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ABSTRACT
Surface CD24 has previously been described, together with CD44 and ESA, for the
characterization of putative cancer stem cells in pancreatic ductal adenocarcinoma
(PDAC), the most fatal of all solid tumors. CD24 has a variety of biological functions
including the regulation of invasiveness and cell proliferation, depending on the
tumor entity and subcellular localization. Genetically engineered mouse models
(GEMM) expressing oncogenic KrasG12D recapitulate the human disease and develop
PDAC. In this study we investigate the function of CD24 using GEMM of endogenous
PDAC and a model of cerulein-induced acute pancreatitis. We found that (i) CD24
expression was upregulated in murine and human PDAC and during acute pancreatitis
(ii) CD24 was expressed exclusively in differentiated PDAC, whereas CD24 absence
was associated with undifferentiated tumors and (iii) membranous CD24 expression
determines tumor subpopulations with an epithelial phenotype in grafted models.
In addition, we show that CD24 protein is stabilized in response to WNT activation
and that overexpression of CD24 in pancreatic cancer cells upregulated β-catenin
expression augmenting an epithelial, non-metastatic signature. Our results support
a positive feedback model according to which (i) WNT activation and subsequent
β-catenin dephosphorylation stabilize CD24 protein expression, and (ii) sustained
CD24 expression upregulates β-catenin expression. Eventually, membranous CD24
augments the epithelial phenotype of pancreatic tumors. Thus we link the WNT/βcatenin pathway with the regulation of CD24 in the context of PDAC differentiation.

advanced disease stages [1-4]. In PDAC, cells expressing
surface CD24, CD44 and ESA were identified as putative
cancer stem cells [5, 6]. CD24 expression also regulates cell
motility and invasion [7-10]. In particular, it was reported
that CD24 expression in intracellular vesicles inhibits cell
invasion in pancreatic cancer cells [11]. Overall, there is
strong evidence for a pivotal role of CD24 in tumor cell

INTRODUCTION
CD24 is a mucin-like glycosylphosphatidylinositol
(GPI)-anchored protein, which was originally discovered
as a leucocyte expressed ligand for P-selectin [1-3]. Several
studies show enhanced CD24 expression in various cancers
including PDAC, where CD24 expression correlates with
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that KrasG12D activation with concomitant pancreas-specific
deletion of Notch2 (referred to as KrasG12D;Notch2KO
hereafter) leads to increased epithelial-mesenchymal
transition (EMT) [20, 21]. While we observed strong
CD24 expression in well-differentiated tumors, CD24
expression was absent in undifferentiated tumors from
both KrasG12D and KrasG12D;Notch2KO mice, which all
expressed CD44 (Figure 1C). Expression of further cancer
stem cell markers like CD133 and Nestin was unaffected
(Supplementary Figure S1B). Of note, metastatic
lesions of KrasG12D;Notch2KO were more differentiated
compared to the primary tumors and re-expressed CD24
(Supplementary Figure S1C). Confocal analysis of
KrasG12D pancreata revealed a vesicular staining pattern
of CD24 in pancreatic acinar cells and PanIN lesions in
agreement with published data (Supplementary Figure
S1D) [11]. Notably the CD24-positive vesicles partially
co-localized with β-catenin and E-cadherin at the plasma
membrane (Supplementary Figure S1D, arrows). These
results correlate CD24 expression with the epithelial
phenotype of differentiated tumors.
In order to correlate hCD24 expression to
clinicopathological data, we next evaluated hCD24 protein
expression in human PDAC samples (N=57) (Figure 1D,
1E). Membranous hCD24 expression was observed in
37 of 47 PDAC (78%; 17 weak, 8 moderate, 12 strong),
while cytoplasmic hCD24 staining was more infrequent
(40%; 14 weak, 3 moderate, 2 strong). When the tumors
were dichotomized for no/weak vs. moderate/strong
hCD24 expression and analyzed for survival, there was
no difference in survival of patients (membranous hCD24,
log rank test, p=0.714; cytoplasmic hCD24 expression,
log rank test, p=0.252). Undifferentiated PDAC (G4) are
considered to involve EMT of tumor cells. In agreement
with the expression pattern observed in the mouse model,
only one of ten G4 PDACs expressed membranous hCD24
(Figure 1E); intracellular staining was not observed in
these tumors.

migration and cell proliferation. However, CD24 function
depends on the tumor entity and subcellular localization.
The role of plasma membrane-bound CD24 in PDAC
development remains unclear, yet is of particular interest,
since surface CD24 expression serves as a cancer stem cell
marker [6-13].
Epithelial-mesenchymal transition (EMT) plays a
key role in the regulation of cell motility and invasion,
during this process the disassembly of adherens junctions
is required during EMT [14]. Thus, one hallmark of
EMT is the dissociation of the E-cadherin/β-catenin
complex from adherens junctions. β-catenin is not only
present at the plasma membrane, a second cytoplasmic
pool of β-catenin is phosphorylated by a destruction
complex containing GSK3 and constitutively degraded
via ubiquitination in the proteasome [15]. Upon
activation of the WNT pathway the destruction complex
dissociates from β-catenin and allows the accumulation
of a hypophosphorylated form of β-catenin in the cytosol
[16], which eventually enters the nucleus and activates
transcription [15-18].
In this study, we focus on the function of CD24
in genetically engineered mouse models (GEMM)based endogenous PDAC and in cerulein-induced
experimental acute pancreatitis. We observe that
increased intracellular CD24 expression correlates
with cytoplasmic β-catenin expression in vivo. Using
xenograft models, we demonstrate that surface CD24 is
required for the development of differentiated tumors. We
show that activation of the WNT pathway followed by
β-catenin dephosphorylation stabilizes intracellular CD24
protein and that CD24 overexpression regulates both
mesenchymal and epithelial markers. Thus we propose,
a novel crosstalk between the WNT/β-catenin pathway
and the regulation of CD24 in the context of PDAC
differentiation.

