
Abstract. Background: Adhesion molecules are involved in cell-
cell and cell-matrix interactions and may be informative to
characterize intercellular mechanisms of invasion and metastasis.
This study was performed to characterize radiation-induced
changes in the adhesion molecule profile of Ewing tumor
subpopulations on a single cell level. Materials and Methods: In
the present study, two Ewing tumors were characterized in vitro 4,
24 and 72 hours after radiation with 5 Gy and in vivo in a
xenograft model 4, 6 and 15 days after radiation with 30 Gy,
together with non-irradiated controls, by five parameter flow
cytometry. Directly fluorescence-conjugated antibodies that were
directed against adhesion molecules (LFA-1 (CD11a), HCAM
(CD44), VLA-2 (CD49b), ICAM-1 (CD54), NCAM (CD56),
LECAM-1 (CD62L) and CD86) were used. Annexin V and 7-
AAD were used to characterize radiation-induced apoptosis.
Results: Tumor cell subpopulations were identified by the
expression of adhesion molecules, apoptotic markers and DNA
content. Heterogeneous changes of the adhesion molecule profile
were identified on tumor cell subpopulations after radiation. The
expression of CD11a and CD62L correlated with the expression of
apoptosis-associated markers. Conclusion: The changes of flow
cytometric profile under radiation may potentially correlate with
a changed metastatic potential of tumor cell subpopulations.

Surface adhesion molecules play an important, but still not

completely clarified, role in the process of metastasis. Cancer

metastasis is a complex cascade of events that includes

intravasation of tumor cells into the lymphatic or blood

circulation, arrest in distant organs via interactions of tumor

cells with the new organ environment, tumor growth, invasion

and angiogenesis. Considerable research has been directed

towards understanding molecular mechanisms involved in

these different steps of the metastatic cascade (1-4). Specific

cell surface proteins are involved in mediating adhesion of cells

to each other and of cells to extracellular matrix structures.

Adhesion molecules are classified into several groups that

include integrins, cadherins, members of the immunoglobulin

family and selectins. The adhesion molecules exhibit a broad

range of structural and functional diversity. In malignant

tumors expression of adhesion molecules correlates with

metastatic potential (5-8) and tumor differentiation (9).

Moreover, it is postulated that adhesion molecules are

involved in the apoptotic pathway (10-12). The role of

programmed cell death (apoptosis) (13) in malignancies has

not yet been clarified completely. Ionizing radiation has

been shown to induce apoptosis (14-16) and the importance

of this mechanism is under discussion. As an early marker

of apoptosis the binding of Annexin V to phosphatidylserine

can be used (17, 18).

Radiation-induced changes of adhesion molecule expression

have been shown for normal tissues (19-22) and malignant

tumors (23-26). Ewing tumors and related tumors express

several different adhesion molecules. An involvement of

integrin expression in the adhesion characteristic of tumor cells

has been shown for these tumors (6). 

Flow cytometry has become a powerful technique to

characterize tumor cells at a single cell level and to identify

intraindividual heterogeneity and subpopulations within one

individual tumor. A simultaneous characterization of adhesion

molecules, DNA content and apoptosis-associated markers

can be performed at a single cell level. Besides standard one

or two parameter DNA content analysis, several publications

describe simultaneous analysis of immunophenotype and
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DNA content (27-32). Multiparametric DNA flow cytometry

is therefore a powerful tool to characterize simultaneously the

adhesion molecule profile, the DNA content and apoptosis-

associated markers (33,34) at a single cell level. 

The aim of this study was to characterize Ewing tumor

cells under the influence of ionizing radiation. Molecules

that are potentially involved in tumor invasion, metastasis

and apoptosis were chosen as target antigens. 

Materials and Methods

Two Ewing tumor cell lines (ET-1 and RM-82) were characterized

in vitro and in a xenograft mouse model under the influence of

radiation. 

