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Abstract CD24 is a glycosyl-phosphatidylinositol-

anchored membrane protein that is frequently over-expressed

in a variety of human carcinomas and is correlated with poor

prognosis. In cancer cell lines, changes of CD24 expression

can alter several cellular properties in vitro and tumor growth

in vivo. However, little is known about how CD24 mediates

these effects. Here we have analyzed the functional conse-

quences of CD24 knock-down or over-expression in human

cancer cell lines. Depletion of CD24 reduced cell prolifera-

tion and adhesion, enhanced apoptosis, and regulated the

expression of various genes some of which were identified as

STAT3 target genes. Loss of CD24 reduced STAT3 and FAK

phosphorylation. Diminished STAT3 activity was confirmed

by specific reporter assays. We found that reduced STAT3

activity after CD24 knock-down was accompanied by altered

Src phosphorylation. Silencing of Src, similar to CD24, tar-

geted the expression of prototype STAT3-regulated genes.

Likewise, the over-expression of CD24 augmented Src-Y416

phosphorylation, the recruitment of Src into lipid rafts and the

expression of STAT3-dependent target genes. An antibody to

CD24 was effective in reducing tumor growth of A549 lung

cancer and BxPC3 pancreatic cancer xenografts in mice.

Antibody treatment affected the level of Src-phosphorylation

in the tumor and altered the expression of STAT3 target

genes. Our results provide evidence that CD24 regulates

STAT3 and FAK activity and suggest an important role of Src

in this process. Finally, the targeting of CD24 by antibodies

could represent a novel route for tumor therapy.
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Abbreviations

ECM Extracellular matrix

FAK Focal adhesion kinase

GPI Glycosyl-phosphatidylinositol

mAb Monoclonal antibody

pAb Polyclonal antibody

siCD24 siRNA specific for CD24

siGFP siRNA specific for green fluorescent protein

(GFP)

STAT3 Signal transducer and activator of transcription 3

qPCR Quantitative real-time PCR

Introduction

CD24 is a highly glycosylated protein with a molecular

weight of 30–70 kDa [1] that is linked to the membrane via

a glycosyl-phosphatidylinositol (GPI) anchor. In humans,

the protein core of CD24 comprises only 31 amino acids

with 16 potential O- and N-glycosylation sites showing
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mucin-like characteristics [2]. CD24 is frequently over-

expressed in many human tumors and its expression is

associated with a poor prognosis [2–4]. Recently, CD24

has been introduced as a marker for normal and cancer

stem cells, although this is controversial and under inten-

sive investigation [5]. The functional role of the CD24

molecule is still undefined.

Initially, CD24 was discovered as a lymphoid differen-

tiation marker in the mouse expressed on hematopoietic

cells such as activated T cells, B cells, macrophages,

dendritic cells, and neutrophils, but also being present in

the developing brain as well as on certain epithelial cells

[6]. CD24 knock-out mice were found to be viable but

displayed a mild block in bone marrow maturation of B

lymphocytes [7]. Interestingly, pre-B cell lines established

from CD24 knock-out mice showed reduced a4 integrin-

mediated cell binding to activated endothelioma cells as

well as fibronectin and this defect was restored by re-

expression of CD24 [8]. An impact on integrin-mediated

cell binding was also noted in carcinoma cell lines that

over-expressed CD24 [9].

In tumor cells, CD24 has been identified as a ligand of

P-selectin that supports the rolling of breast carcinoma

cells on endothelial cells and adhesion to platelets, and

might therefore facilitate the metastatic spread of tumor

cells [2, 9]. CD24 expression regulates tumor cell prolif-

eration, adhesion, migration, and invasion and alters gene

expression in colon and pancreatic cancer cell lines [10].

More recent studies have also suggested a role of CD24 in

mRNA stability in cancer cells [11]. It is unknown how

CD24 can regulate such diverse cellular functions.

Due to its GPI anchor, CD24 is exclusively localized in

detergent-resistant membrane domains that have been also

termed lipid rafts. These membrane microdomains are

considered as important platforms for signaling molecules

such as Src family tyrosine kinases and G-proteins. GPI-

anchored membrane proteins like CD24 reside in opposite

leaflets of the same sphingolipid-enriched microdomains

[12]. Indeed, a physical interaction of CD24 with members

of the Src-kinase family has been observed [13–15]. Two

recent reports have suggested that CD24 signals via Src–

kinases in human tumors. Baumann et al. [16] found that

CD24 interacts and promotes the activity of Src within

lipid rafts in breast cancer cells and thereby increases

integrin-dependent adhesion. Bretz et al. [17] reported that

CD24 knock-down alters cell invasiveness and expression

levels of the tissue factor pathway inhibitor-2 (TFPI-2) in

an Src-dependent manner. In addition, the over-expression

of CD24 augmented contractile forces necessary for cell

invasion that was blocked by knock-down of the b1 inte-

grin, in the presence of inhibitors to myosin light chain or

Src [18]. It is possible that the CD24-Src association is

relevant for other CD24-mediated downstream effects.