RESULTS

Membranous mCD24 leads to differentiated
tumors in xenografts

CD24 expression in human and mouse PDAC
Ptf1a+/Cre(ex1);Kras+/LSL-G12D mice (referred to as
Kras ), develop preneoplastic lesions that progress
to invasive tumors recapitulating human PDAC [19].
Expression of mCd24 was significantly increased in
pancreata of KrasG12D mice at the age of 6 months
(Figure 1A). CD24 expression was both intracellular
and membranous in pancreatic acini and PanIN lesions
of KrasG12D mice (Supplementary Figure S1). In tumor
cells, CD24 was expressed in the cytoplasm of integrinβ3-negative cells (Supplementary Figure S2A, S2B).
Remarkably, in KrasG12D-driven tumors CD24 was
strongly expressed in ductal lesions in concomitance
with cytoplasmic β-catenin expression, while it was
absent in undifferentiated tumors (Figures 1B, 1C and
Supplementary Figure S1A). Previous studies have shown

Next, we screened murine cell lines derived from
KrasG12D (N= 7) and KrasG12D;Notch2KO (N=7) PDAC
by FACS analysis and 85.7% of the cell lines expressed
mCD24 (Supplementary Figure S2C). Although
undifferentiated tumors derived from KrasG12D;Notch2KO
mice did not express mCD24 as described above, 6 out of
7 cell lines from KrasG12D;Notch2KO mice re-expressed
mCD24. This observation suggests that there is a survival
advantage for cells expressing mCD24 in culture.
To further address this issue, we investigated hCD24
expression in a 3D organoid model from human PDAC
as recently described [22]. As shown in Supplementary
Figure S2D, organoids derived from human PDAC did
not express hCD24 in 3D culture, while they express

G12D
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Figure 1: h/mCD24 is expressed in differentiated PDAC. A. Cd24 mRNA expression increased in KrasG12D mice compared to wild

type at the age of 6 months. B. Immunohistological staining for mCD24 and β-catenin in murine differentiated PDAC. C. Immunohistological
staining of murine differentiated and undifferentiated PDAC of indicated genotypes. Spleens from the same mice were used as a positive
control for staining. D. Immunohistological staining for hCD24 in human PDAC. Examples showing membranous, cytoplasmic or both
staining patterns. E. A series of human ductal (G1-G3) and undifferentiated (G4) pancreatic cancers was stained for hCD24. The membranebound and cytoplasmic stainings were scored according to a three-tiered system (1 - <10%, 2 - 11-50%, 3 - >50% of the cells are positive).
Scale bars = 50 μM.
www.impactjournals.com/oncotarget
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mCD24 expression in cerulein-induced acute
pancreatitis

E-cadherin as expected [22]. When organoids were
seeded on plastic dishes using 2D culture conditions,
all independent organoids (N = 3) readily re-expressed
hCD24 (Supplementary Figure S2D, lower panel).
Next, we selected three KrasG12D;Notch2KO
derived cell lines with different mCD24 expression
levels: CD24 positive (#1006), CD24 negative (#1013)
or mixed CD24 expression (#3113) (Figure 2A and
Supplementary Figure S2C). Expression of the surface
marker mCD44 was equal in the three cell lines (Figure
2A and Supplementary Figure S2C). mCD24 positive
cells showed reduced migratory ability (Supplementary
Figure S2E), which is in agreement with previous studies
[11] and were characterized by β-catenin localization
at cell-cell contacts (Supplementary Figure S2F) in
concomitance to β-catenin phosphorylation and GSK3
de-phosphorylation at S9 (Supplementary Figure S2G).
Only the cell lines expressing mCD24 were able to form
colonies in a soft agar assay (Figure 2B), suggesting that
mCD24 expression is required for anchorage-independent
growth. Because anchorage-independent growth is a
hallmark of tumorigenicity, we next investigated the
ability of mCD24 positive and negative tumor cells to
form tumors in syngenic C57BL/6 mice. Both CD24
positive and CD24 negative cells generated tumors after
approximately 3 weeks (Figure 2C). Tumors generated by
CD24 positive cells were characterized by the presence
of many well-differentiated duct-like lesions expressing
CK19. In contrast, tumors generated by CD24 negative
cells were undifferentiated (Figure 2C). These results
suggested that surface mCD24 may be a regulator of the
epithelial phenotype.
To further confirm our results we sorted cells by
FACS from the cell line described above (#3113) to get
isogenic CD24+ and CD24− cell populations (Figure
2D). Both cell populations expressed β-catenin, while
the CD24+ population only expressed E-cadherin and
EPCAM (Figure 2E). Both CD24+ and CD24− cells led
to tumor formation after subcutaneous injection (Figure
2F). However, differentiated tumors with ductal lesions
arose only from CD24+ tumor cells and these tumors only
expressed active β-catenin (Figures 2F, 2G). By contrast,
undifferentiated tumors arose only from the CD24− cell
population and were characterized by expression of
the mesenchymal transcription factor TWIST (Figure
2H). Similar results were obtained when CD24+ and
CD24− sorted cells where orthotopically transplanted
in the pancreas of syngenic C57BL/6 mice (Figure 2H,
lower panels). Accordingly, tumors that originated
from the CD24+ cells were characterized by strong
E-cadherin expression and absence of TWIST (Figure
2H and Supplementary Figure S2H) thus supporting their
epithelial phenotype. Taken together these experiments
demonstrate that surface mCD24 expression of pancreatic
tumor cells is a key feature for the development of an
epithelial phenotype.
www.impactjournals.com/oncotarget