Source of tumor cell lines. ET-1 was derived from a primary tumor

(humerus) characterized as a malignant peripheral neuroectodermal

tumor (PNET) (35). The cell line RM-82 originated from a primary

Ewing’s sarcoma of the femur (36). 

Cell culture. Cells were grown in collagen-coated culture flasks in

RPMI 1640 medium (supplemented with 10% fetal calf serum

(FCS)) (Gibco Invitrogen Corporation, Karlsruhe, Germany) and

maintained in a humidified incubator at 37ÆC and 5% CO2. All

cells tested negative for mycoplasma. 

Xenograft mouse model. For the xenograft experiments, NMRI

athymic nude mice (nu/nu) were used (37,38). 5x106 cells were

transplanted subcutaneously in a 250Ìl suspension (RPMI 1640

medium). Solid tumor samples were examined by light microscopy,

immunohistochemistry and flow cytometry to prove the human

Ewing tumor family origin after the engraftment.

Irradiation. Cells and solid tumors were irradiated with 6MV

photons from a linear accelerator with a dose rate of 4.8 Gy/min

at room temperature. The cell lines were irradiated in vitro with 5

Gy and analyzed after 4, 24 and 72 hours. Xenograft tumors were

characterized 4, 6 and 15 days after a single radiation fraction with

30 Gy. Non-irradiated samples were used as controls. A tissue

equivalent material was used to reduce the build-up effect. 

The radiation doses and points of time of characterization after

radiation were chosen depending on the experimental model used.

Cell culture experiments were used for short time experiments and

cells were analyzed between 4 to 72 hours after radiation with 5

Gy. The in vivo model was chosen for long time analysis and cells

were analyzed between 4 to 15 days after radiation with 30 Gy.

Although radiation doses were different, this set-up was chosen

because of the practicality of both systems.

Cell preparation, immunophenotyping, Annexin V and DNA staining.
For the in vitro characterization of cell lines, the cultured cells were

disaggregated with phosphate-buffered saline (PBS) (Gibco

Invitrogen Corporation) containing 0.5 mM EDTA (Sigma,

Taufkirchen, Germany). 

For in vivo analyses of xenograft tumors, a single cell suspension

adequate for flow cytometric analyses had to be prepared. The tumor

was explanted and mechanically disaggregated, filtered through a 35-

Ìm mesh and resuspended in 300 Ìl PBS (containing 1% bovine

serum albumin (BSA) (Sigma)) as previously described (32). 

For simultaneous immunophenotyping and DNA staining, the

cell number was adjusted between 2x105 and 1x106 cells in 100 Ìl

PBS/BSA. Monoclonal antibodies conjugated directly to fluorescein

isothiocyanate (FITC) and phycoerythrin (PE) were added to the

cell suspension. Aliquots were incubated at 4ÆC for at least 20

minutes in the dark. All antibodies belonged to the subclass IgG1

and were directed against cell adhesion molecules (HCAM (CD44)

(Becton Dickinson (BD), Heidelberg, Germany), LFA-1 (CD11a),

ICAM-1 (CD54), NCAM (CD56), LECAM-1 (CD62L) (all BD

Pharmingen) and CD86 (Genzyme, Rüsselsheim, Germany)).

For the identification of human Ewing tumor cells, antibodies

against HLA-ABC (BD Pharmingen) and against the Ewing tumor

specific marker CD99 (Serotec, Eching, Germany) (35) were used. For

the detection of non-specific binding, isotype controls (IgG1 FITC /

PE (BD)) were used. After incubation, cells were washed once with

PBS/BSA and then resuspended in 300 Ìl of cold 70% methanol for at

least one hour. After fixation, the cell suspension was washed again

with PBS/BSA and resuspended in 300 Ìl PBS/BSA. Five Ìl 7-

aminoactinomycin D (7-AAD) (Sigma) at a concentration of 25 Ìg/ml

were added and cells were incubated for at least 48 hours. An analysis

of DNA content was also performed using 4’, 6-diamidino-2-

phenylindole (DAPI) (Serva, Heidelberg, Germany) and propidium

iodide (PI) (Sigma) and compared with results obtained by 7-AAD.