In the present study, we used siRNA-mediated knock-

down and stable over-expression to investigate the function

of CD24 in human carcinoma cell lines. We observed that

the knock-down of CD24 affected STAT3 phosphorylation

and STAT3-dependent transcriptional activity. MAbs

directed against CD24 were found to inhibit growth of

human cancer cells in immuno-deficient mice that was

accompanied by altered Src phosphorylation and STAT3

target gene expression.

Materials and methods

Cells

The tumor cell lines A549 (lung adenocarcinoma), SKO-

V3ip (ovarian carcinoma), BxPC3 (pancreatic carcinoma),

HS683 and SNB19 (glioblastoma) were either described

before (SKOV3ip, [19]) or obtained from the Tumorbank

of the German Cancer Research Center. The lung adeno-

carcinoma cell line A125 stably transfected with CD24 and

selected by FACS sorting was described before [18, 20].

SKOV3ip, HS683, and SNB19 cells were cultured in

Dulbecco’s modified Eagle’s medium (DMEM) supple-

mented with 10 % fetal bovine serum (FBS). A125 and

A549 cells were maintained in RPMI 1,640 containing

10 % FBS.

Chemicals and antibodies

The mAb SWA11 to human CD24 was described before

[21, 22]. The antibodies against Src, p-Src (Y416, Y527),

STAT3 and p-STAT3 (Y705), FAK and p-FAK (Y925,

Y397) were obtained from Cell Signaling (Frankfurt,

Germany). For immunofluorescence analysis, the p-STAT3

Ab from LifeSpan BioSciences (Seattle, WA) was used.

The mAb specific for GAPDH was from Santa Cruz Bio-

tech (Heidelberg, Germany). Secondary antibodies coupled

to Peroxidase, Phycoerythrin, Alexa594 or Alexa488 were

obtained from Dianova (Hamburg, Germany).

siRNA mediated knock-down

The siRNA for CD24 was described before [22]. Additional

CD24-targeting siRNAs were obtained from MWG (Ebers-

berg, Germany). siRNAs targeting STAT3 and Src as well as

GFP-specific siRNA used as a control were also obtained

from MWG (Ebersberg, Germany). Sequences for siSTAT3

and siSrc were designed using the ‘‘Ambion siRNA target

finder’’ online-tool by Applied Biosystems (Darmstadt,

Germany). Transfection of siRNAs was carried out using

OligofectamineTM (Invitrogen, Darmstadt, Germany) fol-

lowing the manufactures protocol.
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Quantitative real-time PCR

qPCR was performed as described before [23]. Briefly,

total RNA from cells was isolated and transcribed using the

ReverseAid H Minus First Strand cDNA Synthesis Kit

(Fermentas, St. Leon-Rot, Germany), purified on Micro-

spin G-50 columns (GE Healthcare, Freiburg, Germany)

and quantified by a NanoDrop Spectrophotometer (ND-

2000; Thermo Scientific). qPCR primers were designed by

using the ‘‘IDT Primer Quest’’ online tool and were pro-

duced by MWG Eurofines (Ebersberg, Germany). As an

internal standard, b-actin was used. The sequences of

primers used are available on request.

Luciferase assay

This has been described in detail elsewhere [24]. Briefly,

cells were seeded into 96-well plates and subjected to

siRNA transfection as described above. The STAT3-spe-

cific or control reporter luciferase constructs (CignalTM

STAT3 Reporter Assay Kit, SABioscience, Frederick, MD,

USA) were transfected 24 h after siRNA application using

SureFECTTM (SABioscience, Frederick, MD, USA)

transfection reagent. Cell lysis and luciferase measurement

was carried out as described [24]. The experiment was

carried out in triplicates.

Apoptosis assay

The apoptosis assay using Annexin-V and propidium

iodide (PI) staining has been described elsewhere [25]. An

apoptosis detection kit I from BD Pharmingen (Heidelberg,

Germany) was used. Cell cycle analysis was carried out

after PI staining after knock-down. For data evaluation, the

Dean/Jett/Fox modus of cell cycle analysis of the FlowJo

software (Ashland, OR) was used.

MTT assay

This assay was described in detail before [26].

Fluorescence-activated cell sorting

This has been described in detail elsewhere [22]. Cells

were analyzed with FACS Canto II (Becton–Dickinson,

Heidelberg, Germany). For data analysis, FlowJo software

(Ashland, OR) was used.

Cell adhesion assay

The cell adhesion assay has been described before [27].

Cell lysis and Western-blot analysis

Cell pellets were solubilized in lysis buffer (250 mM NaCl,

50 mM HEPES, 0.5 % NP-40, 10 % glycerol, 2 mM

EDTA, 10 mM NaF, 1 mM Na-orthovanadate, 1 mM

PMSF, 10 mg/ml of each leupeptin and aprotinin) for

30 min on ice. Lysates were cleared by centrifugation and

boiled with reducing or non-reducing SDS loading buffer.

Samples were separated on SDS-PAGE gels and trans-

ferred to Immobilon membranes using semi-dry blotting.

After blocking with 4 % BSA in Tween-20/TBS, mem-

branes were probed with primary antibodies followed by

horseradish peroxidase-conjugated secondary antibody and

ECL detection (Amersham-Pharmacia, Freiburg,

Germany).

