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Is Stage-Specific Embryonic Antigen 4 a Marker
for Human Ductal Stem/Progenitor Cells?
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Abstract

The presence of pancreatic stem cells (PnSCs) has not been firmly demonstrated in the human or animal pancreas.
Previous reports have suggested that ductal and acinar structures in the exocrine pancreas can be a potential source
of progenitor cells. More recently, immature insulin precursors in the periphery of human islets have been found to
self-replicate and differentiate to endocrine cells in vitro. Transplantation of these cells under the kidney capsule im-
proves the diabetic state in mice. The controversy surrounding where PnSCs reside could be resolved if a specific
marker were to be found that allowed their identification, purification, and directed differentiation to endocrine
cells. We have identified in human pancreas cells positive for the stage-specific embryonic antigen 4 (SSEA4), a
stem cell marker. These cells also express ductal, pancreatic progenitor, and stem cell protein markers. Interestingly,
some of the SSEA4 + cells scattered in the ducts do not show a ductal cell phenotype. SSEA4 + -sorted cells formed
aggregate-like spheres in culture and robustly differentiated to pancreatic hormone-expressing cells in conditions of
high glucose concentration and B27 supplementation. We hypothesize that SSEA4 + cells or a subpopulation of
those cells residing in the pancreatic ducts may be the elusive PnSCs, and in this case, SSEA4 may represent a po-
tential surface antigen marker for human PnSCs. The discovery of specific markers for the identification and puri-
fication of human PnSCs would greatly facilitate studies aimed at the expansion of these cells and the development
of targeting tools for their potential induction to insulin-producing cells.
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Introduction

Type 1-diabetes is a disease that affects millions of peo-
ple throughout the world. Current cell replacement ther-

apies involve the transplantation of pancreatic islets, which
requires many islets and several cell transplant procedures.
Human islets obtained from cadavers are not sufficient for
the vast number of patients in need of this therapy. Human
embryonic stem cells (hESCs) have been considered to be a
potential source for cell replacement, but progenitors derived
from these cells often generate teratomas in experimental cell
transplants in mice.1 Further work will be needed to derive
mature b-cells from hESCs. Transplantation of induced plu-
ripotent stem cells or the induction in situ of pancreatic
stem cells (PnSCs) to b-cells may also become possible for di-
abetic patients. So far, the presence of PnSCs in the pancreas
has not been firmly demonstrated in humans or animals. Pre-
vious published reports suggest that ductal structures in the
exocrine pancreas are a potential site where endocrine pan-
creatic stem/progenitors may reside until they receive induc-
tive signals for differentiation.2–11 Acinar tissue is another

potential source of progenitor cells through a process of aci-
nar transdifferentiation to ductal and endocrine cells.12–14

Dor et al. provided evidence that mouse b-cells can regener-
ate through self-replication in vivo.15 In a more recent investi-
gation, Smukler et al. showed that immature insulin cells,
unique stem cells, situated in the periphery of the human is-
lets, can self-replicate and differentiate to hormone-produc-
ing endocrine cells in vitro and in vivo.16 Xu et al.
demonstrated the appearance of b-cells generated from en-
dogenous progenitors located in the ductal lining of injured
adult mouse pancreas.9 These progenitors differentiated to
all islet cell types in an NGN3-dependent mode.9

The controversy of where PnSCs reside could be solved if
a specific marker is found that will allow for their identifica-
tion and purification. Previously, CD133 and MET ductal-
positive cells were purified from mouse pancreas by flow
cytometry and differentiated toward an endocrine and exo-
crine lineage.17–20 CD133 and MET are, however, not appro-
priate markers for purification of a specific population of
stem/progenitors cells in the human pancreas, because
CD133 is broadly expressed in stem and progenitor cells

Department of Pediatrics, Pediatric Diabetes Research Center, University of California, San Diego, California.

BioResearch Open Access
Volume 1, Number 4, August 2012
ª Mary Ann Liebert, Inc.
DOI: 10.1089/biores.2012.0235

184



from different tissues, including hematopoietic cells, while
MET is expressed in the islet.

Our preliminary data demonstrate that stage-specific embry-
onic antigen 4 (SSEA4) could be such a marker. SSEA4+ cells
are present in the exocrine portion of the human pancreas,
some surrounding the islets, but not inside islets. Progenitor
markers such as Sox9 and CD133, and ductal markers such as
c-Met, CK19, and carbonic anhydrase II (CA2) were all highly
expressed in SSEA4+ -sorted cells in comparison to SSEA4�

cells (purity close to 99%). Stem cells markers such as Wnt3a
and Oct4 were also significantly upregulated in SSEA4+ cells,
although their expression was low. More importantly, in the
human fetal pancreas, most of the SSEA4 cells were also
NGN3+ , a recognized marker of endocrine progenitors.