For Annexin V (BD Pharmingen) and DNA staining, cells were

resuspended in Annexin V binding buffer (BD Pharmingen) after

cell surface staining with antibodies directed against CD11a and

CD62L. A 5 Ìl PE-conjugated Annexin V and a 5 Ìl 7-AAD

solution at a concentration of 25 Ìg/ml was added and incubated

for 15 minutes at room temperature. Cells were acquired for

analysis within one hour after staining. 

Flow cytometric acquisition and analysis. Samples were analyzed on

a flow cytometer (FACSCalibur, BD). Electronic compensation was

used to remove spectral overlap. Monoclonal antibody staining was

detected using log amplification. Simultaneous DNA staining was

detected using fluorescence 3 (FL3) in linear mode. In the case of

simultaneous Annexin V and DNA staining the DNA signal was

detected on a log scale. Forward and side scatter (FSC and SSC)

signals were acquired in linear mode. FL1 and FL2 photomultiplier

(PMT) voltage settings were set using unstained and isotype samples.

The FL3 PMT voltage was set according to the G0/G1 peak of the

dominant tumor cell population. Besides FL3 pulse height signals,

width and area signals were detected to exclude doublets. Dual

thresholding using FSC and FL3 signals was set to exclude debris

without excluding populations of interest. No threshold on FL3 was

used in the case of Annexin V and DNA staining and the FL3 PMT

voltage was set according to a non-apoptotic cell population. Data

was analyzed using Paint-a-Gate and Cell Quest Pro software (BD).

Debris and unclassifiable events were not painted.

Results

The adhesion molecule profile, based on the expression of

CD11a, CD44, CD49b, CD54, CD56, CD62L and CD86, was

characterized for both tumor cell lines in vitro and in a

xenograft model in vivo. The adhesion molecule profile showed

a clear inter- as well as intraindividual heterogeneity before

and after radiation. This individual characteristic profile is

shown for both tumors in vitro before radiation in Figure 1.
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Figure 1. In vitro characterization of adhesion molecule profile of the Ewing tumor cell lines ET-1 and RM-82 characterized by the expression of CD11a,
CD49b, CD54, CD56 and CD62L. Both cell lines show an intra- and interindividual heterogeneous expression of adhesion molecules. 
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Figure 2. Characterization of CD56 expression on tumor cells of ET-1 and RM-82 before radiation as well as 4, 6 and 15 days after radiation with
30 Gy in a xenograft model. Two subpopulations of cells can be distinguished by the expression of CD56, painted grey and black. After radiation an
increase of CD56-positive cells is shown, followed by a decrease 15 days after radiation. The percentage of both identified subpopulations is given.



Both cell lines were positive for CD54 and CD56 in vitro
before radiation. An up-regulation of CD54 and CD56 was

detectable on a subpopulation of cells of ET-1 72 hours

after radiation with 5 Gy in vitro. The profile of RM-82

remained unchanged compared to the non-irradiated

control. Cells of ET-1 and RM-82 showed a comparable

CD54 profile in vitro and in vivo. In the case of CD56 the

xenograft tumor ET-1 tended to a higher expression of

CD56 on a subpopulation of cells, while the xenograft RM-

82 tended to a lower expression on a subpopulation of cells.

In the xenograft model, ET-1 and RM-82 showed a time-

dependent up-regulation on a subpopulation of cells of

CD56 4 and 6 days after radiation with 30 Gy, followed by a

decrease 15 days after radiation (Figure 2). The changes of

the expression of CD54 on ET-1 cells were comparable after

radiation with those in the xenograft model. Cells of RM-

82 showed no changed expression. 

CD44 was negative on cells of RM-82 in vitro and in vivo.

CD44 was dim-positive on a subpopulation of cells of ET-1 in

vitro and in vivo and in both cases unchanged after radiation. 