In vivo xenograft tumor models

BxPC3 human pancreatic cancer cells or A549 lung cancer

cells (5 9 106 in 100 ll of PBS) were transplanted s.c. into

the right flank of Nod/Scid or Scid/beige mice, respec-

tively. SWA11 mAb treatment was initiated when tumors

reached a volume of 30–80 mm3. Animals (n = 7–10 per

group) received five i.p. injections of SWA11 mAb (IgG2a)

at a dose of 10 mg/kg. Control animals received unspecific

isotype control IgG2a or PBS. Tumor size was measured

externally using a caliper. Data are presented as a relative

tumor volume increase from the time of antibody admin-

istration. The SKOV3ip therapy model has been described

before [19]. Animal experiments were approved by the

Baden-Württemberg animal oversight committee (Regi-

erungspräsidium Karlsruhe, Germany).

Immunofluorescence

Double immunofluorescence was performed on 6-lm fro-

zen tumor tissue sections as described elsewhere. Goat

anti-mouse IgG conjugated to Alexa 488 or goat anti-rabbit

IgG Alexa 594 were used as secondary antibodies. Tissue

stainings were examined at 4009 magnification using a

Leica DMRB microscope. Images were captured using a

SPOT Flex digital color camera (Diagnostic Instruments

Inc., Sterling Heights, MI, USA) and analyzed with SPOT

Advanced version 4.6 software. For the quantification of

fluorescent intensities, we selected regions with the maxi-

mum of immunofluorescence, i.e., ‘‘hot spots’’, in both

SWA11 mAb-treated tumors and IgG2a controls. We

determined the total fluorescence intensity (TFI) of p-Src

Y527 and p-Src Y416 staining using the analysis of the

images in the single channels and evaluating the integrated

density. The ratio between TFI for p-Src Y527 or p-Src

Y416 in SWA11 mAb-treated tumors and TFI in IgG2a

controls was determined.
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Isolation and analysis of membrane lipid rafts

This has been described before [23]. Cells (approx.

1 9 107) were lysed in 10 mM Tris/HCl pH 8.0 containing

1 % Triton X-100, 150 mM NaCl, 1 mM PMSF, 1 lg/ml

aprotinin at 4 �C. The lysate was mixed with an equal

volume of 85 % sucrose (w/v in TBS containing Boeh-

ringer completeTM protease inhibitor cocktail, NaF and

NaVO3) and 0.5 ml was transferred to a centrifuge tube. A

step gradient was prepared by overlaying with 3 ml of

35 % sucrose in TBS followed by 0.6 ml of 5 % sucrose in

TBS as described. The gradient was centrifuged for 18 h at

200,000 9 g in a Beckman SW40 rotor. One-ml fractions

were collected from the top of the gradient and precipitated

with a tenfold volume of acetone. Samples were dissolved

in SDS loading buffer. SDS-PAGE, Western blotting, and

ECL were done as described above.

Statistical analysis

Data are presented as the mean ± SD. Student’s unpaired

t test was used to evaluate the difference between groups.

p \ 0.05 was considered statistically significant. p values

in the figures are indicated as follows: * \ 0.05, ** \ 0.01,

*** \ 0.001, n.s. = not significant.

Results

CD24 knock-down affects cell adhesion

and proliferation and enhances apoptosis of cancer cell

lines

We investigated the effects of transient knock-down of

CD24 in four tumor cell lines, i.e., A549 lung carcinoma,

SKOV3ip ovarian carcinoma, HS683 and SNB19 glio-

blastoma cells. The efficacy of CD24 knock-down was

verified by Western blot of whole-cell lysates and FACS

analysis of cell surface CD24. A reduction of [90 % was

observed in SKOV3ip and SNB19 cells whereas the

depletion in HS683 and A549 cells was in the range of

60–70 % (Fig. 1a, b).

Previous reports have shown that CD24 influences cell

proliferation [10, 28]. We found that the depletion of

CD24 by siCD24 lead to a profound inhibition of cell

proliferation in three out of the four cell lines (Fig. 1c).

The low efficacy of CD24 knock-down in HS683 cells

may account for this failure. In agreement with previous

reports [28], in affected cell lines the loss of proliferation

was accompanied by the induction of apoptosis as

detected by annexin-V/PI staining (Fig. 1d and Suppl.

Fig. 1) and cell cycle analysis showing a growth arrest in

the G1 phase (Fig. 1e).

CD24 has been shown to play a role in cell adhesion and

invasion [8, 9, 16, 20, 29]. We examined cell adhesion to

immobilized ECM components such as laminin and the

fibronectin subfragment FN-40, which supports a4b1

integrin-mediated cell adhesion. We observed that CD24

knock-down reduced cell adhesion of HS683 and SNB19

glioblastoma cells to FN-40 but did not affect the binding

of A549 and SKOV3ip cells for presently unknown reasons

(Fig. 2a). Moreover, the depletion of CD24 diminished the

phosphorylation of FAK at the Src-phosphorylation site

(FAK Y925) and at the autophosphorylation site (FAK

Y397) (Fig. 2b).

