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Abstract
The adhesion G-protein-coupled receptor CD97 is present in normal colonic enterocytes but overexpressed in colorectal
carcinoma. To investigate the function of CD97 in colorectal carcinogenesis, transgenic Tg(villin-CD97) mice overexpressing
CD97 in enterocytes were generated and subjected to azoxymethane (AOM)/dextran sodium sulfate (DSS)-induced colitis-
associated tumorigenesis. Unexpectedly, we found a CD97 cDNA copy number-dependent reduction of DSS-induced colitis
in Tg compared to wild-type (WT) mice that was confirmed by applying a simple DSS protocol. Ultrastructural analysis
revealed that overexpression of CD97 strengthened lateral cell-cell contacts between enterocytes, which, in contrast, were
weakened in CD97 knockout (Ko) mice. Transepithelial resistance was not altered in Tg and Ko mice, indicating that tight
junctions were not affected. In Tg murine and normal human colonic enterocytes as well as in colorectal cell lines CD97 was
localized preferentially in E-cadherin-based adherens junctions. CD97 overexpression upregulated membrane-bound but
not cytoplasmic or nuclearb-catenin and reduced phospho-b-catenin, labeled for degradation. This was associated with
inactivation of glycogen synthase kinase-3b (GSK-3b) and activation of Akt. In summary, CD97 increases the structural
integrity of enterocytic adherens junctions by increasing and stabilizing junctionalb-catenin, thereby regulating intestinal
epithelial strength and attenuating experimental colitis.
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Introduction

Intestinal epithelial cells are linked together by a junctional

complex comprising tight and adherens junctions and desmosomes,

providing different functions in cell-cell adhesion. In adherens

junctions (or zonulae adherentes), homophilically interacting E-

cadherin receptors physically link the confronting cell membranes.

At the intracellular membrane face, E-cadherins are connected

through intracellular plaque core proteins, mainly catenins, to

cortical actin filament bundles, organizing a circular adhesion belt

[1,2]. E-cadherin-based adherens junctions contribute crucially to

the organization and stabilization of the polarized intestinal cell

layer. Their dysregulation causes cell depolarization, loss of contact-

dependent inhibition of proliferation, increased motility, leakiness of

the mucosal barrier, and disturbances in enterocytic cell-cell contact

formation – processes that have been linked to colorectal

carcinogenesis [3] and inflammatory bowel disease [4–6]. Addi-

tional complications can arise from the dislocation of membrane-

bound b-catenin, which functions as a nuclear modulator in Wnt

signaling during colorectal carcinogenesis [2].

An increasing number of molecules have been described to be

engaged in the complex regulation of adherens junctions, a

process which is not yet understood in detail [7,8]. Here, we

report CD97 to be located in enterocytic E-cadherin-based

adherens junctions, where it regulates structural integrity by

modulating the anchor protein b-catenin. CD97 is a member of

the epidermal growth factor seven-span transmembrane (EGF-

TM7) family of adhesion G-protein-coupled receptors [9]. Next

to its broad and abundant expression in leukocytes, CD97 is

found in various normal and malignant epithelia. We previously

described its overexpression in colorectal adenocarcinomas

compared to the corresponding normal tissues [10]. Remarkably,

scattered colorectal tumor cells at the tumor-host interface

express significantly more CD97 than cells in solid tumor

formations. Corroborating this observation, CD97 expression

levels correlated with the migratory and invasive capacity of

colorectal tumor cell lines in vitro [10]. CD97 overexpression in

HT1080 human fibrosarcoma cells promoted tumor growth in

scid mice and stimulated single cell motility in vitro in an isoform-

specific manner [11]. In silico simulations suggested that CD97
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tion, for 30 min prior to staining. F-actin was labeled with

AlexaFluor 564-coupled phalloidin (Invitrogen GmbH, Karlsruhe,

Germany).

Human Colon Specimens
Paraffin sections of inflamed colonic specimens from patients

with ulcerative colitis with mild to moderate macroscopic disease

activity (n = 5) were stained with a CD97 a-chain-specific

polyclonal antibody (Imgenex, San Diego, CA) by immunohistol-

ogy after antigen retrieval (citrate buffer, pH 6.0). Control

specimens were taken from patients undergoing resection of

sigmoidal or rectal cancer (n = 5).

Immunochemical Analyses
Western blotting was performed as described [14]. Cells or

tissues were lysed in M-PER or T-PER lysis buffer containing

HaltTM protease inhibitor cocktail (Thermo Fisher Scientific,

Bonn, Germany). The ProteoJETTM membrane protein and

cytoplasmic/nuclear protein extraction kits (Fermentas GmbH, St.

Leon-Rot, Germany) were used to isolate membrane, cytoplasmic

and nuclear proteins.

