receptors.
The major difference between the various ER localization
sequences described to date is the different affinities displayed
for the three KDEL receptors. Recent studies have suggested
that different affinities for the KDEL receptor may result in
changes in subcellular distribution that are dynamic and
dependent on situational conditions such as the cell density or
growth media (6).

Protein complexes that include chaperones bound to the
KDEL receptors have also been described that may mediate a
function other than the retrograde transport of proteins back to
the ER (34). Of particular interest are studies showing that
ligand-bound KDEL receptors also bind p38 MAPKs and JNKs,
which suggests potential involvement in physiological and
pathological processes (35). High throughput binding assays
have also revealed additional associations between the KDEL
receptors and proteins not known to serve a role in retrograde
transport, but the functional implications are currently unclear
(36-38).

We hypothesize that the ER localization motif serves a bio-
functional role, which accounts for the diversity in motifs
observed. The carboxyl-terminal domain is required for both
ER localization and enzymatic function. KDEL receptor bind-
ing of soluble lumenal ER proteins such as the thioredoxins is
pH-dependent, where the higher acidity of the Golgi apparatus
results in receptor association. Once the receptor transports its
bound ligand back to the ER where the pH is less acidic, the
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ligand disassociates and becomes a soluble protein (39). Similar
to other ER thioredoxins, soluble AGR2 is likely to bind to sub-
strate(s) that are currently being actively pursued. We hypoth-
esize that the ER localization signal is critical for conformation
of AGR2 and substrate binding in the ER as a soluble protein.
Thus carboxyl-terminal alteration to KDEL or KSEL retains ER
localization, but disrupts the function of AGR2 as an enzyme in
the ER. The highly conserved amino acid sequence of the AGR2
ER localization signal in all species supports an important func-
tional role.

In summary, the present work establishes that AGR2 local-
ization in the ER by KTEL is required for its ability to induce
AREG or CDX2 expression. ER residence alone, however, is not
sufficient, because a specific localization signal is required for
AGR?2 function. Thus the diversity in ER localization signals
serves an essential functional role and provides a rationale for
the highly conserved carboxyl-terminal motif of AGR2.
Because AGR2 expression is enhanced in almost all human ade-
nocarcinomas, the current findings provide insights into poten-
tial mechanisms, the subcellular location required for AGR2
function, and potential therapeutic strategies for cancer.
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