Having analyzed mCD24 expression in PDAC
models, we wondered if a correlation exists between
mCD24 expression and β-catenin during acute pancreatitis
as the WNT/β-catenin pathway is activated during this
process [23]. Acute pancreatitis was induced in mice by
hourly intraperitoneal cerulein injections (Supplementary
Figure S3A). Acinar genes, such as Amylase were
downregulated, indicating successful induction of
pancreatitis (Figure 3B). The β-catenin target genes Axin2,
p21 and CyclinD1 were upregulated, indicating activation
of the WNT/β-catenin signaling pathway. However,
mCd24 expression was downregulated at day 1 and did not
change at day 3 (Figure 3B). By contrast, mCD24 protein
expression was strongly increased in pancreatic acini
in concomitance with sustained β-catenin cytoplasmic
expression (Figure 3A and Supplementary Figure S3B).
These results suggest that accumulation of intracellular
β-catenin stabilizes mCD24 protein expression.
Notch1-dependent β-catenin transcriptional activity
is inhibited by treatment with the γ-secretase inhibitor
dibenzazepine (DBZ) during acute pancreatitis [24].
β-catenin was expressed in the cytoplasm of pancreatic
acini of mice treated with DBZ at day 3 of experimental
acute pancreatitis in concomitance with high intracellular
mCD24 expression (Supplementary Figure S4B). Thus,
not the transcriptional activity of β-catenin, but rather its
cytoplasmic localization seems to be the key property for
sustained intracellular mCD24 expression.

WNT activation and CD24 protein expression
Next we used two different cell permeable
activators of the WNT pathway. Both WNT agonist [25]
and the GSK3β–inhibitor BIO [26] induce dissociation
of β-catenin from the destruction complex and its
dephosphorylation at serine 33, 37 and threonine 41
(S33/37/T41). We first tested hCD24 expression in
two human cell lines as shown in Figure 4A and used
Panc1 cells that express about 50% hCD24 for further
experiments. Treatment of human and murine PDAC tumor
cells with WNT agonist and BIO led to dephosphorylation
of β-catenin and increased m/hCD24 protein expression in
a dose-dependent manner (Figure 4B and Supplementary
Figure S5A). Expression of mCd24 RNA was unaffected
while Cdh1 was downregulated (Supplementary
Figure S5B) under these various conditions. To test
whether transcriptionally active β-catenin is required
for hCD24 upregulation, a constitutively active form
of β-catenin (S33-β-catenin) was transfected in Panc1
cells. While S33-β-catenin did not affect hCD24 protein
expression (Figure 4C), activation of WNT signaling by
pharmacological inhibition of GSK3β decreased surface
hCD24 localization (Figure 4D) and induced intracellular
49159
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Figure 2: mCD24 expressing tumor cells lead to differentiated tumors. Pancreatic cells were either mCD24 negative

(#1006) or mCD24 positive (#1006 and #3113). A. Western blot analysis of primary mouse cell lines. B. Soft agar assay. Mean ± SD.
C. immunohistological analysis of s.c. tumors generated from CD24- or CD24+ pancreatic cells. D, E. Pancreatic cells (#3113) were sorted
into CD24- and CD24+ cell populations. D, purity of sorted populations was confirmed by FACS analysis using a mCD24-FITC antibody.
E, immunofluorescence staining of sorted cells. F. Left panels: histology of tumors (N=13) generated by s.c. injections of CD24- and
CD24+ pancreatic cells. Right panels: immunohistological analysis for CK19 expression of tumors generated by orthotopic transplantation
of CD24- and CD24+ pancreatic cells. G, H. Immunohistological analysis of s.c. and orthotopic tumors, as described in F, showing strong
cytoplasmic expression of active β-catenin in CD24+ tumors and nuclear TWIST expression in CD24- tumors. Scale bars = 50 μm.
www.impactjournals.com/oncotarget
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hCD24 accumulation (Supplementary Figure S5C). Next,
we inhibited de novo protein synthesis by treatment of
pancreatic cells with cycloheximide (CHX) at different
time points in presence or absence of the WNT activators
(Figure 4E). CHX treatment increased hCD24 expression
at all time points (Figure 4F). Taken together, these
results show that WNT activation stabilizes intracellular
m/hCD24 protein expression independently of β-catenin
transcriptional activity.
The WNT/β-catenin signaling pathway is involved
in epithelial plasticity, including both EMT and MET.
TGFβ-induced EMT is controlled by IKKα in Panc1 cells
[27]. TGFβ treatment of epithelial PDAC tumor cells
reduced membranous hCD24 expression in concomitance
to loss of E-cadherin expression (Supplementary Figure
S6A). Conversely, stable transfection of mesenchymal
tumor cells with an IKKα-specific shRNA [27] led to
an epithelial phenotype and sustained CD24 expression
(Supplementary Figure S6B, S6C). IKKα-transfected cells
upregulated the hypophosphorylated form of β-catenin,
this is consistent with studies showing a role of IKKα in
regulating β-catenin phosphorylation [28]. These results
not only suggest that induction of EMT downregulates
mCD24 expression, but are also in agreement with the

restriction of m/hCD24 expression to differentiated
tumors.

hCD24 regulates MET markers
We further investigated the mechanism involved in
hCD24 expression and regulation of the epithelial phenotype.
The PDAC cancer cell line MiaPaCa2 harbors mesenchymal
features and hardly expressed hCD24 compared to Panc1
cells, which have a more ductal phenotype (Figure 4A and
Supplementary Figure S6D). We transiently transfected
MiaPaCa2 cells with a hCD24 expression plasmid
(Figure 5A). hCD24 expressing cells acquired expressed
membranous β-catenin (Figure 5A). Next, we performed
microarray-based transcriptional profiling of transfected
MiaPaCa2 cells using gene set enrichment analysis (GSEA).
CD24 overexpression correlated with repression of genes
involved in metastasis (Figure 5B) that is linked to EMT.
When we analyzed single genes involved in MET regulation
by real time qRT-PCR, we found that the mesenchymal
transcription factor Twist was downregulated while the
epithelial marker Ctnnb was upregulated in concomitance
with hCd24 overexpression (Figure 5C). Thus hCD24 is a
regulator of epithelial-mesenchymal transition phenotypes.