SSEA4 is a known marker of hESCs, a glycolipid antigen
with a globoseries carbohydrate core structure.21,22 The pro-
tein was also found in multipotent progenitors from human
fetal liver23 and in human neural progenitor cells,24 as well
as in mesenchymal cells of human dermis.25

Hypothesis

Accumulated evidence supports the concept that pancre-
atic stem/progenitor cells may originate in the pancreatic
duct, where they reside in a quiescent stage.2,3,26 Nontermi-
nally differentiated stem/progenitors persist in the adult
organism and may serve as a source of terminally differenti-
ated cells once induced. They differ from ESCs by being mul-
tipotent and are also called adult stem cells. As a progeny of
ESCs, they might express markers identified in their prede-
cessor such as stage-specific antigens. They also might coex-

press progenitor cell markers, common stem cell markers,
like CD133, or markers of the tissue where they reside, such
as CK19 or CA2 ductal markers. Based on these assumptions
and our data, we hypothesize that SSEA4 may represent a po-
tential surface antigen marker for human pancreatic stem/
progenitors. Interestingly, we found that some SSEA4 + cells
did not co-localize with the CA2 ductal marker,4 although
they resided in between SSEA4 + CA2 + ductal cells. Based
on this observation and the low number of spheres that orig-
inated from a relatively large number of SSEA4 + cells, we
also hypothesize that the SSEA4 + cells that have not assumed
ductal fate could be the elusive PnSCs.

We have identified SSEA4 + cells in the human exocrine
pancreas by immunohistochemistry. We obtained gene ex-
pression profiles of sorted SSEA4 + and SSEA4� cells and
also established conditions for their differentiation to pancre-
atic hormone-expressing cells. Thus, we are first to identify
SSEA4 + cells in the adult human pancreas with characteris-
tics of pancreatic progenitors. Further clonal analysis would
confirm their stemness. The identification and purification
of human PnSCs will greatly facilitate studies aimed at the ex-
pansion of those cells as well as development of targeting
tools for their induction in situ.

Materials and Methods

Tissue culture, differentiation, and real-time quantitative
polymerase chain reaction

Human exocrine pancreatic tissue was kept in a Roswell
Park Memorial Institute (RPMI)/10% fetal bovine serum

FIG. 1. Sections of human
FP and AP were
immunostained for co-
localization of SSEA4 + cells
with markers as noted. White
arrowheads represent Ki67 or
insulin + SSEA4 + cells as
noted. Scale bars: 115-lm FP
(A, B, D), 60-lm AP (C). FP,
fetal pancreas; AP, adult
pancreas; SSEA, stage-specific
embryonic antigen 4.
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(FBS) medium in suspension culture. Cells were dissociated
with 0.05% Trypsin/Versene (Invitrogen) and sorted by fluo-
rescence-activated cell sorting (FACS) or by using magnetic
beads as described below. Sorted cells were grown for 10
days in Dulbecco’s modified Eagle’s medium (DMEM)/F12
medium (Invitrogen) supplemented with 10% FBS (Invitro-
gen), epidermal growth factor, and basic fibroblast growth
factor, 20 ng/mL each (R&D Systems). Cells were seeded in
low-attachment plates at a density 0.5 · 106 cells/well
(9.2 cm2), and the medium was changed every 3–4 days. Dif-
ferentiation to pancreatic hormone–expressing cells was per-
formed for 4 days in the presence of DMEM high glucose, 1%
B27 supplement, both from Invitrogen, and PP2 (10 mM;
EMD Biosciences). mRNA purification, cDNA synthesis,
and real-time quantitative polymerase chain reaction (RT-
qPCR) analysis of differentiated tissue were performed as

previously described.27 Briefly, 20 lL PCR reactions were
run using 3 lL of cDNA, combined with the TaqMan Univer-
sal PCR Master Mix (4324018; Applied Biosystems) and unla-
beled PCR primers and a TaqMan FAMTM dye-labeled probe
listed in Supplementary Table S1. RT-qPCR was performed
using an Applied Biosystems StepOnePlus real time PCR ma-
chine. The results were analyzed by the standard curve
method as previously described.27 Quantitative values for
each gene of interest were normalized to cyclophilin A.