Additional experiments showed that the siCD24-medi-

ated knock-down reduced Matrigel invasion in three of the

four cell lines [17]. These results demonstrate that CD24

expression contributes to essential cellular functions of

tumor cells such as proliferation, adhesion, and invasion.

CD24 affects gene regulation in human tumor cell lines

In colorectal and pancreatic carcinoma cells, CD24 con-

trols gene expression by an unknown mechanism [10]. To

verify this in SKOV3ip cells, we used DNA microarray

analysis to identify genes affected by siCD24 treatment.

We found that approximately 200 genes were more than

1.5 fold regulated (Suppl. Fig. 2). Based on their back-

ground in tumor cell biology, changes in expression levels

and significance, we chose four genes (OPG, MMP7, STC-

1, and STAT3) for further analysis by qPCR and found

them to be either up-regulated (OPG, MMP7, STC-1) or

down-regulated (STAT3) by CD24 depletion. Strikingly,

we observed that these selected genes were regulated

similarly in the other cell lines, i.e., HS683, A549, and

SNB19 upon CD24 knock-down (Fig. 3a). Due to its piv-

otal role in tumor development and progression, we

concentrated on the transcription factor STAT3 as a down-

regulated gene product. Excluding off-target effects by

siCD24, we tested four additional siRNAs (siCD24-1 to 4)

for STAT3-regulative properties. All siRNAs were found

to deplete CD24 to a variable extent and knock-down was

associated with a reduction of STAT3 expression (Fig. 3b).

These data suggested that the observed STAT3 regulation

was CD24-specific.

CD24 regulates STAT3 transcriptional activity

STAT3 was initially described as a key component linking

cytokine signaling to transcriptional regulation under

physiological conditions, but is now also known to play an

important role in cancer [30, 31]. We observed that the

knock-down of CD24 significantly decreased the expres-

sion and phosphorylation of STAT3 (Y705) in the cell lines

analyzed (Fig. 3c).
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We investigated whether CD24 depletion could alter

STAT3 transcriptional activity. The knock-down of CD24

led to significantly decreased activity in a STAT3-specific

luciferase reporter assay and was at a similar level as after

STAT3 depletion (Fig. 3d).

In cancer cells, STAT3 signaling is often constitutive

and many genes were described to depend on STAT3

activity [30]. To analyze whether CD24 and STAT3

depletion had similar effects, we studied the regulation of

Cyclin D1, survivin and MCL-1, which represent well-

known target genes of STAT3 in tumor cells [30]. Indeed,

the silencing of CD24 or STAT3 caused similar repression

of the selected genes in all tumor cell lines (Fig. 4a).

CD24-affected genes are STAT3 target genes

We wondered whether the CD24-dependent genes iden-

tified in the initial screening (see Fig. 3a) might also
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Fig. 1 The silencing of CD24 decreases cell proliferation and

enhances apoptosis. a The indicated tumor cell lines were treated

with siRNA targeting CD24 or GFP as control for 96 h. Cells were

stained with antibodies to CD24 (SWA11) followed by PE-conju-

gated goat anti-mouse IgG and subjected to FACS analysis.

b Western-blot analysis of whole-cell lysates using SWA11 and

peroxidase-coupled secondary IgG. c MTT proliferation assay of cells

after siCD24 knock-down. Proliferation was tested at the indicated

time points. d Induction of apoptosis was investigated 72 h after

siCD24 transfection using PI- and Annexin-V staining. e Cell cycle

analysis on SNB19 cells showing the strongest apoptotic effect was

carried out in parallel. Pooled results of n = 3 experiments (d) are

shown. Representative data of n = 4 experiments are shown for (a),

(b), (c), and (e)
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depend on STAT3. To test this hypothesis, we studied the

regulation of MMP-7, OPG, and STC-1 after STAT3

depletion. Indeed, several of the genes such as STC-1 in

SKOV3ip cells, MMP7 in A549 cells, or OPG in SNB19

cells were regulated by STAT3 knock-down (Fig. 4b).

Thus, several of the genes identified by CD24 knock-

down appeared to be STAT3 target genes in the respective

cell line.

Regulation of STAT3-dependent genes requires Src

activity

We recently reported that Src-Y416 phosphorylation

(active Src) was significantly diminished after siCD24

knock-down in A549 and SKOV3ip cells [17]. Consistent

with a loss of activity, Src Y527 (inactive Src)

phosphorylation was increased [17]. Similar results were

obtained in the glioblastoma cell lines SNB19 and HS683

(Suppl. Fig. 3).
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alters cell adhesion and FAK

phosphorylation. a The

indicated tumor cell lines were

subjected to siCD24-mediated

knock-down of CD24. Cells

were analyzed for cell binding

to immobilized substrates FN-

40, laminin and BSA for

background control. The

experiments were carried out in

triplicates. b Analysis of FAK

phosphorylation in CD24-
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Representative data of n = 3
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Fig. 3 CD24 knock-down mediates gene regulation and reduces