Figure 3: mCD24 expression in a mouse model for acute pancreatitis. A. Murine pancreatic tissue of an experimental model for

cerulein induced acute pancreatitis was analyzed by immunohistochemistry at the indicated time points. mCD24 expression was strongly
upregulated at day 1. Scale bars = 50 μm. B. Pancreatic tissue from the same mice as in A was lysed and relative expression of the indicated
genes was analyzed by real-time qRT-PCR.
www.impactjournals.com/oncotarget
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Figure 4: Activation of canonical WNT pathway increases hCD24 expression by stabilization of CD24 protein. A. FACS

analysis of surface (left panel) and total (right panel) hCD24 expression in human PDAC cell lines. B. Panc1 cells were stimulated with
BIO or WNT agonist for 24 hours. Western blot analysis shows a decrease in β-catenin phosphorylation indicating successful activation of
the WNT pathway in concomitance with an increase in hCD24 expression. C. Panc1 cells were transiently transfected with an expression
vector containing active β-catenin (S33-β-catenin). hCD24 expression was not affected. D. FACS analysis for hCD24 surface expression in
Panc1 cells after stimulation with BIO. Mean ± SD. E. Panc1 cells were treated with BIO or WNT agonist for 24 hours and cycloheximide
(CHX) was added before harvesting the cells at the indicated time points. F. Panc1 cells were treated as described in D: Western blot
analysis shows increased hCD24 expression.
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DISCUSSION

shown to be a key player in several types of tumors,
sometimes with conflicting results depending on
CD24 subcellular localization [8, 11]. Intriguingly,
we observe strong intracellular CD24 expression in
concomitance with cytoplasmic β-catenin both in PDAC

In this study we show that CD24 expression
in the genetic KrasG12D-based murine PDAC model
is comparable to the human disease. CD24 has been

Figure 5: hCD24 regulates MET. A. The mesenchymal cell line MiaPaCa2 was transiently transfected with an hCD24 expression

vector. Cells were fixed after 48 hours and analyzed by immunofluorescence. Cells expressing hCD24 had an epithelial phenotype
characterized by membranous β-catenin expression. B. Gene set enrichment analysis of pcDNA3-CD24 transfected MiaPaCa2 cells. 24
hours after transfection mRNA was isolated and analyzed using an Ilumina beadchip. Statistical analyses: FDRq < 0.05, nominal p-value
< 0.05. C. MiaPaCa2 cells were transiently transfected with hCD24 for 24 hours. Left panel shows successful transfection. Right panel:
analysis of mesenchymal transcription factors by real-time qRT-PCR. Mean ± SD. D. Working model: after an initial increase of CD24
expression in the pancreas, WNT signaling leads to β-catenin dephosphorylation and to a further increase of CD24 protein. Sustained CD24
expression upregulates β-catenin expression. E. Eventually CD24 accumulation at the cell surface stabilizes an epithelial phenotype.
www.impactjournals.com/oncotarget
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and acute pancreatitis mouse models. Cytoplasmic,
dephosphorylated β-catenin is indicative of active
WNT signaling. Upon binding of WNT to its ligands,
GSK3β and the destruction complex are recruited to the
membrane, thus allowing accumulation of cytoplasmic
dephosphorylated β-catenin that eventually translocates
to the nucleus for transcriptional activation of target
genes [18, 29-31]. Further, we show that activation of
the WNT pathway stabilizes intracellular CD24 protein
in pancreatic tumor cells, and that inhibition of GSK3β
has the same effect, while transcriptional activation of
β-catenin is not required in this process. Thus, it is likely
that enrichment of the β-catenin cytoplasmic pool is
required for increased CD24 stability. Such hypothesis
is further supported by the upregulation of CD24 during
acute pancreatitis in concomitance to inhibition of
Notch1-dependent β-catenin transcriptional activity by
DBZ treatment. Although further cell biological studies
will be required to elucidate the mechanism of the WNT
activation on CD24 stability, this result is of interest
because the β-catenin pathway is a key regulator of
acinar cell plasticity and plays a role both in oncogenic
Kras-driven PDAC and in acute pancreatitis [23, 32].
Expression of CD24 in tumor cells correlates with
inhibition of metastatic gene signatures, downregulates the
mesenchymal transcription factor Twist and upregulates
β-catenin expression. Intriguingly, cells expressing
membranous CD24 display β-catenin localization at the
plasma membrane as part of adherens junctions, thus
linking membranous CD24 expression with an epithelial
phenotype. The involvement of CD24 in the stabilization
of an epithelial phenotype during pancreatic tumor
development is supported by our in vivo experiments
demonstrating that cells expressing surface CD24 generate
exclusively differentiated tumors expressing β-catenin and
lacking TWIST expression. In addition, the observation
that CD24 is mainly expressed in the cytoplasm of tumor
cells in endogenous GEMMs suggests that surface CD24
expression is transient during PDAC development. This
transient surface localization could also explain the small
number of tumor cells expressing surface CD24 that
can be sorted from human tumors [6]. Our observation
that undifferentiated tumors do not express CD24,
while differentiated metastasis of KrasG12D;Notch2KO
mice re-express CD24 supports the hypothesis that
MET is required for metastatic colonization [35]. Thus,
the regulation of CD24 expression during metastatic
seeding and growth underlies a dynamic and multilayered
regulation. Several studies attribute different functions
to CD24 depending on its subcellular localization and
it has previously been proposed that intracellular CD24
inhibits tumor cell migration by regulation of BART
[11]. It is intriguing to imagine that surface CD24 “traps”
tumor cells in an epithelial phenotype thus inhibiting
development to a mesenchymal phenotype, a prerequisite
for tumor cell migration [33].
www.impactjournals.com/oncotarget