Custom Kinetworks KCPS multiimmunoblotting analyses were

performed using 300 mg of colonic lysate proteins of CD97 Ko,

WT and Tg1 mice as described [19].

Statistical Analysis
Where applicable, data are expressed as mean 6 SEM.

Statistical analysis was performed using the Student’s t-test.

p,0.05 was considered significant.

Results

CD97 Tg Mice Constitutively Overexpress CD97 in
Intestinal Epithelial Cells

To study the consequences of constitutive expression of CD97

in intestinal epithelial cells, we generated Tg(villin-CD97) mice

expressing full-length CD97 with all four EGF-like domains under

control of the villin promotor [12] (fig. 1a). Ten independent

founders were identified that had integrated the CD97 transgene.

By mating with WT mice, three lines were established, designated

CD97 Tg1, CD97 Tg2, and CD97 Tg3 (in short, Tg1 to Tg3).

The copy number of the CD97 transgene in the genome of these

lines was calculated using real-time PCR. Tg1 had integrated

approximately 10–15 copies, Tg2 70–80 copies, and Tg3 nearly

400 copies (fig. 1b).

Monitoring of reproductive performance revealed an impaired

fitness in the Tg mice that correlated with the CD97 cDNA copy

number integrated (fig. 1c) and that presumably was due to

overexpression of CD97 in villin-positive cells in the female and

male reproductive tracts [20]. Tg3 was difficult to breed and could

not be characterized in detail in this study.

Expression of CD97 in the small and large intestine is generally

low in WT mice as compared to tissues like spleen and lung [14].

Transcription of the villin-driven transgene in the intestines

resulted in a copy-number dependent increase in CD97 mRNA

in the Tg mice up to 150 times-fold higher than that observed in

WT mice (fig. 1d). In contrast, no change in CD97 mRNA levels

was observed in spleen and lung. At the protein level, isolated

intestinal cells of the small (fig. 1e) and large bowel were strongly

CD97 positive in Tg but negative in WT mice. Moreover,

immunohistology revealed strong CD97 expression in the

epithelial layer of the small and large intestine, while in WT

animals these cells were CD97 negative (fig. 1f). CD97 staining of

villin-positive cells was stronger in Tg2 mice compared to Tg1

mice, indicating that also at the protein level, CD97 expression

correlated with the number of CD97 cDNA copies integrated

(fig. 1f).

Western blot analysis of small bowel lysates with a CD97 a-

chain-specific antibody revealed a strong signal at approximately

85 kDa only in Tg mice (fig. 1g). The band corresponded to the

predicted size of full-length CD97(EGF1,2,3,4). In the spleen, two

bands were visible in both WT and Tg mice, and are likely to

represent CD97(EGF1,2,3,4) and the smaller isoform

CD97(EGF1,2,4). Signals for the CD97 b-chain at 28 kDa were

obtained in the spleen of WT and Tg mice but only in the small

intestine of Tg animals.

Microscopic investigation of intestinal morphology showed no

changes in Tg mice as compared to WT mice (data not shown).

CD97 Tg Mice Are Protected against DSS-Induced Colitis
CD97 Tg mice were examined in the AOM/DSS model for

colitis-associated tumorigenesis. Three cycles of AOM/DSS were

administered (fig. 2a). All AOM/DSS treated mice, irrespective of

the genotype, developed colorectal cancer. Intestinal CD97

overexpression decreased the number of tumors in the colon

significantly in the Tg2 line and caused a trend toward fewer

tumors in Tg1 mice (fig. 2b). During the first treatment cycle,

application of DSS induced severe acute colitis in WT mice as

judged by the assessment of body weight, fecal blood, and

diarrhea. Surprisingly, disease activity was significantly reduced in

both Tg(villin-CD97) lines. Each of the single parameters scored

for the disease activity index was decreased in Tg compared to

WT mice, thereby displaying a correlation with CD97 cDNA copy

number (fig. 2c–f).

Thus, we decided to focus our investigation on the effects of

CD97 overexpression on the function of the intestinal epithelium.

A simple DSS model unambiguously confirmed the protective

effect of CD97 overexpression in intestinal cells (fig. 3a).

Histological scoring of the colon revealed more crypt damage

and a markedly higher degree and extent of inflammation in DSS-

treated WT mice compared to Tg mice (fig. 3b, c). Tg2 mice even

had no signs of epithelial injury and inflammation at day 4 and

only low activity at day 7. Quantitation of myeloperoxidase-

positive cells, infiltrating into the distal colon, showed higher

numbers of neutrophils in WT compared to Tg mice (fig. 3b).