STAT3 protein phosphorylation and activity. a Identification of a

CD24-dependent target genes signature (OPG, STC-1, MMP-7, and

STAT3) by quantitative RT-PCR analysis of mRNAs isolated after

siCD24-mediated knock-down. Note that OPG, STC-1, and MMP-7

genes are up-regulated, whereas STAT3 is down-regulated in the

indicated cell lines. Pooled results of n = 6 experiments are shown.

b Analysis of STAT3 levels after siRNA-mediated knock-down of

CD24. Note that all oligonucleotides specific for CD24 reduce

STAT3 expression levels. c Western-blot analysis for STAT3 and

p-STAT3 Y705 after siCD24-mediated depletion of CD24.

d Decreased STAT3 activity after CD24 or STAT3 knock-down (as

a positive control) was measured using a STAT3-specific luciferase

reporter assay. Pooled results (b) and representative results (c, d) of

n = 4 experiments are shown

c
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CD24 and active Src are localized in membrane lipid

rafts that can be analyzed after lysis of cells in cold Triton

X-100 followed by sucrose density centrifugation. In

SKOV3ip and A549 cells, we noticed a loss of Src and

active Src Y416 from raft localization after CD24 knock-

down. On the contrary, caveolin-1 rafts remained intact

(Fig. 5a). These results suggested a link between CD24 and

the activation of Src in lipid rafts.

Since Src can activate STAT3 [32, 33] and FAK [34,

35], we examined whether Src is necessary for STAT3

activity. We depleted Src by specific siRNA and deter-

mined silencing efficacy by qPCR in our cell lines

(Fig. 5b). The depletion of Src altered the phosphorylation

of STAT3 whereas STAT3 levels remained unaffected

under these conditions (Fig. 5c). Further analysis indicated

that the Src knock-down also affected the expression of

STAT3-dependent genes such as Cyclin D1, survivin,

MMP-7, OPG, and STC-1 in SKOV3ip and A549 cells

(Fig. 5d). Similar results were obtained when cells were

treated with the Src-specific inhibitor PP2 (Suppl. Fig. 4).

These results suggested that the CD24-Src link played an

important role in the regulation of STAT3 transcriptional

activity.

CD24 over-expression alters STAT3-dependent genes

To corroborate these findings, we used over-expression of

CD24 in A125 lung adenocarcinoma cells. We analyzed

A125 cells stably transduced with CD24 showing either

high (A125-CD24high) or low (A125-CD24low) expres-

sion [18, 20]. The levels of CD24 expression in these cells

are depicted in Fig. 6a. In line with the enhanced expres-

sion of CD24, we observed a clearly elevated expression of

p-STAT3 Y705, p-FAK Y925, and p-Src Y416 (Fig. 6b).

It was shown before that the lipid raft-associated Src

family kinase activity is important for cell adhesion and

cell cycle progression of breast cancer cells [36]. We

analyzed the phosphorylation of Src in lipid rafts of CD24

over-expressing cells. Our observation was a significantly

higher expression of p-Src Y416 in A125-CD24high cells

compared to A125 control cells. In contrast, the expression

and phosphorylation of Src in non-raft fractions was similar

and also caveolin-1 rafts were unaltered in amount and

distribution. Importantly, in the absence of CD24, we

observed a loss of Src from lipid raft localization (Fig. 6c).

These findings are consistent with the CD24 knock-down

data shown in Fig. 5a and suggest that the expression of

CD24 is crucial for the amount and phosphorylation of Src

in lipid rafts. This points to an important role for lipid rafts

in the regulation of Src and STAT3.

In support of this notion, the expression levels of the

STAT3-dependent genes survivin and BCL-2 were signif-

icantly up-regulated whereas STC-1 was down-regulated in

CD24high expressing cells (Fig. 6d). The CD24-mediated

regulation of STAT3 genes required Src activity as the Src

inhibitors PP2 or Src inhibitor-1 reverted this expression

(Fig. 6e). Similar results were obtained using Src-specific

knock-down (Fig. 6f).

MAb directed against CD24 affect tumor growth in

vivo

A recent study has shown that CD24 drives lung metastasis

formation of bladder cancer and might be a good candidate

for mAb-dependent therapy [37]. We analyzed whether the

mAb SWA11 directed against CD24 is suitable in pre-

venting tumor growth in xenotransplanted mice. To

evaluate the influence of the host immune system, we

employed three immunodeficient mice, i.e., Scid/beige

(lack T, B, and have non-functional NK cells) for A549

human lung carcinoma, Nod/Scid (lack T and B cells) for

BxPC3 pancreatic adenocarcinoma and CD1 mice (lack T

cells) for the SKOV3ip ovarian carcinoma model.

In the A549 human lung carcinoma model, mice

received five injections of the SWA11 mAb over 25 days.

The therapy led to a substantially reduced tumor load. The

final tumor volume in SWA11 mAb-treated animals was

significantly decreased as compared to the isotype control

mAb-treated animals. Similar observations were made in

the second therapy model of BxPC3 pancreatic adenocar-

cinoma cells (Fig. 7a, b). Even more pronounced were the

therapeutic effects of the mAb SWA11 application in the

SKOV3ip ovarian carcinoma model where the tumor load

was decreased by [80 % as compared to the isotype con-

trol mAb (Suppl. Fig. 5).

