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The expression of CD97, a member of the EGF-TM7
family with adhesive properties, is proportional to
the aggressiveness and lymph node involvement in
thyroid tumors. CD97 has never been systematically
investigated in other tumors. First, we examined colo-
rectal carcinoma cell lines (n � 18) for CD97 expres-
sion and regulation. All cell lines were CD97-positive.
The level of CD97 in each line correlated with migra-
tion and invasion in vitro. This result was confirmed
in CD97-inducible Tet-off HT1080 cells. Transforming
growth factor-� , which inhibits proliferation in
transforming growth factor-�-sensitive LS513 and
LS1034 cells, down-regulated CD97 in these cell lines.
Examining CD97 during sodium butyrate-induced cell
differentiation of Caco-2 cells, we could demonstrate
a CD97-decreasing effect. Second, we screened 81
colorectal adenocarcinomas by immunohistology for
expression of CD97. Normal colorectal epithelium is
CD97-negative. Seventy-five of 81 of the carcinomas
expressed CD97. The strongest staining for CD97 oc-
curred in scattered tumor cells at the invasion front
compared to cells located within solid tumor forma-
tions of the same tumor. Carcinomas with more
strongly CD97-stained scattered tumor cells showed a
poorer clinical stage as well as increased lymph vessel
invasion compared to cases with uniform CD97 stain-
ing. In summary, CD97 expression correlates with
dedifferentiation, migration, and invasion in colorec-
tal tumor cell lines. Moreover, more strongly CD97-
stained tumor cells at the invasion front of colorectal
carcinomas indicate the involvement of the molecule
in tumor migration and invasion. (Am J Pathol 2002,
161:1657–1667)

CD97 is a member of a subfamily of class II G-protein-
coupled receptors referred to as EGF-TM7, which is ex-
pressed predominantly in leukocytes.1 EGF-TM7 proteins

possess a unique hybrid structure that consists of varying
numbers of N-terminal EGF-like domains coupled to a
seven-span transmembrane (TM7) domain by a mucin-
like spacer.1 To date, six EGF-TM7 molecules have been
described, namely CD97,2,3 EMR1,4 EMR2,5 EMR3,6

EMR4,7,8 and ETL.9 The varying numbers of EGF-like
domains in CD97 result from alternative splicing of the
precursor transcript. Various CD97 isoforms have been
detected possessing three (EGF 1,2,5), four (EGF
1,2,3,5), or five (EGF 1,2,3,4,5) EGF-like domains. Co-
expression and co-regulation of these three isoforms oc-
curs in normal lymphoid cells.10

Based on its structure and expression pattern, CD97
has been implicated in cellular adhesion by interacting
with other cell surface proteins or extracellular matrix
proteins. Adhesion studies demonstrated that both lym-
phocytes and erythrocytes specifically bind to CD97
transfectants through interactions with CD55,11 a mem-
brane-bound molecule acting as a regulatory protein of
the complement cascade. We previously found that
CD97 is present at low levels on resting lymphocytes, but
is strongly up-regulated within a few hours after lympho-
cyte activation,12 which is consistent with CD97 playing a
role in adhesion. CD97 is constitutively expressed by
monocytes and granulocytes.12 In normal tissues, abun-
dant expression of CD97 is only detected in macro-
phages and dendritic cells except for glial cells, and in
some T and B cells.13

CD97 is strongly expressed in dedifferentiated thyroid
carcinomas.14,15 Immunostaining for CD97 in thyroid
cancer and adjacent thyroid tissue suggests that CD97
expression parallels the aggressiveness and lymph node
involvement of thyroid tumors. Epidermal growth factor
(EGF), which stimulates the growth and invasion of dif-
ferentiated thyroid carcinoma cells,16 up-regulated CD97
in these cells. All-trans retinoic acid treatment redifferen-
tiates thyroid carcinomas17 and leads to a decrease in
total cell number and in CD97-positive thyroid carcinoma
cells.15 These data suggest that CD97 expression may
play an important role in the dedifferentiation of thyroid
tumors.

CD97 has never been systematically investigated in
other types of tumors. In this study, we first examined
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CD97 in colorectal carcinoma cell lines by flow cytometry
and investigated whether the expression level of CD97
correlates with the migratory and invasive capacity of
these cell lines. To confirm the results obtained, stable
transfected, CD97 inducible Tet-off HT1080 cells were
generated and inserted into the same tests. We further
studied whether induction of differentiation influences
CD97 expression in the cell line Caco-2 that undergoes
enterocytic differentiation in culture after treatment with
sodium-butyrate (NaBT)18,19 or by blocking phosphati-
dylinositol 3-kinase (PI3K), an important mediator of
intracellular signal transduction.20 We assessed the rela-
tionship of the proliferating inhibiting effect of transform-
ing growth factor-� (TGF-�) to CD97 expression in both
TGF-�-sensitive and -insensitive cell lines. In a second
part, colorectal carcinomas and the corresponding nor-
mal tissue of the patients were screened for CD97 ex-
pression by immunohistology to gain an insight into the
distribution pattern of the molecule.

Materials and Methods

Cell Lines and Cells

The human colorectal cancer cell lines Caco-2, Co115,
Colo 201, Colo 205, DLD-1, HCT 116, HCT-15, HT-29,
Lisp-1, LoVo, LS1034, LS174T, LS411N, LS513, SW
1116, SW 480, SW 837, and WiDr were obtained from the
American Type Culture Collection (ATCC, Rockville, MD)
or the European Collection of Cell Cultures (ECACC,
Salisbury, UK). The cells were maintained in Dulbecco’s
modified minimal essential medium or Dulbecco’s modi-
fied minimal essential medium/Ham’s F12 (Life Technol-
ogies GmbH, Karlsruhe, Germany) containing 10% fetal
calf serum except for Colo 201, Colo 205, and HCT-15
that were grown in RPMI 1640/10% fetal calf serum.