All cells of ET-1 and RM-82 were dim-positive for

CD49b in vitro and in vivo without any changes in vitro after

radiation. An up-regulation of CD49b on a small

subpopulation of cells of both tumors in vivo was detectable

up to 15 days after radiation. 

CD86 was positive on all cells of ET-1 and RM-82 in vitro
and in vivo. No changes of the CD86 profile were identified

after radiation.

The majority of cells of both tumors were negative for

CD11a and CD62L in vitro; a minor subpopulation was

positive before radiation. A time-dependent up-regulation

of CD11a and CD62L was observed on a subpopulation of

cells of both cell lines 24 hours after radiation (Figure 3b).

It remained up-regulated at 72 hours after radiation with a

tendency to a decreased expression. Before radiation,

xenograft tumor cells showed a profile comparable to the in
vitro profile. No enhanced expression of either antigen was

observed 4, 6 or 15 days after radiation.
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Figure 3. Simultaneous analysis of light scatter profile, CD11a and Annexin V expression together with stainability for 7-AAD, used as apoptosis-
associated marker. In this figure cells of ET-1 are characterized in vitro before and 24 hours after radiation with 5 Gy. Non apoptotic cells are painted
blue and are characterized by light scatter profile, a dim expression of Annexin V and non-stainability for 7-AAD. Annexin-positive cells are painted red
and yellow and are characterized by decreased light scatter parameters and stainability for 7-AAD. These cells have to be classified as predominant early
apoptotic cells. Annexin-positive cells are distinguished by the expression of CD11a. Negative cells are painted red, CD11a-positive cells are painted
yellow. The percentage of each identified subpopulation is given. After radiation the percentage of non apoptotic cells (painted blue) decreases and the
percentage of apoptotic cells (painted red and yellow) increases. CD11a expression is clearly associated with Annexin V expression, however Annexin V-
positive and CD11a-negative cells are detectable as well. Among the Annexin V-positive cells several subpopulations can be detected (not distinguished).



The cell lines ET-1 and RM-82 were characterized

according to the binding of Annexin V and stainability for 7-

AAD. Simultaneous characterization of the adhesion

molecules CD11a and CD62L was performed in vitro.

According to Annexin V binding and stainability for 7-AAD

different subpopulations were characterized before as well as

4, 24 and 72 hours after radiation with 5 Gy. These identified

subpopulations represent the different stages of the apoptotic

pathway. Simultaneous characterization of the cell surface

adhesion molecule profile was performed according to the

expression of CD11a and CD62L. The expression of these

adhesion molecules was associated with the binding of

Annexin V. In all cases two subpopulations of the Annexin-

positive cells were positive for CD11a and CD62L and were

distinguished by a difference in the intensity of Annexin V

binding. Moreover, a third Annexin V-positive and

CD11a/CD62L-negative subpopulation was identified. This is

shown in Figure 3 for ET-1 cells before and 24 hours after

radiation with 5 Gy. Light scatter profile (Figure 3A),

expression of CD11a as well as Annexin V (Figure 3B) and

stainability for 7-AAD (Figure 3C) are characterized

simultaneously and different subpopulations are

distinguished. The Annexin V-positive subpopulations

increased compared to the non-irradiated control sample

after radiation. 

Discussion

Characterization of markers involved in cell-cell and cell-

matrix interactions like adhesion molecules, as well as

markers associated with apoptosis like Annexin V and

stainability for DNA dyes, may be important to understand

intercellular mechanisms related to metastasis, radiation

response and therapy failure.

The aim of our study was to characterize tumor

subpopulations and to detect tumor cell heterogeneity before

and changes of profile after radiation, by multiparametric

flow cytometry at a single cell level, by the simultaneous

characterization of markers potentially associated with

intercellular interactions, like metastasis and apoptosis. Two

Ewing tumors were immunophenotyped in vitro, respectively,

in a xenograft mouse model before and at different points of

time after radiation. These results may be the basis for

further studies examining the role of adhesion molecules in

the processes of metastasis and apoptosis. 