To get insights into the effector mechanisms, we ana-

lyzed Src phosphorylation in tumor sections using

immunofluorescence staining. To confirm that the thera-

peutic mAb had reached the tumor site, we stained sections

with an Alexa488-conjugated pAb to mouse IgG. In both

A549 and BxPC3 tumor tissue sections, we observed a

decrease in p-Src Y416 (active Src) and an increase in

p-Src Y527 staining (inactive Src) in SWA11 mAb-treated

tumors compared to isotype control mAb-treated tumors

(Fig. 7c, d). The quantification of the total fluorescence

intensity (TFI) of p-Src Y527 in ‘‘hot spots’’, i.e., areas of

the tumor with the highest staining intensity, revealed that

Fig. 4 Loss of CD24 affects transcription of classical STAT3 target

genes. a Known STAT3 target genes (cyclin D1, MCL-1, survivin)

were analyzed by qPCR after CD24 or STAT3 knock-down in

indicated tumor cell lines. Relative mRNA levels normalized to

b-actin were compared to siGFP control. b Regulation of the

CD24-dependent target gene signature expression after STAT3

silencing was determined by qPCR. Relative mRNA levels normal-

ized to b-actin were compared to siGFP control. Pooled results of

n = 4 experiments are shown (a, b)

c
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Fig. 5 Silencing of Src affects phosphorylation of STAT3 and

STAT3 target gene regulation. a Sucrose gradient analysis of lipid

rafts after CD24 knock-down. Gradient fractions were probed with

the indicated antibodies followed by peroxidase-conjugated second-

ary antibodies and ECL detection. b The indicated tumor cell lines

were subjected to siRNA-mediated knock-down of Src and probed by

qPCR for knock-down efficacy. c Phosphorylation of STAT3 after Src

knock-down was analyzed by Western blotting. d Expression analysis

of STAT3 target genes after specific knock-down of Src. Represen-

tative results (a, c) or pooled results (b, d) of at least n = 3

experiments are shown
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b Western-blot analysis of whole-cell lysates with the indicated

phospho-specific antibodies. c Sucrose gradient analysis of lipid rafts
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cells were treated with the inhibitors (20 lM) for overnight and cells
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expression of STAT3-dependent genes was analyzed. Representative

results of n = 3 analysis are shown in (a, b, c). Pooled results of

n = 4 experiments are shown in (d, e, f)
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the ratio between SWA11 mAb-treated and isotype control

mAb tumors was 1.26 for A549, 1.25 for BxPC3, and 1.34

for SKOV3ip tumors. Conversely, the values for p-Src

Y416 were 0.48 for A549, 0.65 for BxPc-3, and 1.19 for

SKOV-3, respectively. In contrast, we did not detect any

differences in total Src expression. A similar analysis for

p-STAT3 staining revealed a tendency towards reduced

staining in SWA11-treated tumors that was however
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difficult to quantify due to the high basal level of p-STAT3

in the tumor sections (data not shown). Total STAT3 levels

did not show any differences (data not shown).

To examine the influence of antibody therapy on

STAT3-dependent gene expression, we analyzed tumor

tissue by homogenization and extraction of mRNA for

qPCR analysis. We observed significant gene-regulation

effects evoked in the mAb SWA11-treated tumors com-

pared to the isotype control-treated tumors. This was true

for both A549 and BxPC3 mouse tumor models (Fig. 7 e, f)

and also for the SKOV3ip model (see suppl. Fig. 5). These

results suggest that the siRNA-mediated CD24 depletion in

vitro and the antibody treatment in vivo are overlapping in

their effects on Src phosphorylation and STAT3 gene

expression.

Discussion

Due to its pleiotropic expression, the cellular function of

CD24 has raised the interest of researchers in diverse fields

such as immunology, tumor biology, and stem cell biology.

Using human cancer cells as a model, we investigated how

CD24 affects cellular functions. We found that (1) CD24

depletion affects FAK and STAT3 phosphorylation and

STAT3-transcriptional activity; (2) CD24 knock-down or

over-expression alter the expression of STAT3 dependent

genes; (3) the CD24-mediated regulation of STAT3 genes

requires Src activity; (4) treatment of mice bearing A459 or

BxPC3 tumors with mAb directed against CD24 alters Src

activity and STAT3 gene expression in vivo. Our findings

are summarized in a model represented in Fig. 8 suggesting

a role of CD24 in the regulation of STAT3 and FAK

activity via Src that may explain its association with a poor

prognosis in cancer.

We initially observed that the CD24 knock-down

affected cell proliferation in three out of four cell lines

tested, which was paralleled by the induction of apoptosis.

In addition, there was a diminished adhesion towards the

a4 integrin substrate FN-40 in two out of four cell lines.