Generation of Stable CD97 (EGF 1,2,5)-
Inducible HT1080 Cells

CD97(EGF 1,2,5) cDNA was amplified by polymerase
chain reaction (PCR) from the vector pcDNA3.1/Zeo�
containing the desired cDNA.2 Primers generating MluI
and NheI sites during amplification were used (PrCD97
MluI: 5�-cga cgc gtg cca cca tgg gag gcc gcg-3�;
PrCD97NheI: 5�-aac get agc cct tga tat gcc gga-3�). The
cDNA was inserted into the MluI and NheI sites of pBI-
EGFP (BD Clontech, Heidelberg, Germany).

HT1080 Tet-off cells (Clontech) were grown in Dulbec-
co’s modified minimal essential medium, supplemented
with 10% Tet system-approved fetal calf serum (Life
Technologies), 4 mmol/L L-glutamine, and 100 �g/ml
G418 (Roche Diagnostics GmbH, Mannheim, Germany).
The cells were co-transfected with 5 �g of pBI-EGFP-
CD97 (EGF 1,2,5) and 250 ng pWE-4 (Clontech) by elec-
troporation. Selection of stable cell lines was initiated 2
days after transfection using 100 �g/ml of hygromycin
(Clontech). Fourteen days after transfection, several col-
onies were isolated and maintained in medium supple-
mented with 1 �g/ml of doxycycline (Clontech) in 24-well

plates. To induce the expression of CD97, cells were
cultured without doxycycline. Experiments were per-
formed on cells cultured for 72 hours with or without the
antibiotic. Expression of CD97 was verified by flow cy-
tometry.

Migration and Invasion Assay

The migration and invasion capacity of colon carcinoma
cell lines were evaluated in 24-well transwell chambers
(Costar, Bodenheim, Germany) or 6-well Biocoat Matrigel
invasion chambers (BD Biosciences, Heidelberg, Ger-
many) containing Matrigel-precoated filters, respectively.
In both assays, the upper and lower culture compart-
ments were separated by polycarbonate filters with a
pore size of 8 �m. Five �g/ml of collagen I (Sigma-Aldrich
Chemie GmbH; Taufkirchen, Germany) was used as a
chemoattractant in the lower chamber compartments.
Before starting the invasion assay, the Matrigel matrix of
the chambers was reconstituted by adding serum-free
RPMI 1640 for 2 hours.

Tumor cells were radiolabeled for 12 hours using
(methyl-3H)-thymidine (0.1 �Ci/ml, 7.4 MBq/mmol) and
detached with 0.02% ethylenediaminetetraacetic acid.
For the invasion assay, 8 � 105 cells per well were
incubated on the reconstituted membrane for 72 hours.
For the migration assay, 1 � 105 cells per well were
seeded onto the filter for 24 hours. Cells passing the
filters and attaching to the lower sites of uncoated or
Matrigel-coated membranes were harvested using tryp-
sin/ethylenediaminetetraacetic acid. Cell-bound radioac-
tivity was measured using a liquid scintillation counter.
The percentages of migration and invasion were calcu-
lated on the number of migrating cells compared to the
total number of cells. To specify our results, the highly
malignant osteosarcoma cell line MG-63 (ATCC) was
used as a positive standard cell line in both assays. All
quantifications were done in triplicate. The correlation
between percent of migration and invasion to mean flu-
orescence intensity of CD97 was calculated using Spear-
man’s method.

Monoclonal Antibodies (mAbs)

MEM-180 and CLB-CD97/321 bind to the stalk region of
CD97 and do not show reactivity to EMR2, another mem-
ber of the EGF-TM7 family. CLB-CD97/111 binds to the
N-terminal EGF-domain of CD97 but also detects EMR2.
Thus, the mAb CLB-CD97/1 was used in combination
with MEM-180 to achieve specificity in the enzyme-linked
immunosorbent assay (ELISA) system. The CD55 mAb
was purchased from BD Biosciences.

Flow Cytometry

Carcinoma cells were phenotyped with the desired mAb
by an indirect immunofluorescence method using a
F(ab�)2 fragment of goat anti-mouse immunoglobulin
(FITC-GAM; DAKO, Hamburg, Germany) with a FACS-
scan (Becton Dickinson, Mountain View, CA). The levels

1658 Steinert et al
AJP November 2002, Vol. 161, No. 5



of CD97 and CD55 were determined as mean fluores-
cence intensity of stained cells in comparison to cells
stained with an isotype-matched but irrelevant mAb. To
determine the level of CD97 in transfected Tet-off HT1080
cells, the CD97 mAb (clone MEM-180) was coupled to
N-hydroxysuccinimidobiotin (Sigma). After incubation
with the biotin-labeled CD97 mAb and washing, the
HT1080 cells were stained with streptavidin-phyco-
erythrin (DAKO).