Epithelial damage and inflammation was mainly restricted to the

distal part of the colon in all mice. Inflammatory cytokines as

CXCL1 (KC), CXCL2 (MIP-2) and CCL2 (MCP-1) were clearly

induced to much higher amounts in whole colon cultures of WT

compared to Tg mice as exemplarily shown here for CXCL1

(fig. 3d). Colon shortening as a hallmark of DSS-induced damage

was reduced in Tg compared to WT mice (fig. 3e). Finally, local

and systemic activation of the immune system, illustrated by

enlargement of the spleen and mesenteric lymph nodes, was

markedly reduced in Tg mice (fig. 3f).

Anchoring Cell Junctions Are Strengthened in CD97 Tg
but Weakened in CD97 Ko Mice

As morphology of the intestinal epithelium in CD97 Tg mice

was normal at the microscopic level, we tested the possibility that

CD97 increases the stability of lateral cell-cell contacts by

ultrastructural analysis. Enterocytes of Tg mice appeared to be

well polarized with apical membranes bearing characteristic

microvilli (fig. 4a). Examining cell junctions, including the

luminally localized tight junctions and the more basally localized

adherens junctions, revealed that the latter anchoring contacts

were strengthened in Tg mice (fig. 4a). Especially the cytoplasmic

site of the junctions, characterized by a plate-like densification or
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plaque into which microfilaments of the cytoskeleton feed, was

condensed. Here, microfilaments were extremely prominent and

appeared to be continuous with the bundles of filaments that

encircle the cytoplasmic surface of the contact region, building the

adhesion belt of the enterocytes. In contrast, in CD97-deficient

mice, adherens junctions were weakened. Here, the bundles of

filaments nearly disappeared whereas tight junctions seemed to be

well arranged (fig. 4a).

Figure 1. Generation of CD97 Tg mice that overexpress CD97 in intestinal cells. A Schematic representation of the pBS-KS-Villin-CD97
construct showing the villin promoter region (hatched box), the mouse CD97 cDNA containing EGF-like domains 1 to 4, and the SV40
polyadenylation sequence (dotted box). B Three CD97 Tg lines with different CD97 cDNA copy numbers were established (n = 3 mice/line, mean6
SEM). C CD97 Tg mice showed impaired reproductive performance. The number of births per mating pair correlated inversely with the CD97 cDNA
copy number integrated (n = 6 mating pairs over 4 months). The percentage of stillbirths dramatically increased in the Tg3 line. The number of pups
per birth was comparable between Tg and WT mice. (***, p,0.001). D Quantitative RT-PCR of tissues from WT and Tg mice. Tissues with a high
percentage of villin-positive cells as the small and large intestine expressed high levels of CD97 mRNA in Tg mice. E Flow-cytometric analysis revealed
comparable levels of CD97 expression in splenic lymphocytes of WT and Tg mice. In contrast, enterocytes were CD97 negative in WT but strongly
CD97 positive in Tg2 mice. F CD97 immunostaining (c = negative control) of tissues of WT (a, c, e) and Tg (b, d, f) mice. In WT colon (a), cells of the
lamina propria mucosae (arrow) were stained whereas in the colon of Tg1 (b) and Tg2 (d) mice, epithelial cells were CD97 positive. The muscular coat
(asterisk) slightly stained for CD97. In the spleen (e, f), leukocytes equally expressed CD97 in WT and Tg mice. Scale bar = 50mm. G Western blot
analysis of CD97 witha- andb-chain-specific antibodies revealed strong signals in the small intestine of Tg1 but not WT mice. In the spleen, CD97 was
detected in WT and Tg mice. Two bands at 80 and 85 kDa, derived from thea-chain-specific antibody, probably present alternatively spliced CD97
isoforms.
doi:10.1371/journal.pone.0008507.g001
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To examine whether CD97 affected transepithelial resistance,

which crucially depends on tight but not adherens junctions,

Ussing chamber experiments were performed. Transepithelial

resistance was comparable in the distal colon and ileum (data not

shown) of untreated WT, Tg, and Ko mice (fig. 4b). Also after

DSS treatment, no differences in transepithelial resistance were

observed between Tg and WT mice (fig. 4c).

CD97 Co-Localizes with Adherens Junction Proteins
To further explore a potential link between the expression of

CD97 and the formation of adherens junctions, we applied

double-immunostaining in combination with laser scanning

microscopy. In colon sections of Tg mice, CD97 co-localized

with the adhesive receptor E-cadherin (fig. 5a) and the anchor

protein b-catenin (data not shown), two key constituents of

adherens junctions. In contrast, little co-localization was found

with the tight junction proteins ZO-1 (fig. 5a) and occludin (data

not shown) and with the desmosom protein desmoplakin.

Staining of HT29/B6 human colorectal carcinoma cells showed

consistent expression of CD97 along the lateral cell membrane, where

it co-localized with b-catenin but not with ZO-1 and desmoplakin

(fig. 5b). Co-localization of CD97 with b-catenin was confirmed in

other colorectal cell lines that highly express CD97 at the cell surface

[10] such as SW-480, Caco-2, DLD-1, and Widr (data not shown).