These findings are in line with previous publications

showing a role for CD24 in cell proliferation, adhesion and

invasion [9, 10, 16, 18, 20, 22, 28, 29, 38–40]. Importantly,

we observed decreased phosphorylation of FAK Y925 after

CD24 knock-down and an enhanced phosphorylation at the

same site in A125–CD24high cells. This site in FAK is

known to be phosphorylated by Src-kinases and the lack of

phosphorylation is associated with impaired adhesion

turnover [41]. Thus, these results suggested a role of Src-

kinases in CD24-mediated cellular effects.

A recent study by Baumann et al. [16] has come to a

similar conclusion. The authors showed that CD24 inter-

acts with Src and augments the kinase activity of Src in

breast cancer cells. This occurs within and is dependent

upon intact lipid rafts. CD24-augmented Src kinase activity

increased the formation of focal adhesion complexes,

accelerated phosphorylation of FAK and paxillin and

enhanced the integrin-mediated adhesion [16]. Further

experiments provided evidence that the Src activity is

necessary and sufficient to mediate the effects of CD24 on

integrin-dependent adhesion and cell spreading, as well as

on invasion [16]. The results presented in our study confirm

and extend these observations.

There is evidence that CD24 acts as a ‘‘gate-keeper’’ for

lipid raft domains, and thereby influences the activity of

other proteins [22]. It was shown before that CD24 recruits

b1 integrin to lipid raft domains [20] and down-regulates

the activity of the chemokine receptor CXCR4 by expelling

it from lipid rafts [22]. In the present paper, we demon-

strate that in A125-CD24high cells more Src and p-Src

Y416 are present in lipid rafts. Conversely, the knock-

down of CD24 in SKOV3ip and A549 cells expelled Src

and active Src Y416 from raft localization. Previous studies

have shown that the localization of Src family kinases

(SFK) is important for its biological activity [36]. It was

found that a lipid raft-targeted SFK inhibitory fusion pro-

tein inhibited cell adhesion and cell cycle progression of

human breast cancer cell lines MCF-7 and MDA-MB-231

whereas the same inhibitor without lipid raft targeting was

not effective [36]. This implied an important role for lipid

raft associated SFKs. It is presently unclear how CD24

could affect the presence and activation of SFKs in lipid

rafts.

Of note, a recent study by Holzer et al. [42] offers a

possible explanation for this question. The authors showed

that saturated fatty acids (FA) induced Src partitioning into

lipid raft membrane domains affecting JNK activation. In

comparison to control cells, only in FA- treated cells Src

and p-Src Y416 as well as JNK 1/2 were present in lipid

rafts [42]. Moreover, it was demonstrated that activation of

JNK by FAs was Src dependent and that saturated FAs

were preferentially incorporated into lipid rafts [42]. This

Fig. 7 The antibody to CD24 affects phosphorylation of Src in vivo

and has a therapeutic effect. a Subcutaneous tumor growth of A549

lung cancer cells in Scid/beige mice treated with either PBS, isotype

control IgG2a, or SWA11 mAb. Antibodies (10 mg/kg) were given

every 5 days with five injections in total. Tumor growth was

measured using a caliper. Animals were killed and the isolated

tumors were used for further analysis. b BxPC3 tumor cells were

injected s.c. into Nod/Scid mice and treated with SWA11 mAb

(10 mg/kg) every 3 days with five injections in total. Animals were

killed and the isolated tumors were used for further analysis. c,

d Immunofluorescence analysis of Src (Y527 and Y416) in SWA11

versus isotype control-treated animals. Note that p-Src Y416 is

decreased and p-Src Y527 staining is increased in tumor areas where

mAb SWA11 is bound. e, f) mRNAs were extracted from treated

tumors and analyzed by qPCR for indicated STAT3-dependent genes.

Pooled results of n = 4 animals per group are shown

b
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might be due to their organization of sphingolipids with

long and mostly saturated hydrocarbons allowing a tightly

packed structure and cholesterols filling the voids between

associated sphingolipids [43]. The highly ordered

environment of lipid rafts may also allow for the close

packing of GPI-anchored proteins, which might support the

hypothesis that the GPI anchor is important in signal

transduction [44]. Interestingly, the lipid anchor of the

B

A

Fig. 8 Schematic representation of the functional role of CD24 in

tumors. a The presence of CD24 supports the localization and the

activity of Src kinase in cholesterol enriched lipid rafts. Active Src is

able to activate STAT3 molecules by phosphorylation at tyrosine 705.

Activated STAT3 dimerizes and translocates into the nucleus. There,

DNA binding of STAT3 dimers results in expression of specific target

genes that might influence cellular properties, like survival and

proliferation, contributing to oncogenicity of the tumor cell.

Additionally, FAK activation might influence integrin-dependent cell

adhesion to ECM substrates. b Silencing of CD24 and subsequent

depletion from lipid rafts displaces Src kinase from rafts and impairs

Src activity. Thereby, decreased STAT3 activation resulting in

diminished expression of STAT3 target genes impairs tumor cell

proliferation and enhances apoptosis. FAK-regulated adhesion to the

ECM is also impaired
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phosphoinositol ring in GPI-anchored proteins like CD24

exhibit lipid structures that vary in length, ranging from 14

to 28 carbons and can be either saturated or unsaturated

[45]. Due to its structure, it is possible that the GPI anchor

of CD24 has a major impact on the recruitment and activity

of proteins, especially Src, to membrane rafts. However,

this needs to be further investigated.