Regulation of CD97 by TGF-�, Wortmannin,
and NaBT

The effect on proliferation was evaluated in parallel using
the CellTiter96AQueous one-solution cell proliferation as-
say (Promega GmbH, Mannheim, Germany) at day 9.
Colorectal carcinoma cells were seeded at an initial den-
sity of 3 � 103 cells per well in 96-well plates. Wortmannin
(0.01 to 1 �mol/L, Sigma), TGF-� (0.01 to 1 ng/ml, R & D
systems), and/or NaBT (0.5 to 50 mmol/L, Sigma) were
added at day 0. Control cells received the same amount
of the solvent of the agents. Fivefold cultures were ana-
lyzed in four experiments. To detect apoptosis, cells were
treated with the required concentration of TGF-�, wort-
mannin, and/or NaBT for 48 hours; after that, they were
trypsinized, double-stained with propidium iodine and
annexin V-FITC using the annexin V-Fluos staining kit
(Roche) according to the manufacturer’s instructions,
and analyzed by flow cytometry. Annexin V binds to
phosphatidylserine residues expressed on the outer leaf-
let of the cell membrane as an early event in apoptosis.
Cells that stain for annexin V-FITC but not propidium
iodine are considered apoptotic. The loss of cell viability
in the detached cells was confirmed by the loss of the
ability of the cells to exclude trypan blue.

To determine the effect of the different agents on CD97
expression, 1 � 105 cells/well were cultured on 24-well
plates for 24 hours. The medium was aspirated and re-
placed with 500 �l of Opti-Mem (Life Technologies) with-
out fetal calf serum containing the desired concentration
of TGF-�, wortmannin, and/or NaBT. The cells were
trypsinized and stained with CD97 mAbs for fluores-
cence-activated cell sorting analysis after 12, 24, 48, 72,
and 96 hours.

Detection of the CD97 mRNA Isoforms

Total cellular RNA was isolated from tissues and cell
cultures with the Qiagen total RNA isolation kit (Qiagen) in
accordance with the manufacturer’s instructions. Five �g
of total RNA was taken to synthesize cDNA using a first-
strand cDNA synthesis kit from Amersham Pharmacia
Biotech (Freiburg, Germany) in a reaction volume of 15
�l. The primer pair PhCD97EGFs1 (5�-tcc tgc cgg cag ctc
caa ml-3�)/r1 (5�-ggc agc ggc agc tgt atg aac-3�) spans
the alternatively spliced EGF-like domain coding region
resulting in a 452 by (EGF 1,2,5), 584 by (EGF 1,2,3,5), or
731 by (EGF 1,2,3,4,5) PCR product. The primer pair
PhCD97TM7s1 (5�-ctg gcc gcc ttc tgc tgg atg ag-3�)/r1
(5�-ctg cgc gat ggc cgt gat gg-3�) partly amplifies the

transmembrane coding region of CD97 resulting in a 356
by-product in all CD97 isoforms. To correct for variations
across different cDNA preparations, all samples were
first adjusted to contain equal input of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) cDNA concentra-
tions.14 Each 25-�l amplification reaction contained 2.5
�l 10� concentrated PCR buffer (15 mmol/L MgCl2), 0.3
U TaqDNA polymerase, 100 �mol/L dNTPs (all from
Roche), 0.1 �mol/L of each primer, and 1 �l cDNA in
adjusted dilution.

Patients

The study comprised a series of 81 sporadic colorectal
adenocarcinomas obtained from patients undergoing
surgery at the Department of Surgery, University of
Leipzig, between October 1999 and July 2001. Fourteen
were from the proximal colon (cecum, ascending, and
transverse colon), 27 were from the distal colon (de-
scending and sigmoid colon) and 40 were from the rec-
tum. Normal mucosal specimens from at least 5 cm away
from colorectal carcinoma lesions were obtained from all
patients. Samples were cryopreserved in liquid nitrogen.

The study was approved by the local Committees of
Medical Ethics; all patients gave written consent. No
patient had received chemotherapy or radiotherapy be-
fore surgery. Histological diagnosis and staging were
established following the TNM classification (stage I, n �
10; II, n � 21; III, n � 27; IV, n � 23) proposed by the
International Union Against Cancer as evaluated in the
Institute of Pathology, University of Leipzig, according to
standard criteria. Every tumor was further examined his-
tologically 1) for differentiation, according to the predom-
inant growth pattern (well differentiated, grade I, n � 3;
moderately differentiated, grade II, n � 59; poorly differ-
entiated, grade III, n � 19); 2) for the presence of blood
and lymph vessel invasion;22 and 3) for the evidence of
tumor budding defined as small clusters of undifferenti-
ated cancer cells ahead of the invasive front of the lesion
as described.23 Tumor budding was divided into two
groups according to degree: none or mild (BD-1) and
moderate or severe (BD-2). Classification of lesions as
BD-1 or BD-2 was based on predominant pattern of
tumor budding in the specimen. Sera were obtained from
all patients on the day before operation and stored in
aliquots at �80°C. Age- and sex-matched healthy blood
donors were used as controls (n � 26).

CD97 Immunostaining of Tissues

Tissues were snap-frozen in liquid nitrogen. Serial frozen
sections were cut at 5 �m, fixed in ice-cold methanol for
10 minutes followed by a short rinse in 0.2 mol/L phos-
phate-buffered saline, and then incubated with the anti-
CD97 mAb (clone CLB-CD97/3). The anti-leukocyte
common antigen mAb (DAKO) was used to reliably dis-
criminate between tumor cells and tumor-infiltrating leu-
kocytes that are partly CD97�. In negative control sec-
tions, an irrelevant mAb of the same isotype was applied
at the same concentrations as the primary antibody. After
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incubation with the mAb (4°C, overnight), bound antibody
was detected with a supersensitive detection kit (Bio-
Genex, San Ramon, CA) including biotinylated anti-
mouse Ig and horseradish peroxidase-conjugated
streptavidin.