Several studies propose that both EMT and MET
are relevant biological processes during development
of metastasis and they have been linked to cancer stem
cell (CSC) properties [34, 35-37]. CD24 and CD44 are
reported CSC marker for PDAC [6]. In this context, CD24
was absent in undifferentiated PDAC of both KrasG12D and
KrasG12D;Notch2KO mice, while the expression of CD44
and other CSC markers showed no differences. Thus, the
studied CSC markers were independent of the different
genetic background of mice. Based on the observation that
tumor cells in hepatic metastasis expressed CD24 despite
absent expression in the primary tumor, we speculate that
while tumor cells undergo EMT or develop mesenchymal
features, CD24 expression is downregulated. This
hypothesis is supported by our observation that TGFβdependent EMT reduces CD24 expression.
Altogether, these observations highlight that
CD24 subcellular localization is a key feature for
eliciting different effects depending on the context,
although the posttranslational modifications and other
molecular differences, such as the sequence between
intracellular CD24 and cell surface CD24 are still
unknown. In summary, our results suggest that CD24
acts as an effector of the WNT/β-catenin pathway
required for tumor differentiation, and we propose a
positive feedback model summarized in Figure 5D5E. First, oncogenic KrasG12D induces Cd24 mRNA
expression, which is in agreement with studies showing
CD24 as a target of KRAS [38]. Second, activation of
the WNT pathway and cytoplasmic accumulation of
β-catenin stabilize CD24 at the protein level. Sustained
CD24 expression leads to further upregulation of
β-catenin and downregulation of the mesenchymal
transcription factor Twist. Eventually CD24
accumulation at the cell surface stabilizes an epithelial
phenotype. Alterations in β-catenin expression are
common in pancreatic cancer and correlate with
tumor differentiation, highlighting the importance
of our findings [39-41]. A future challenge will be to
understand the mechanistic underpinnings and factors
that regulate the localization and translocation of
CD24 within the cellular compartments, which may
lead to novel therapeutic strategies targeting tumor
differentiation.

MATERIALS AND METHODS
Mouse strains and experimental pancreatitis
Ptf1a+/Cre(ex1); Kras+/LSL-G12D; Notch2flox/flox mouse
strains have been described before [19-21, 23, 40]. Mice
were of mixed 129SV/C57BL/6 background. Animal
experiments were conducted in accordance with the
German Federal Animal Protection Laws and were
approved by the Institutional Animal Care and Use
Committees of the Technical University Munich.
49164
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Subcutaneous transplantation of sorted cells into
SCID mice

(Alexa dyes, Invitrogen) for 1 h at room temperature.
Sections were mounted with Vectashield hard mounting
medium containing DAPI (Vector Laboratories) and
examined using a Zeiss inverted fluorescent microscope or
with a Leica TCS SP5 confocal microscope and the Leica
Application Suite (LAS) software for acquisition. Images
were processed using ImageJ software [42].

C.B-17/Icr (SCID) mice from Charles River
were bred and maintained under specific pathogenfree conditions. Sorted cells were suspended in 10 μl of
DMEM. For xenografts 103 or 104 cells were injected
subcutaneously in each flank of mice of 8 weeks of age
(N=13). After 29 to 69 days of tumor growth, animals were
sacrificed, and tumors were removed, paraffin-embedded
and subjected to immunohistochemical analysis. For
orthotopic transplantation, 104 cells were injected directly
into the pancreas of adult wild type animals (N=2).

Immunohistochemistry of human samples
Paraffin embedded tissue blocks of ductal and
undifferentiated pancreatic carcinomas were routinely
processed for immunohistochemistry. PDAC cases
have been selected to provide a maximal statistic power
regarding survival. From a large cohort of patients, short
(<12 month) and long (> 36 month) survivors were
chosen. In order to minimize the effect of confounders,
stage T3, M0, and R0 cases were included in this analysis.
The use of human tissues for research purposes was
approved by the local ethics committee at the University
Hospital Tübingen (number: 470/201BO1).
Following heat mediated antigen retrieval in a
pressure cooker, immunohistochemical staining was
performed with a mouse monoclonal anti-CD24 antibody
(10 µg/ml, Clone SN3b, Thermo Scientific, Waltham.
MA, USA) on a Tecan immunostainer. Detection was
performed by polyvalent peroxidase–based polymer
system (Zymed, Berlin, Germany). One pathologist (B.S.)
evaluated the membrane-bound and cytoplasmic staining
by using a three-tiered scoring system (1 - <10%, 2 - 1150%, 3 - >50% of the cells are positive).

Induction of acute pancreatitis
Experimental induction of acute pancreatitis was
performed by cerulein treatment essentially as described
[24].

Cell culture and biological reagents
Primary mouse pancreatic cancer cells, Panc1
and MiaPaCa2 cells were cultured in DMEM or RPMI
media. The IKKα overexpressing stable MiaPaCa2
clone was produced by Günter Schneider [27]. All
media were supplemented with 10% fetal calf serum.
GSK inhibitor, BIO (6-bromoindirubin-3’-oxime,
stock solution 10 mM in DMSO) and WNT agonist
(2-Amino-4-(3,4-(methylenedioxy)benzylamino)-6-(3methoxyphenyl)pyrimidine, stock solution 10 mM or 20
mM in DMSO) were purchased from Calbiochem.

Western blotting

Cell biological assays
For soft agar assay, 6-well tissue culture plates
were coated with 0.5% agar (Biozym) in DMEM. Cells
to be assayed were resuspended at 37°C in 0.35% agar
in DMEM. After solidification of agar, full medium
was added on the top. 5000 cells were seeded per well
in triplicates. After two weeks plates were stained with
crystal violet and colonies were counted in 10 optical
fields/well. For the invasion assay, growth factor reduced
matrigel invasion chambers with a pore diameter of 8 μM
(BD Biosciences) were used.