FACS and magnetic bead purification

After dissociation, the cells were stained with 20 mg/mL
SSEA4 mouse monoclonal antibody in a FACS buffer (phos-
phate-buffered saline [PBS]/0.5% bovine serum albumin/
0.025% NaN2) for 40–60 min at room temperature. After

FIG. 2. SSEA4 + and SSEA4� cell
culture. (A) SSEA4 + cells expanded in
monolayer for 1 week in RPMI/10%
FBS on an HTB9 matrix. (B) SSEA4 +

cell-derived spheres after 10 days in a
suspension culture. (C) SSEA4� cell-
derived spheres after 10 days in a
suspension culture. FBS, fetal bovine
serum; RPMI, Roswell Park Memorial
Institute medium.

FIG. 3. Representative study showing an RT-qPCR profile of SSEA4� (gray bars) and SSEA4 + cells (green bars). Adult
human exocrine pancreases were dissociated and labeled with an SSEA4 antibody. SSEA4� and SSEA4 + cells were purified
closed to 99% purity by flow cytometry cell sorting. Cells were lyzed, and total RNA was purified for cDNA synthesis and RT-
qPCR analysis. Numbers on the right scale in graphs represent relative mRNA message. l (dashed line), SSEA4� cell mRNA
message; RT-qPCR, real time-quantitative polymerase chain reaction.
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several washes with the FACS buffer, cells were stained with
the secondary antibody goat-anti mouse Alexa 488 for 15–
30 min atroom temperature. Cells were washed and FACS-
sorted on a Becton Dickinson FACSAria. Magnetic bead puri-
fication was performed as recommended by the manufac-
turer (Miltenyi Biotec, Inc.). Dissociated cells were labeled
first with an SSEA4-PE antibody in a concentration recom-
mended by the manufacturer and secondly with anti-PE
Beads (Miltenyi Biotec, order # 130-048-801). Cells were
sorted by double purification by using LS columns, also
obtained from Miltenyi Biotec.

Immunostaining

Human fetal pancreases were provided by the Birth
Defects Research Laboratory, University of Washington
(Seattle, WA), and approved by the University of Califor-
nia–San Diego (San Diego, CA) Human Research Protection
Program (Protocol #081237XT). Dr. Jose Oberholzer gener-
ously provided the human adult tissue, processed at the
Islet Processing Facility at the Chicago Medical Center (Uni-
versity of Illinois, Chicago, IL).

Tissue from fetal and adult pancreas was fixed in 4% para-
formaldehyde in PBS. The human adult tissue was treated
overnight with 15% sucrose in PBS. Subsequently, the tissue
was cryopreserved in O.C.T. (Tissue-Tek Sakura Finetek),
and 5-lm sections were cut for staining. For double immuno-
fluorescence of SSEA4 was used 0.05% Triton X-100 in PBS for
permeabilization, except for SOX9 staining where was used
0.01% Tween 20. Primary and secondary antibodies descrip-
tions and dilutions are listed in Supplementary Tables S2
and S3, respectively. The stained sections were viewed
using a Nikon Eclipse E800 and TS100 Fluorescent Micro-
scope, and the images were captured using SPOT software
(version 4.6).

Results

Characterization of SSEA4 + cells in human pancreas

We identified and purified SSEA4 + cells in the human
adult pancreas by immunohistochemistry and flow cytome-
try. These cells appeared scattered in the exocrine pancreas
and around the islets (Fig. 1B, C). The percent for SSEA4 +

cells varied from 17% to 30% as estimated by FACS analysis
(Supplementary Figs. S1 and S2B), and morphologically, they
are small and epithelial looking (Fig. 2A).

Gene expression profiles of SSEA4+ and SSEA4� cells are
shown in Figure 3. SSEA4+ cells expressed the pancreatic pro-

genitor markers such as CD133 and Sox9 and the ductal mark-
ers c-Met, CK19, and CA2. They also expressed low amounts of
Pdx1 and stem cell markers such as Oct4 and Wnt3a. Interest-
ingly, c-Myc was highly expressed in SSEA4 + cells (Fig. 4).
These cells did not express endothelial or endocrine mark-
ers as shown by PECAM-1 or insulin, respectively. They
also did not express the endocrine progenitor marker Ngn3.
Nestin expression was lower in the SSEA4+ than in the
SSEA4� cells.