Scoring and Computerized Nuclear
Morphometry

Immunoreactivity was scored semiquantitatively by two
independent investigators who were unaware of the his-
tological results using a light microscope (Axioskop; Carl
Zeiss Jena GmbH, Jena, Germany). Tissue from a patient
with a dedifferentiated thyroid tumor was used for each
staining procedure as a positive control. The percentage
of positive cells was judged ranging from 1 to 4 (1, �
10%; 2, 10 to 50%; 3, 51 to 80%; 4, �80% positive tumor
cells) and the level of staining intensity was estimated to
grades between 0 and 3 (0, negative; 1, weak; 2, mod-
erate; 3, strong staining). The product of positive cells
and staining intensity gave the score (0 to 12). We con-
sidered samples positive if the score was higher than 2.
A score of 3 to 6 was regarded as moderate, and �6 as
strong. CD97-positive carcinomas were further examined
for the presence of more strongly stained scattered cells
or scattered cell groups near or on the invasion front.
Staining intensity of these stronger CD97-positive scat-
tered tumor cells was compared to the staining intensity
of the tumor cells located within solid tumor formations.
The association of CD97 expression and clinicopatholog-
ical features was assessed with the Fisher’s exact test. A
level of P � 0.05 was considered significant.

The mean nuclear area of more strongly CD97-positive
scattered tumor cells was compared to the mean nuclear
area of tumor cells located within solid tumor formations
by computerized nuclear morphometry24 using a color
video camera module and color image freezer (HC300Z;

Fuji Photo Film Ltd. Co., Japan). Two hundred cancer
nuclei of more strongly CD97-positive scattered tumor
cells or tumor cells located within solid tumor formations
with complete and clearly identifiable outlines were reg-
istered from each patient, and cancer cell nucleus areas
were calculated using the Axiovision software (Carl Zeiss
Vision GmbH, Hallbergmoos, Germany).

Assays for sCD97 and Soluble Tumor Markers

The ELISA for CD97 has been described elsewhere.25

Briefly, ELISA plates were coated with 5 �g/ml of the mAb
MEM-180 at 4°C overnight. After washing the plates,
undiluted serum was applied to the plates for 60 minutes
at room temperature. After washing, the wells were incu-
bated with 1 �g/ml of biotinylated CLB-CD97/1. Thereafter,
streptavidin-peroxidase, and subsequently tetramethylben-
zidine were added to the plates and the optical densities
were measured in an ELISA reader. Results are expressed
as arbitrary units (U/ml) of a standard amount of CD97
(supernatant of COS-7 cells expressing a soluble CD97
construct) in duplicate measurements. CEA (IRMA-coat-
CEA; Byk-Sangtec Diagnostica, Dietzenbach, Germany),
CA15-3 IRMA-matCA15-3; Byk-Sangtec), CA19-9 (IRMA-
matCA19-9; Byk-Sangtec), and CA72-4 (ELSA-CA72-4,
CISbio international, Gis-Sur-Yvet, France) were deter-
mined preoperatively according to the manufacturer’s
protocol.

Results

Expression of CD97 on Tumor Cell Lines

All colon cell lines examined in this study expressed
CD97 with varying intensity (Table 1). CD55, the cellular
ligand for CD97, was present on all cell lines except

Table 1. Expression of CD97 and CD55 in Colorectal Tumor Cell Lines Determined by Flow Cytometry (Percentage of Cells
Expressing the Antigen and Mean Fluorescence Intensity)

Cell line

CD97 CD55 %
Migration % Invasion% Intensity % Intensity

Caco-2 90–100 10.0 � 4.2 90–100 45.8 � 14.3 7.1 � 2.3 1.1 � 0.4
Co115 90–100 15.2 � 0.4 90–100 40.4 � 15.4 6.5 � 1.9 1.9 � 0.3
Colo 201 90–100 46.3 � 2.3 90–100 6.1 � 0.5 55.4 � 5.3 20.3 � 4.2
Colo 205 90–100 56.8 � 7.0 5–50 0.7 � 0.4 42.1 � 3.9 19.6 � 2.1
DLD-1 90–100 40.6 � 1.3 90–100 21.6 � 2.8 32.0 � 2.5 16.3 � 2.4
HCT 116 90–100 31.4 � 3.4 90–100 30.4 � 3.1 27.1 � 3.8 11.2 � 1.7
HCT-15 90–100 15.9 � 0.8 90–100 11.2 � 1.2 9.4 � 2.1 4.9 � 0.6
HT-29 90–100 20.9 � 4.9 90–100 22.1 � 5.1 9.4 � 1.9 3.8 � 0.5
Lisp-1 90–100 16.4 � 2.4 50–90 7.8 � 3.7 9.7 � 2.3 5.2 � 1.4
LoVo 90–100 13.0 � 0.8 90–100 41.9 � 3.2 8.3 � 1.7 4.9 � 0.7
LS1034 90–100 29.1 � 9.3 90–100 20.1 � 8.4 26.1 � 2.5 14.8 � 2.4
LS174T 90–100 26.4 � 5.1 90–100 8.5 � 2.3 15.8 � 4.6 7.2 � 2.3
LS411N 90–100 14.0 � 3.1 90–100 25.0 � 4.9 7.2 � 0.4 4.2 � 0.4
LS513 90–100 41.9 � 5.6 90–100 20.1 � 8.4 55.2 � 7.1 21.7 � 3.3
SW 1116 90–100 45.2 � 5.6 90–100 17.5 � 0.5 33.2 � 4.3 19.5 � 3.4
SW 480 90–100 7.4 � 0.1 0–5 0 0.7 � 0.2 0.2 � 0.0
SW 837 90–100 25.1 � 0.3 90–100 12.8 � 2.1 12.3 � 2.0 7.1 � 0.9
WiDr 90–100 12.4 � 0.8 90–100 33.3 � 4.1 0.4 � 0.1 2.2 � 0.2

The percentage of migration and invasion of the tumor cell lines were calculated from the number of migrating cells compared to the total number
of cells in chamber assays. mean � SD, n � 3.
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SW480. In Colo 205 cells CD55 expression is rather low.
There was no correlation between CD55 and CD97 (r �
�0.39, P � 0.11) staining intensity.