For Western blot analysis of CD24 expression, cells
were lysed in a membrane protein buffer containing TrisHcl (pH8) 50 mM, NonitedP40 0.5 %, SDS 0.1%, NaCl
150 mM, EDTA 1 mM and supplemented with complete
protease and phosphatase inhibitors (Roche). Protein
lysates were separated on a 7.5-15% polyacrylamideSDS gel, transferred to PVDF membranes and blocked in
skimmed milk followed by antibody incubation overnight
at 4°C. Antibody binding was visualized using horseradish
peroxidase-labeled secondary antibodies and ECL reagent
(Amersham).

Immunohistochemistry and immunofluorescence

Transfections and qRT-PCR

Immunoperoxidase staining was performed on 4%
PFA/PBS fixed paraffin-embedded tissue slides using
the Vectastain ABC Elite kit (Vector Labs) following
manufacturer’s instructions.
For immunofluorescence staining, cryosections (6
µM) or cells grown on glass chamber slides were fixed
with PFA 2% for 20 min and permeabilized with Triton
X-100 0.1 % for 5 minutes. Primary antibodies were
incubated overnight at 4°C and secondary antibodies

Transfections and qRT-PCR were performed using
standard procedures; for detailed description and primers
see the Supplementary Methods.

www.impactjournals.com/oncotarget

GSEA
Microarraybased transcriptional profiling and analysis
using RNA from three independent transfection experiments
was performed using the DKFZ Genomics and Proteomics
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Core Facility. The HumanHT-12 v4 Expression BeadChip
Array (Illumina) was used according to the manufacturer’s
protocols. GSEA software was provided by the Broad
Institute of the Massachusetts Institute of Technology and
Harvard University, Cambridge, MA (http://www.broad.mit.
edu/gsea/) [43, 44].
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Flow cytometry and sorting
Cells were detached from culture plates by
incubation with Trypsin-EDTA. After washing, cells were
stained with the antibody of interest or matched isotype
controls for 15 min at 4°C. After two washes cells were
analyzed using FACS Calibur Flow Cytometer (BD). Cell
sorting was performed on a FACSAdria cell sorter from
BD and analyzed with the software FACS Diva 6.1.1.
Experiments were repeated 3 times and the purity of sorted
populations varied between (95-98%).

CONFLICTS OF INTEREST
We confirm that there are no known conflicts of
interest associated with this publication and there has been
no significant financial support for this work that could
have influenced its outcome.

GRANT SUPPORT

Antibodies

This work was supported by the German
Research Foundation (SI1549/1-1 to J.T.S. and
LU1943 to C.L.M), the European Community’s
Seventh Framework Program (FP7/CAM-PaC under
grant agreement n° 602783 to J.T.S.), the German
Cancer Consortium (DKTK) (to R.M.S. and J.T.S.),
the National Pancreas Foundation (to MR), the German
Cancer Aid Foundation (Deutsche Krebshilfe 111273
to MR) and the AGA-Actavis Research Award in
Pancreatic Disorders (to MR).

The hCD24 (FL4/80), hCD24 (for ICH), CD24
(3H1143), mCD24 (M 1/69), CD44 (#550538), Nestin
(#556309) mCD24-FITC, β-catenin, P-β-catenin
(S33/37/T41) (#9561), active b-catenin, E-cadherin,
actin, cytokeratin 19 (CK19), HSP90 antibodies were all
purchased from BD Biosciences. The CD133 (NB12016518) antibody was purchased from Novus Biological.

Statistical analyses
For all analyses, the unpaired two-tailed MannWhitney test was performed with P < 0.05 considered
significant.

Author contributions
C.L.M. and J.T.S. designed research; C.L.M., C.H.,
A.H.S, K.A, Z.K.M and F.N. performed experiments; I.H.
was involved in in vivo experiments; M.W. performed
GSEA analysis, B.S. analyzed human data. C.L.M.
analyzed data; C.L.M, G.S., R.B., R.M.S., M.R. and J.T.S.
contributed with funding and resources; C.L.M. wrote the
paper and J.T.S revised the paper.

Human organoids
The use of human PDAC tissue for research
purposes was approved by the local ethics committee at
the Klinikum rechts der Isar (Project-Number 207/15).
Generation and culturing of organoids was performed
as recently described [22]. Organoids were stained as
previously described in Nature protocols [45].

REFERENCES
1. Aigner S, Sthoeger ZM, Fogel M, Weber E, Zarn J,
Ruppert M, Zeller Y, Vestweber D, Stahel R, Sammar M
and Altevogt P. CD24, a mucin-type glycoprotein, is a
ligand for P-selectin on human tumor cells. Blood. 1997;
89:3385-3395.

Abbreviations
ESA, epithelial specific antigen; PDAC, pancreatic
ductal adenocarcinoma; GEMM, genetically engineered
mouse models; TGFβ, tumor growth factor beta; ADM,
acinar-ductal metaplasia; EMT, epithelial-mesenchymal
transition; MET, mesenchymal-epithelial transition; CSC,
cancer stem cells.

2. Sammar M, Aigner S, Hubbe M, Schirrmacher V, Schachner
M, Vestweber D and Altevogt P. Heat-stable antigen
(CD24) as ligand for mouse P-selectin. Int Immunol. 1994;
6:1027-1036.

ACKNOWLEDGMENTS

3. Wenger RH, Kopf M, Nitschke L, Lamers MC, Kohler
G and Nielsen PJ. B-cell maturation in chimaeric mice
deficient for the heat stable antigen (HSA/mouse CD24).
Transgenic Res. 1995; 4:173-183.