To identify additional changes induced by CD24, we

carried out a genome-wide expression profiling after knock-

down in SKOV3ip cells. Focusing on genes relevant in

cancer biology (including OPG, MMP7, STC-1 and STAT3)

we confirmed their strong regulation by qPCR. The changes

in the expression of the selected genes in SKOV3ip cells

were also found in the other cell lines investigated.

Importantly, STAT3 was down-regulated by CD24 deple-

tion and this was observed with five CD24-specific siRNAs

ruling out off-target effects. We also noticed consistently a

minor decrease of STAT3 protein expression.

In addition to or as a result of STAT3 reduction, we

noticed a significant decrease in phosphorylation at STAT3

Y705 and, subsequently, a loss of transcriptional activity in

a STAT3-driven luciferase reporter assay. Typical STAT3-

dependent genes such as Cyclin D1, survivin, and MCL-1

were decreased in expression and the CD24 target genes

OPG, MMP7, and STC-1 were also identified to be STAT3-

dependent. Importantly, the knock-down of either CD24 or

Src showed similar changes in the expression of STAT3

target genes.

Over-expression of CD24 in A125 cells, went along

with a strong increase of p-STAT3 Y705 and p-Src Y416.

It is noteworthy that there was also a minor increase of

STAT3 protein upon CD24 over-expression in the latter

cells. Nevertheless, the presence of CD24 led to the

increased expression of STAT3 target genes, and depletion

of Src in CD24 over-expressing cells reverted this gene

expression. Thus, our data demonstrate that CD24 affects

the transcriptional activity of STAT3 most likely through

Src activation and alters the expression of STAT3-depen-

dent genes.

A recent study in hepatocellular carcinoma has shown

that CD24 is upregulated in putative tumor-initiating cells

that were enriched by their resistance to chemotherapy

[46]. The knock-down of CD24 suppressed the stem/pro-

genitor cell characteristics suggesting that CD24 is a

functional marker for tumor-initiating cells in the liver.

Importantly, the stemness-associated gene NANOG was

identified as a downstream target gene of CD24 and the

regulation of NANOG expression was through STAT3

phosphorylation at Y705 [46]. Manipulation of CD24

expression consistently altered the activate form of Src

(Y416) leading to the conclusion that CD24 likely phos-

phorylated STAT3 through Src but not JAK. These

published results are in support of the presented data.

The classical activation pathway of STAT3 is via

upstream kinases such as JAK2 that links STAT3 signaling

to cytokine receptors [31]. A recent study has proposed that

the STAT3 activation is required for the growth of CD44?

CD24- stem cell-like breast cancer cells [47]. This phe-

notype appears to be enriched in basal-like breast tumors

[48] and was previously proposed to identify breast cancer

stem cells [49]. Using primary tumor material and breast

cancer cell lines, the authors identified the IL6/JAK2/

STAT3 pathway as being crucial for the growth of basal-

like breast cancer cells [47]. When analyzing breast tumor

tissues sections by triple fluorescence analysis of CD24,

CD44 and p-STAT3 it became clear that positive staining

for p-STAT3 was not restricted to the CD44? CD24-

cells but resided also in [50 % of CD44? CD24? cells

[47]. Thus, in the light of our data it is possible that CD24-

Src signaling contributed to STAT3 phosphorylation and

hence, the IL-6/JAK2 pathway is not the only driver of

STAT3 activation.

Another recent study has shown that CD24 is a

promising therapeutic target for anti-metastatic therapy of

bladder cancer [37]. It was first demonstrated by com-

paring paired primary and metastatic human bladder

cancer samples that CD24 expression was increased in the

metastases. Using a model of human urothelial cancer

cells transplanted into immuno-compromised mice and

therapy with anti-CD24 mAb ALB9, a significantly

reduced tumor growth and prolonged survival was

observed [37]. Thus, CD24 seems to be an important

cellular factor for metastatic progression in bladder cancer

and may be promising therapeutic target for anti-meta-

static therapy.

In our present work, we confirm and extend these pub-

lished data by demonstrating that the mAb SWA11

directed against CD24 can inhibit the growth in various

xenograft models. We provide evidence by immunohisto-

chemistry that the mAb directed against CD24 reaches the

tumor site and decreases p-Src Y416 (active Src) and

increases p-Src Y527 (inactive Src) expression. Subsequent

analysis of tumor tissue by qPCR revealed that the mAb to

CD24 interfered with the expression of STAT3-dependent

genes. These results provide first evidence that siRNA to

CD24 and/or binding of a CD24-specific mAb can cause

similar functional effects that might be beneficial for

therapy.

In summary, our results demonstrate that CD24 can

affect the Src activity and subsequently the phosphoryla-

tion of STAT3 and FAK. It is likely that constitutive

STAT3 activation induces cancer-promoting activities

involved in cell proliferation, metastasis, or resistance to

apoptosis. Our novel insights into CD24 function may help

to better understand why CD24 is associated with a poor

prognosis in many human cancers.
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