CD97 mRNA analysis by reverse transcriptase-PCR
with primers that flank the exons coding the EGF-like
domains indicated that all three CD97 isoforms are
present in the cell lines (examples are shown in Figure 1).
In most cell lines, the shortest CD97 isoform was ex-
pressed at the highest level as demonstrated for leuko-
cytes. The relative expression of CD97 (EGF 1,2,3,5) and
CD97 (EGF 1,2,3,4,5) mRNA varied between the cell
lines. Higher expression of CD97 (EGF 1,2,3,5) mRNA
was characteristic for LS513 cells.

Migration and Invasion Assay

We found a strong correlation between the expression
level of CD97 measured by flow cytometry (Table 1) and
migration as well as the invasion capacity of the cell lines
(Figure 2). The highly malignant osteosarcoma cell line
MG-63, used as a positive control, showed 69% migra-
tion and 33% invasiveness.

To verify these results, we established stable CD97
(EGF 1,2,5) cDNA-transfected Tet-off HT1080 cells. The
expression level of CD97 can be down-regulated in these
cells by adding antibiotics. Stable CD97 (EGF 1,2,5)
cDNA-transfected cells cultured without doxycycline
(CD97on) revealed levels 300 times higher than the cells
cultured with doxycycline (CD97off) and a CD97 level up
to 500 times higher than in wild-type Tet-off HT1080 cells,
showing only a faint CD97 signal. All three cell types
(CD97on, CD97off, and wild-type HT-1080 cells) were
inserted in the in vitro migration and invasion assays.
CD97on cells showed a significantly higher migration and

invasion capacity than CD97off or wild-type Tet-off
HT1080 cells (Table 2).

Effect of NaBT and Wortmannin on CD97
Expression

Induction of differentiation with NaBT or by blocking of
the PI3K in Caco-2 cells is associated with inhibition of
proliferation (Figure 3A). NaBT showed a strong effect at
5 mmol/L whereas wortmannin, a specific inhibitor of
PI3K, significantly down-regulated proliferation in the
Caco-2 cells only at a concentration of 1 �mol/L. Adding
both NaBT and wortmannin simultaneously, proliferation
is completely abrogated. We observed microscopically
that treated Caco-2 cells detached from the dishes float-
ing in the media with increasing time of treatment with
NaBT. Thus, we examined apoptosis (Figure 3B). Forty-
eight hours after treatment with 5 mmol/L of NaBT, a
twofold to threefold increase in the percentage of apo-
ptotic cells compared to untreated cells (percent apopto-
tic cells, mean � SD, n � 4: 17.5 � 8.4%) was detected
among the cells that were still attached. The rate of
apoptosis increased up to fourfold compared to controls
within 72 hours (not shown). The detached cells were
dead as shown by trypan blue exclusion. Wortmannin
caused an increase in the percentage of apoptotic cells
at higher concentrations only.

In the second part of the experiment, we investigated
the effect of NaBT and wortmannin on the CD97 expres-
sion levels measured by flow cytometry in the same cell
lines. Treatment with NaBT and/or wortmannin resulted in
a time-dependent decrease of CD97 expression in
Caco-2 cells that were still attached (Figure 3C). The
CD97-down-regulating effect was observed after 3 hours
(not shown) and continued up to 96 hours. Cells cultured
with NaBT and wortmannin could not be further analyzed
after 48 hours because the cells detached completely
after this time.

Effect of TGF-� on CD97 Expression

We did not observe any inhibition in proliferation and
signs of apoptosis induced by TGF-� in either WiDr,
Colo215 (Figure 4, A and B), HT-29, or Caco-2 cells (not
shown). In contrast, LS513 and LS1034 cells, known to
be sensitive for the inhibitory effects of TGF-�, were both
responsive to the cytokine. In the proliferation assay,

Figure 1. Detection of CD97 isoform mRNA by reverse transcriptase-PCR. A:
The primer pair PhCD97EGFs1/r1 overspans the alternatively spliced EGF-like
domain-coding region resulting in a 452-bp (EGF 1,2,5), 584-bp (EGF
1,2,3,5), or 731-bp (EGF 1,2,3,4,5) PCR product. B: Amplification of a part of
the transmembrane-coding region of CD97 results in a 356-bp product.
Positive control, peripheral blood lymphocytes; muscle, muscular coat of the
colon; Mr, 100-bp DNA ladder.

Figure 2. Colorectal carcinoma cell lines (n �
18): correlation between CD97 expression level
determined as mean fluorescence intensity in
flow cytometry and percent migration (A) or
percent invasion (B) determined using in vitro
assays (see Table 1).
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LS1034 cells were even sensitive to 0.1 ng/ml of TGF-�,
whereas LS513 cells responded only to 1 ng/ml. TGF-�
induced a slight increase in apoptotic cell numbers in
both carcinoma cell lines at higher concentrations com-
pared to untreated cells (percent apoptotic cells, mean �
SD, n � 4: LS 513: 26.9 � 10.1%; LS1034: 18.6 � 7.3%)
(Figure 4B).