We would like to thank D. Tuveson for providing
transgenic animals. We thank G. Ceyhan for provision
www.impactjournals.com/oncotarget

49166

Oncotarget

4. Yang XR, Xu Y, Yu B, Zhou J, Li JC, Qiu SJ, Shi YH, Wang
XY, Dai Z, Shi GM, Wu B, Wu LM, Yang GH, Zhang BH,
Qin WX and Fan J. CD24 is a novel predictor for poor
prognosis of hepatocellular carcinoma after surgery. Clin
Cancer Res. 2009; 15:5518-5527.

18. Kim W, Kim M and Jho EH. Wnt/beta-catenin signalling:
from plasma membrane to nucleus. The Biochemical
journal. 2013; 450:9-21.
19. Hingorani SR, Petricoin EF, Maitra A, Rajapakse V, King C,
Jacobetz MA, Ross S, Conrads TP, Veenstra TD, Hitt BA,
Kawaguchi Y, Johann D, Liotta LA, Crawford HC, Putt ME,
Jacks T, et al. Preinvasive and invasive ductal pancreatic
cancer and its early detection in the mouse. Cancer Cell.
2003; 4:437-450.

5. Clarke MF and Fuller M. Stem cells and cancer: two faces
of eve. Cell. 2006; 124:1111-1115.
6. Li C, Heidt DG, Dalerba P, Burant CF, Zhang L, Adsay
V, Wicha M, Clarke MF and Simeone DM. Identification
of pancreatic cancer stem cells. Cancer Res. 2007;
67:1030-1037.

20. Mazur PK, Einwachter H, Lee M, Sipos B, Nakhai H,
Rad R, Zimber-Strobl U, Strobl LJ, Radtke F, Kloppel
G, Schmid RM and Siveke JT. Notch2 is required for
progression of pancreatic intraepithelial neoplasia and
development of pancreatic ductal adenocarcinoma. Proc
Natl Acad Sci U S A. 2010; 107:13438-13443.

7. Schabath H, Runz S, Joumaa S and Altevogt P. CD24
affects CXCR4 function in pre-B lymphocytes and breast
carcinoma cells. J Cell Sci. 2006; 119:314-325.
8. Kitaura Y, Chikazawa N, Tasaka T, Nakano K, Tanaka
M, Onishi H and Katano M. Transforming growth factor
beta1 contributes to the invasiveness of pancreatic ductal
adenocarcinoma cells through the regulation of CD24
expression. Pancreas. 2011; 40:1034-1042.

21. Siveke JT, Einwachter H, Sipos B, Lubeseder-Martellato
C, Kloppel G and Schmid RM. Concomitant pancreatic
activation of Kras(G12D) and Tgfa results in cystic
papillary neoplasms reminiscent of human IPMN. Cancer
Cell. 2007; 12:266-279.

9. Sagiv E, Starr A, Rozovski U, Khosravi R, Altevogt
P, Wang T and Arber N. Targeting CD24 for treatment
of colorectal and pancreatic cancer by monoclonal
antibodies or small interfering RNA. Cancer Res. 2008;
68:2803-2812.

22. Boj SF, Hwang CI, Baker LA, Chio, II, Engle DD, Corbo V,
Jager M, Ponz-Sarvise M, Tiriac H, Spector MS, Gracanin
A, Oni T, Yu KH, van Boxtel R, Huch M, Rivera KD, et
al. Organoid models of human and mouse ductal pancreatic
cancer. Cell. 2015; 160:324-338.

10. Baumann P, Cremers N, Kroese F, Orend G, ChiquetEhrismann R, Uede T, Yagita H and Sleeman JP. CD24
expression causes the acquisition of multiple cellular
properties associated with tumor growth and metastasis.
Cancer Res. 2005; 65:10783-10793.

23. Morris JPt, Cano DA, Sekine S, Wang SC and Hebrok M.
Beta-catenin blocks Kras-dependent reprogramming of
acini into pancreatic cancer precursor lesions in mice. J Clin
Invest. 2010; 120:508-520.

11. Taniuchi K, Nishimori I and Hollingsworth MA.
Intracellular CD24 inhibits cell invasion by
posttranscriptional regulation of BART through interaction
with G3BP. Cancer Res. 2011; 71:895-905.

24. Siveke JT, Lubeseder-Martellato C, Lee M, Mazur PK,
Nakhai H, Radtke F and Schmid RM. Notch signaling is
required for exocrine regeneration after acute pancreatitis.
Gastroenterology. 2008; 134:544-555.

12. Mierke CT, Bretz N and Altevogt P. Contractile forces
contribute to increased glycosylphosphatidylinositolanchored receptor CD24-facilitated cancer cell invasion. J
Biol Chem. 2011; 286:34858-34871.

25. Liu J, Wu X, Mitchell B, Kintner C, Ding S and Schultz
PG. A small-molecule agonist of the Wnt signaling pathway.
Angew Chem Int Ed Engl. 2005; 44:1987-1990.
26. Sato N, Meijer L, Skaltsounis L, Greengard P and Brivanlou
AH. Maintenance of pluripotency in human and mouse
embryonic stem cells through activation of Wnt signaling
by a pharmacological GSK-3-specific inhibitor. Nat Med.
2004; 10:55-63.

13. Weichert W, Denkert C, Burkhardt M, Gansukh T, Bellach
J, Altevogt P, Dietel M and Kristiansen G. Cytoplasmic
CD24 expression in colorectal cancer independently
correlates with shortened patient survival. Clin Cancer Res.
2005; 11:6574-6581.

27. Brandl M, Seidler B, Haller F, Adamski J, Schmid RM,
Saur D and Schneider G. IKK(alpha) controls canonical
TGF(ss)-SMAD signaling to regulate genes expressing
SNAIL and SLUG during EMT in panc1 cells. J Cell Sci.
2010; 123:4231-4239.