CD97 staining indicated that the molecule might be involved in

the anchoring of cadherin family adhesive receptors to the actin

filaments of the cytoskeletal network. We found partial co-staining

for CD97 and cortical F-actin (fig. 5c). To test whether F-actin

regulates the subcellular localization of CD97, we treated HT29/

B6 cells with cytochalasin D. As a consequence, F-actin became

disorganized and lost its membrane localization. However, the

membrane association of CD97 was preserved and only

disappeared in cells with a totally disorganized cytoskeleton

(fig. 5c) suggesting that CD97 is not likely to couple to F-actin

by a direct physical interaction.

We continued our investigation by examining the subcellular

localization of CD97 in human colonic enterocytes. Immuno-

staining of paraffin sections of normal colon detected CD97 at

lateral cell-cell contacts akin to the distribution of b-catenin

(fig. 5d). In colonic biopsies of ulcerative colitis patients,

enterocytes were CD97 positive, preferentially in the cytoplasm.

Staining at lateral cell-cell junctions was observed only in one

out of five patients, indicating the loss of CD97 in such cell

contacts in ulcerative colitis. A similar disorganization was

observed for b-catenin (fig. 5d). Quantitation of CD97 in

ulcerative colitis by Western blot analysis was hampered by the

high expression of the molecule on accumulating inflammatory

leukocytes.

Figure 2. CD97 Tg mice are protected from colitis in the AOM/DSS model. A Treatment protocol: Mice underwent three cycles
of AOM/DSS treatment (n = 16/group). B Intestinal CD97 overexpression changed the number of tumors in the colon of Tg mice (*, p,0.05).
C–F Disease activity index (DAI) and separate scores of this index during the firsttreatment cycle causing acute colitis in WT animals. Disease
activity (C), fecal blood (D), diarrhea (E), and weight loss (F) werestrongly reduced in Tg mice. Lowestdisease activity was found in Tg2
mice.
doi:10.1371/journal.pone.0008507.g002
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CD97 Increases Junctionalb-Catenin by Akt/GSK-3b
Signaling

We next investigated whether CD97 modulates the expression

of proteins that form adherens junctions. In colonic lysates, the

amount of the adhesion receptor E-cadherin was not affected in

Tg and Ko mice (fig. 6a). In contrast, expression of the plaque-

building proteins a-catenin, b-catenin, and p120-catenin was

enhanced in Tg mice and decreased in Ko mice as compared to

WT animals.

Next to the majority of b-catenin that is bound to the

intracellular domain of E-cadherin, a cytoplasmic pool exists that

is degraded after phosphorylation [21]. Increased levels of

cytoplasmic b-catenin can accumulate and become available for

nuclear translocation and binding to T-cell factor (TCF) DNA-

binding proteins, resulting in gene transcription. By extracting

membrane, cytoplasmic, and nuclear proteins, we could show that

CD97 overexpression specifically causes accumulation of mem-

brane-associated b-catenin while the amount of cytosolic and

nuclear b-catenin was not affected and rather low (fig. 6b).

Cellular levels of b-catenin are regulated through phosphory-

lation by GSK-3b at Ser 33/37 leading to proteasomal

degradation [21]. Interestingly, CD97 overexpression decreased

phospho-b-catenin in Tg compared to WT mice. Highest levels of

p-b-catenin were found in Ko mice, where probably most of the

Figure 3. CD97 Tg mice show reduced clinical and microscopic signs of DSS-induced colitis. A Treatment protocol: Mice were killed at
days 4, 7, or 27 after initiation of the experiment (n = 8/group/time point of termination). Shown here is the disease activity index (DAI) of mice that
stayed in the experiment for 27 days. B Crypt damage and inflammation of the distal colon was strongly reduced in Tg2 (b, d) compared to WT mice
(a, c) at day 7. Only few neutrophils (arrow) were detected in the distal colon of Tg mice. HE- (a, b) and myeloperoxidase- (c, d) stained sections; scale
bar = 20 mm. C Histological examination at days 4 and 7 revealed gradually lowered colitis in Tg mice depending on the CD97 cDNA copy number
integrated (*, p,0.05; **, p,0.01). D Decreased secretion of CXCL1 in whole colon cultures of Tg mice at day 7 (*, p,0.05). E Colon shortening as a
hallmark of DSS-induced damage was stronger in WT compared to Tg mice at days 4, 7, and 27 (*, p,0.05; **, p,0.01). F Increase in spleen and
mesenteric lymph node weight as signs of local and systemic activation of the immune system were reduced in Tg mice at days 4, 7, and 27
(*, p,0.05).
doi:10.1371/journal.pone.0008507.g003
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