In the second part of the experiments, we investigated
the effect of 0.01, 0.1, and 1 ng/ml of TGF-� on the CD97
expression level measured by flow cytometry in the same
cell lines. TGF-� treatment resulted in a dose-dependent
decrease of CD97 expression in TGF-�-sensitive LS1034

Figure 3. Effect of induction of differentiation in Caco-2 cells by blocking of
PI3K with wortmannin or by treatment with NaBT. Results were normalized
and expressed as means � SE (n � 4) compared to the control (untreated
cells). *, P � 0.05 versus control. A: Effect on cell proliferation. The cells were
treated with various concentrations of wortmannin (wo) and/or NaBT for 9
days. The anti-proliferative effect was evaluated in parallel using the
CellTiter96AQueous one solution cell proliferation assay. B: Induction of
apoptosis measured by flow cytometry. The cells were treated with various
concentrations of wortmannin and/or NaBT for 48 hours. Treated and un-
treated cells (control) were stained with annexinV-FITC and propidium
iodine. The figure demonstrates the percentage of annexin V-positive apo-
ptotic cells. C: Effect of wortmannin and/or NaBT on the expression of CD97.
Cells were treated with 1 �mol/L of wortmannin and/or 5 mmol/L of NaBT
and the expression of CD97 was examined in flow cytometry.

Table 2. Correlation between CD97 Expression in CD97
(EGF 1,2,5) cDNA-Transfected Tet-off HT1080 Cells
and Migration or Invasion Determined Using In
Vitro Assays (n � 4)

Tet-off HT1080 cells % Migration % Invasion

Wild-type 25.1 � 2.7 10.7 � 1.1
CD97 transfected, with

doxycyclin: CD97off
34.6 � 5.0* 23.3 � 1.2*

CD97 transfected, without
doxycyclin: CD97on

80.3 � 10.1*† 56.2 � 7.6*†

*P � 0.01 compared to the wild type, †P � 0.01 compared CD97off
and CD97on.

1662 Steinert et al
AJP November 2002, Vol. 161, No. 5



and LS513 cells, whereas WiDr and Colo215 cells were
unaffected (Figure 4, B and C). Both LS1034 and LS513
showed a down-regulation of CD97 that continued
throughout 96 hours using 1 ng/ml of TGF-� (Figure 4C).
In LS1034 cells, even 0.1 ng/ml of TGF-� decreased
CD97 (Figure 4B). No effect was observed using 0.01
ng/ml of TGF-� in any cell line (not shown).

CD97 Expression in Colorectal Tissues

The epithelium of normal colon mucosa is virtually CD97-
negative (score �2; Figure 5A), regardless of the location

in the large intestine. Only 20 of 81 normal samples
showed very weak staining for CD97 (score, mean �
SEM, 1.8 � 0.2) on epithelial cells. In contrast, 75 of 81 of
the colorectal carcinomas expressed CD97 (6.1 � 2.3).

CD97 expression was heterogeneous in carcinomas
within 46.7% (35 of 75) of all CD97-positive tumors having
areas with varying levels of this molecule. Two typical
locations of more strongly CD97-positive tumor cells
could be observed. First, very strong staining with CD97
was found in scattered tumor cell clusters or single tumor
cells completely surrounded by stroma (n � 25, 10.4 �
1.8) compared to cells in glands or trabecula of the same

Figure 4. TGF-� sensitivity of colorectal carcinoma cell lines. Results were normalized and expressed as means � SE (n � 4) compared to the control (untreated
cells). *, P � 0.05 versus control. A: Effect of TGF-� on cell proliferation. The cells were treated with various concentrations of TGF-� for 9 days (for further details
see Figure 3A). B: Induction of apoptosis measured by flow cytometry. The cells were treated with various concentrations of TGF-� for 48 hours (for further details
see Figure 3B). C and D: Effect of TGF-� on the expression of CD97. Cells were treated with 0.1 (C) and 1 ng/ml of TGF-� (D) and the expression of CD97 was
examined in flow cytometry.
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tumor (5.6 � 2.4, P � 0.0001) (Figure 5B). The mean
nuclear area of stronger CD97-positive scattered tumor
cells was significantly higher (79.4 � 15.9 �m2) than that
of tumor cells located within solid tumor formations in
CD97-positive carcinomas with nonuniform staining
(36.4 � 10.5 �m2) as determined by the Mann-Whitney
test (P � 0.0001).

Second, strong expression of CD97 was observed at
the margin of solid tumor glands or trabecula (n � 10).
Depending on the distance to the margin or invasion
front, CD97 expression became weaker. Larger homoge-
neous tumor areas showed weaker CD97 expression
(Figure 5C). In these areas, tumor cells even tended to
lose CD97 membrane staining (Figure 5, B and C).

The accumulation of CD97 in scattered tumor cells or
tumor cells at the tumor margin may be only transient. In
three cases we could additionally examine liver metasta-
ses of the primary tumors containing strong CD97-posi-
tive scattered tumor cells. Tumor cells in growing metas-
tases showed again a phenotype lacking or with lower
CD97 expression in the center of tumor glands (not
shown). Apart from tumor cells, two other cell types were
CD97-positive. First, smooth muscle cells strongly ex-
pressed CD97 in normal and carcinoma tissue samples
(Figure 5A). The CD97 mAb labeled smooth muscle cells
of the lamina muscularis mucosae and the muscular coat
of the colon partly infiltrated by tumor cells (Figure 5, A
and B). Second, leukocytes located in the lamina propria

mucosae of normal colorectal tissues were CD97-posi-
tive. The CD97-positive leukocytes seem to represent
mostly monocytes/macrophages, not lymphocytes,
based on their morphology. Lymphocytes located in fol-
licles in the mucosae appeared to be CD97-negative or
only slightly positive (not shown).