14. Tsai JH and Yang J. Epithelial-mesenchymal plasticity
in carcinoma metastasis. Genes & development. 2013;
27:2192-2206.
15. Aberle H, Bauer A, Stappert J, Kispert A and Kemler
R. beta-catenin is a target for the ubiquitin-proteasome
pathway. The EMBO journal. 1997; 16:3797-3804.

28. Albanese C, Wu K, D'Amico M, Jarrett C, Joyce D, Hughes
J, Hulit J, Sakamaki T, Fu M, Ben-Ze'ev A, Bromberg JF,
Lamberti C, Verma U, Gaynor RB, Byers SW and Pestell
RG. IKKalpha regulates mitogenic signaling through
transcriptional induction of cyclin D1 via Tcf. Molecular
biology of the cell. 2003; 14:585-599.

16. Tolwinski NS and Wieschaus E. A nuclear escort for betacatenin. Nature cell biology. 2004; 6:579-580.
17. Curtis MW, Johnson KR and Wheelock MJ. E-cadherin/
catenin complexes are formed cotranslationally in the
endoplasmic reticulum/Golgi compartments. Cell Commun
Adhes. 2008; 15:365-378.
www.impactjournals.com/oncotarget

29. Maher MT, Flozak AS, Stocker AM, Chenn A and Gottardi
CJ. Activity of the beta-catenin phosphodestruction
49167

Oncotarget

complex at cell-cell contacts is enhanced by cadherin-based
adhesion. The Journal of cell biology. 2009; 186:219-228.

metastasis-associated gene CD24 is regulated by Ral
GTPase and is a mediator of cell proliferation and survival
in human cancer. Cancer Res. 2006; 66:1917-1922.

30. Polakis P. The many ways of Wnt in cancer. Curr Opin
Genet Dev. 2007; 17:45-51.

39. Fu Y, Zheng S, An N, Athanasopoulos T, Popplewell L,
Liang A, Li K, Hu C and Zhu Y. beta-catenin as a potential
key target for tumor suppression. International journal of
cancer. 2011; 129:1541-1551.

31. Maher MT, Mo R, Flozak AS, Peled ON and Gottardi
CJ. Beta-catenin phosphorylated at serine 45 is spatially
uncoupled from beta-catenin phosphorylated in the GSK3
domain: implications for signaling. PloS one. 2010; 5:e10184.

40. Heiser PW, Cano DA, Landsman L, Kim GE, Kench
JG, Klimstra DS, Taketo MM, Biankin AV and Hebrok
M. Stabilization of beta-catenin induces pancreas tumor
formation. Gastroenterology. 2008; 135:1288-1300.

32. Morris JPt, Wang SC and Hebrok M. KRAS, Hedgehog,
Wnt and the twisted developmental biology of pancreatic
ductal adenocarcinoma. Nature reviews Cancer. 2010;
10:683-695.

41. Lowy AM, Fenoglio-Preiser C, Kim OJ, Kordich J, Gomez
A, Knight J, James L and Groden J. Dysregulation of betacatenin expression correlates with tumor differentiation in
pancreatic duct adenocarcinoma. Ann Surg Oncol. 2003;
10:284-290.

33. Yang J and Weinberg RA. Epithelial-mesenchymal
transition: at the crossroads of development and tumor
metastasis. Developmental cell. 2008; 14:818-829.
34. Lamouille S, Xu J and Derynck R. Molecular mechanisms
of epithelial-mesenchymal transition. Nature reviews
Molecular cell biology. 2014; 15:178-196.

42. Schneider CA, Rasband WS and Eliceiri KW. NIH Image to
ImageJ: 25 years of image analysis. Nature methods. 2012;
9:671-675.

35. Brabletz T, Jung A, Reu S, Porzner M, Hlubek F, KunzSchughart LA, Knuechel R and Kirchner T. Variable betacatenin expression in colorectal cancers indicates tumor
progression driven by the tumor environment. Proceedings
of the National Academy of Sciences of the United States
of America. 2001; 98:10356-10361.

43. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert
BL, Gillette MA, Paulovich A, Pomeroy SL, Golub TR,
Lander ES and Mesirov JP. Gene set enrichment analysis:
a knowledge-based approach for interpreting genome-wide
expression profiles. Proceedings of the National Academy
of Sciences of the United States of America. 2005;
102:15545-15550.

36. Sureban SM, May R, Lightfoot SA, Hoskins AB, Lerner
M, Brackett DJ, Postier RG, Ramanujam R, Mohammed
A, Rao CV, Wyche JH, Anant S and Houchen CW.
DCAMKL-1 regulates epithelial-mesenchymal transition
in human pancreatic cells through a miR-200a-dependent
mechanism. Cancer research. 2011; 71:2328-2338.

44. Mootha VK, Lindgren CM, Eriksson KF, Subramanian A,
Sihag S, Lehar J, Puigserver P, Carlsson E, Ridderstrale M,
Laurila E, Houstis N, Daly MJ, Patterson N, Mesirov JP,
Golub TR, Tamayo P, et al. PGC-1alpha-responsive genes
involved in oxidative phosphorylation are coordinately
downregulated in human diabetes. Nature genetics. 2003;
34:267-273.

37. Zhang Y, Wei J, Wang H, Xue X, An Y, Tang D, Yuan
Z, Wang F, Wu J, Zhang J and Miao Y. Epithelial
mesenchymal transition correlates with CD24+CD44+ and
CD133+ cells in pancreatic cancer. Oncology reports. 2012;
27:1599-1605.

45. Reichert M, Takano S, Heeg S, Bakir B, Botta GP and
Rustgi AK. Isolation, culture and genetic manipulation
of mouse pancreatic ductal cells. Nature protocols. 2013;
8:1354-1365.

38. Smith SC, Oxford G, Wu Z, Nitz MD, Conaway M,
Frierson HF, Hampton G and Theodorescu D. The

www.impactjournals.com/oncotarget

49168

Oncotarget