The expression of the adhesion molecules CD44, CD49b

and CD86 as analyzed in this study was shown to be non-

informative for the characterization of Ewing tumor cells

under the influence of ionizing radiation. No relevant

changes of profile were detectable. However CD49b showed

radiation-induced changes in a colorectal tumor cell line (25). 

The intercellular adhesion molecule ICAM-1 (CD54)

(39) and the neural cell adhesion molecule NCAM (CD56)

(40) belong to the immunoglobulin supergene family. Ewing

tumors were tested partially positive for the expression of

CD56 by immunohistochemical and flow cytometric

methods (41). Neuroblastomas and related tumors showed

highly variable phenotypes based on the expression of CD54

and CD56. These adhesion molecules were also associated

with tumor differentiation (9).

The tumor cells analyzed in the present study showed a

heterogeneous profile of CD54 and CD56 expression in vitro
and in vivo after radiation. This indicates an interindividual

heterogeneous response to radiation. This heterogeneity is

also detectable within one individual tumor because the

observed up-regulation of these adhesion molecules is only

detectable on a subpopulation of tumor cells. This indicates

complex individual intercellular mechanisms in the

expression of these adhesion molecules. 

The up-regulation of the observed adhesion molecules

CD56 and CD54 is in concordance with other authors. An

enhancement of the expression of ICAM-1 (CD54) after

radiation is described for normal tissues (19-22) and for

malignancies (24). 

The neuronal cell adhesion molecule NCAM (CD56) is

involved in neuronal homotypic cell adhesion and in cell

differentiation during embryogenesis. For malignant

melanoma Geertsen et al. (8) described NCAM as an

immunoregulating molecule involved in the formation of

CNS metastases. For glioma cell lines, an up-regulation of

CD56 is described after radiation (42).

The leukocyte function-associated molecule 1 LFA-1

(CD11a) belongs to the integrin family and is a membrane

glycoprotein that functions in cell-cell adhesions by

heterophilic interaction with the intercellular adhesion

molecule-1 (ICAM-1) (43). In this study a time-dependent

up-regulation of CD11a was shown in vitro for both analyzed

cell lines up to 72 hours after radiation. This effect was no

longer detectable four days in vivo after radiation. The

expression of this adhesion molecule was associated with

Annexin V expression, indicating that CD11a expression is

either influenced by or mediates the apoptotic process, which

was shown also by Zhou et al. (10). An increased expression

of CD11a and CD54 was observed on normal human alveolar

macrophages after irradiation. The authors concluded that

these adhesion molecules play a part in the development of

radiation-induced lung injury (21). The involvement of

specific integrins in the adhesion of primary and metastatic

Ewing’s Sarcomas was shown by van Valen et al. (6). 

CD62L belongs to the selectin family (44). L-selectin is a

prerequisite for leukocyte adhesion to endothelial cells of

blood vessels and consequently for transmigration. Kern et al.
observed a loss of CD62L on peripheral-blood-mononuclear-

cells after low-dose gamma radiotherapy (11) and on

apoptotic lymphocytes after UVB-radiation (12). They

concluded that shedding of CD62L in early leukocyte

ANTICANCER RESEARCH 24: 1637-1644 (2004)
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apoptosis is an active process and important for the regulation

of inflammation. Little is known about the expression of

CD62L on tumor cells under the influence of radiation.

In the present study a time-dependent up-regulation of

CD62L was shown corresponding with the results obtained

for CD11a. The observed coexpression of the apoptosis-

associated marker Annexin V, CD11a and CD62L on the

same subpopulation of cells in both analyzed tumors makes

the involvement of these adhesion molecules in apoptotic

mechanisms likely. The potential involvement of these

adhesion molecules in the clearance process of apoptotic or

dying cells could be a possible explanation for the observed

phenomenon.

Functional studies with different subpopulations have to

be performed to examine whether the observed changes of

the adhesion molecule profile have an influence on the

metastatic potential of tumor cell subpopulations. 
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