Clinicopathological Features

CD97 expression was compared between tumors with
more strongly CD97-positive cells at the invasion front or
tumor margin (n � 35) and with uniform CD97 staining
(n � 40, Table 3). The following parameters showed no
relation to the pattern of CD97 expression: age, sex, pT,
pN, M, differentiation, as well as histological blood vessel
infiltration. Carcinomas with more strongly stained CD97
cells at the invasion front showed a higher clinical stage
and tumor budding compared to carcinomas with ho-
mogenous CD97 staining (Table 3). Seventy-five percent
of the carcinomas containing more strongly CD97-posi-
tive cells were graded as clinical stages 3 and 4, whereas
54% of the tumors with homogenous CD97 staining be-
longed to these stages. Not in every carcinoma scattered
tumor cells observed in hematoxylin and eosin-stained
sections examined as tumor cell budding were more
strongly CD97-positive compared to the tumor cells
within solid formations. The percentage of tumors con-

Figure 5. Immunohistological expression pattern of CD97 on cryosections of
colorectal normal tissue and carcinoma. A: Normal epithelial cells are CD97-
negative (open arrow), whereas tumor cells express the antigen (arrow).
Note the strong staining of smooth muscle cells in the lamina muscularis
mucosae and the muscular coat (asterisk). B: Stronger cytoplasmic and
membranous expression of CD97 in scattered tumor cells or tumor cells
groups (arrow) surrounded by stroma compared to tumor cells located in
tumor glands or solid tumor trabecula (open arrow). C: Stronger membra-
nous CD97 staining of the outer parts of tumor cells at the tumor margin or
invasion front (arrow) and weaker or no membrane expression on tumor
cells within the center of the carcinoma. Moreover, there is a group of tumor
cells seeming to detach from the tumor formation with stronger CD97
expression (open arrow). Scale bars: 100 �m (A); 50 �m (B and C).
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taining tumor cells that were more strongly CD97-positive
increased in relation to tumor cell budding (Table 3).

CEA, CA15-3, CA19-9, and CA72-4 serum levels did
not correlate with the expression of CD97. The mean
levels (�SEM) of sCD97 in serum were not higher in
patients with colorectal carcinomas (0.18 � 0.02 U/ml)
compared to the control group (0.16 � 0.01 U/ml). There
was no correlation between sCD97 serum levels and
CD97 expression in tumor tissues that did not support a
release of sCD97 from the tumor cells themselves.

Discussion

Our observation that in nearly half of the examined colo-
rectal carcinomas CD97 is strongly localized in isolated
tumor cells or small tumor cell clusters at the invasion
front and that in central parts of the tumor the opposite is
the case (ie, low or even absent expression of CD97),
support the recently obtained data showing that CD97 is
involved in invasion.14,15 Carcinomas containing strongly
CD97-positive tumor cells at the invasion front showed
significantly more often lymph vessel invasion and higher

clinical stage, that are strong prognostic factors in colo-
rectal carcinomas,26 compared to carcinomas with ho-
mogenous CD97 staining. However, the accumulation of
CD97 in scattered tumor cells or tumor cells at the tumor
margin can be transient as demonstrated for changes in
�-catenin localization27 because tumor cells in growing
metastases show again a phenotype with lower or lacking
CD97 expression in the center of tumor glands.

Other studies confirmed that a temporary changed
expression of adhesive, proteolytic, or extracellular ma-
trix molecules like components of the E-cadherin/catenin
complex, integrins, and angiomodulin, components of
the tissue destructive plasminogen activation system, or
certain laminin-5 subunits at the invasion front of colorec-
tal carcinomas result in migration and invasion of the
single tumor cells or cell clusters.28–30 �-catenin shows a
membrane-bound distribution pattern within compact tu-
mor formations, but nuclear and cytoplasmic overexpres-
sion in tumor cells localized predominantly at the invasion
front.31,32 The changed cellular localization causes
changes in function. Normally, membrane-bound �-cate-
nin hold cells together, whereas nuclear or cytoplasmic
�-catenin transmits Wnt-ligand signals to the nucleus
initiating the amplification of oncogenes.33 Collectively,
these studies suggest that in colorectal cancer, mole-
cules such as CD97 contributing to cell-matrix and cell-
cell interactions may identify a subset of carcinoma cells
prone to invade focally, spread, and metastasize. Tumor
border configuration is a factor that has been shown by
multiple studies to be promising in its possible prognostic
values for outcome in colorectal carcinomas.23,26 We
found a strong correlation between the appearance of
moderate or severe tumor budding and accumulation of
CD97 in these scattered tumor cells.

The idea that CD97 participates in the migration and
invasion of tumor cells has been strengthened by the
observation that CD55, the ligand for CD97, is overex-
pressed in the tumor environment of colorectal carcino-
mas.34 Here, at the tumor-stroma interface, CD97 is pref-
erentially overexpressed in tumor cells. By direct
receptor-ligand interactions, CD97 may be involved in
the remodeling of adhesive contacts of the invading tu-
mor cells with the extracellular matrix. In vitro colorectal
tumor cell lines expressing CD55, as confirmed in our
study, and endothelial cells deposit CD55 into the extra-
cellular matrix.34 Perhaps such exogenic signals from the
specific tumor environment regulate the cellular distribu-
tion of CD97 and consequently activation of its unknown
target genes. Although the mechanisms for CD97 and
CD55 overexpression at the invasion front remain un-
clear, both molecules may be good targets for tumor
therapy. In the case of CD55 this has been already dem-
onstrated. 791Tgp72, an antigen that was successfully
used as a target for both colorectal tumor imaging and
cancer vaccines, has been recently identified as CD55.35

Our in vivo data indicate that the cancer cells acquire
or enhance the ability to recognize the environment by
displaying CD97 as an adhesive receptor. We have con-
firmed the linear correlation between CD97 and in-
creased migratory and invasive potential in vitro on colo-
rectal carcinoma cell lines. Stable transfection of CD97

Table 3. CD97 Expression and Clinicopathological Features

CD97hom CD97scatt P

Number of cases 40 35
Age (mean � SD) 65.0 � 10.7 65.6 � 12.0
Sex

Male 23 22 0.813
Female 17 13

Tumor location
Colon 17 17 0.647
Rectum 23 18

Tumor size (pT)
1 or 2 11 5 0.258
3 or 4 29 30

Lymph node
metastasis (pN)

0 21 11 0.801
1 or 2 29 24

Distant metastasis (M)
0 27 20 0.473
1 13 15

Tumor stage
1 or 2 20 9 0.036*
3 or 4 20 26

Differentiation
(grade)

I or II (well,
moderate)

31 26 0.791

III (poor) 9 9
Blood vessel invasion

No (V0) 26 19 0.358
Yes (V1) 14 16

Lymph vessel invasion
No (L0) 13 4 0.050*
Yes (L1) 27 31

Tumor budding
BD-1 (non/mild) 16 3 0.003*
BD-2 (moderate/

severe)
24 32

The CD97-positive carcinomas were subdivided in two groups:
carcinomas with homogenous CD97 staining (CD97hom) and
carcinomas with stronger stained scattered tumor cells (CD97scatt).

*P � 0.05.
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(EGF 1,2,5) in Tet-off HT1080 cells also results in a sig-
nificant increase of migratory and invasive capacity.
However, with higher nonphysiological CD97 expression
as present in the transfected Tet-off HT-1080 cells show-
ing an increase in CD97 mean fluorescence intensity of
up to 500 times that of the wild-type cells, the increase in
the rate of invasion and migration slowed down, indicat-
ing a saturation or plateau effect. Factors responsible for
this observation that limit the increase of the migratory
and invasive capacity of the cells lie in the physical
properties of the test system and biological characteris-
tics of the cells, such as time-limited rearrangement of the
cytoskeleton.36–38

To examine the relation of differentiation and CD97
expression in vitro, we used the Caco-2 cell line as a
suitable model to delineate potential pathways leading to
an enterocyte-like phenotype that includes induction of
alkaline phosphatase and cell polarization.39 One possi-
bility for achieving differentiation of Caco-2 cells is treat-
ment with NaBT.18 Butyrate, a short-chain fatty acid, is a
natural fermentation product of dietary fibers of the colon
microflora that contributes to the apparent protective ac-
tion exerted by dietary fibers against colon cancer.19

Inhibition of PI3K with wortmannin is another possibility
for enhancing enterocyte-like differentiation of these
cells.20 Increased PI3K activity can convert differentiated
colon and gastric cancer cells to a less-differentiated and
more malignant phenotype.40 Our results indicate that
the induction of a differentiated phenotype in colon can-
cer cells by NaBT or by blocking of PI3K is associated
with a marked reduction in CD97 expression. We dem-
onstrated that treatment with NaBT caused growth arrest
and induction of apoptosis as confirmed in other stud-
ies.41,42 NaBT influenced the �-catenin-dependent Wnt
signaling pathway by modulation of gene expression
through specific promotor regions in colorectal cell
lines.18,41,42 In our study, blocking with wortmannin also
up-regulated CD97 expression and proliferation, but only
slightly induced apoptosis in Caco-2 cells. However,
wortmannin in combination with NaBT synergistically in-
duced apoptosis in all cells.

In the second part of our in vitro experiments, we eval-
uated the correlation of the proliferation inhibitory effect of
TGF-� and CD97. TGF-� inhibits growth in normal colon
enterocytes43 and in TGF-�-sensitive colorectal carci-
noma cell lines such as LS513 and LS1034,44 which were
used in our study. The mechanisms for resistance to
TGF-� growth inhibition in the other cell lines examined
here has been attributed to deficient intracellular path-
ways and/or to expression of aberrant or absent TGF-�
receptors.43 The disruption of the TGF-� signaling cas-
cade is considered an important mechanism by which
tumor cells can escape from growth suppression.43 In
our study, TGF-� decreased CD97 only in the sensitive
LS513 and LS1034 cells. The sensitivity to growth inhibi-
tion correlated well with the extent of CD97 down-regu-
lation. These findings indicate that the anti-tumorigenic
role of TGF-� in the gastrointestinal tract may be associ-
ated with CD97 down-regulation. Contradictory data
have been published as to the effect of TGF-� on apo-
ptosis induction in epithelial cells.45–47 Perhaps several

pathways such as Smad or MAP kinase signaling are
involved. Here we show that TGF-� has only minor apo-
ptotic effects on TGF-�-sensitive colorectal cell lines.

Taken together, our findings indicate that CD97 is ab-
errantly expressed in colorectal carcinoma cell lines and
tissues. The in vitro and in vivo data suggest that CD97
enables cancer cells to invade the surrounding matrix
and survive through foreign microenvironments. CD97
seems to be involved in cell-cell and cell-extracellular
matrix interactions that control tumor cell migration. Thus,
CD97 may be a potential therapeutic target in cancer
treatment.
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