We used immunofluorescence to demonstrate the co-
localization of SSEA4 + cells with the pancreatic duct, progen-
itor markers, and emerging insulin cells. SOX9, CK19, and
CA2 are established ductal markers. As shown in Figure 5B,
staining of pancreas sections showed that a majority of
SSEA4 + cells were ductal cells, but notably some SSEA4 +

cells were not CA2 + . By staining 7-day cultures of dissociated

FIG. 4. Two adult human exocrine pancreases were dissoci-
ated and labeled separately with SSEA4 antibody. SSEA4�

and SSEA4 + cells were purified closed to 95%–98% purity
by flow cytometry cell sorting. Cells were lyzed, and total
RNA was purified for cDNA synthesis and RT-qPCR analy-
sis. The numbers on the scale are relative to the expression
of c-Myc in human embryonic stem cells. The RT-qPCR re-
sults shown in this study are the average values of two exper-
iments (n = 2); p < 0.05.

FIG. 5. Adult human pancreas sections. SSEA4 + cells co-localize with (A) SOX9 and (B) CA2 duct markers. SSEA4 + cells that
do not co-localize with CA2 are noted with white arrowheads; (C) shows co-localization of SOX9 and CA2 duct markers. Some
SOX9, most probably acinar cells, also do not co-localize with CA2. Scale bars: 60 lm (A, C), 115 lm (B).
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adult pancreases, we confirmed that the majority of SSEA4 +

cells co-localize with SOX9 (Fig. 6C), and most of them co-
localize with the ductal marker CK19 (Fig. 6B); however,
they were not positive for carboxypeptidase A1 (Fig. 6A), a
marker for cells localized in the tip domain of the duct.10

This is consistent with other report where SOX9 cells mark
a population of cells at the interface of the tip and trunk do-
main.28 SSEA4 + cells also grew in clusters in between the
duct cells (Fig. 6B, C).

We reasoned that if SSEA4 cells were endocrine progeni-
tors, they had to be positive for NGN3, a well-characterized
endocrine progenitor marker during pancreatic development.
Therefore, we assayed human fetal pancreases from age
9.6- to 22-week gestation for the presence of SSEA4/NGN3
double-positive cells. We found that SSEA4+ cells co-localized
with NGN3 (Fig. 1A).

We also looked at SSEA4 cells’ proliferative potential by
co-staining with Ki67. Very few SSEA4 + cells co-stained
with Ki67 (Fig. 1D), indicating that few of them might have
proliferative potential in vivo.

In the adult pancreas, SSEA4 + cells did not co-localize with
insulin + cells, except for one cell detected as shown in Figure
1C, which may suggest that SSEA4 expression was lost dur-
ing the endocrine progenitor transformation to a mature cell
and underlines SSEA4 marker progenitor’s specificity.

We thought that in the fetal pancreas, we might detect
more of these rare transient events, and indeed, Figure 1B,
we saw one such demonstration of SSEA4 + INS + cells.
Often, we observed SSEA4 cells surrounding an emerging
islet (Fig. 1B, C).

Differentiation of SSEA4 + and SSEA4� cells
to pancreatic cells

To test the differentiation potential of SSEA4 + and SSEA4�

cells, sorted cells were grown in low-attachment plates for

10 days in a medium described in the Material and Methods
section. After 2 days, sphere formation appeared in the
SSEA4 + and SSEA4� cultures. A week later, the spheres in
the SSEA4 + cultures were more uniform in comparison to
the SSEA4� cultures (Fig. 2B, C). Samples were taken every
day, and the Ngn3 mRNA expression was analyzed by RT-
qPCR. In the SSEA4 + cells, Ngn3 expression was three
times higher by day 2 in comparison to day 1, and it peaked
at day 5 (Fig. 7). The purity of SSEA4 + cells was 95% as esti-
mated by FACS (Supplementary Fig. S2A). However,
SSEA4� cells contained 20% low-expressing SSEA4 + cells
(Supplementary Fig. S2A), which probably contributed to
the sporadic low Ngn3 expression (Fig. 7) and elevated insulin
expression in differentiated SSEA4� cells (Fig. 8). Despite the
fact that Ngn3 was gradually and significantly upregulated in
spheres derived from SSEA4 + cells in comparison to the
SSEA4� cells, the expression of Ngn3 mRNA was low.

Ten-day SSEA4 + and SSEA4� spheres were each divided
in two plates. Half of the spheres were transferred to one
plate and kept in a growth medium (control), and the
other half were kept in a differentiation medium, which con-
tained DMEM high glucose, B27 supplement and PP2, a Src
family kinase inhibitor, since we recently showed that Src
family kinase inhibition is involved in endocrine specifica-
tion.27 After 4 days, the spheres were harvested and ana-
lyzed for pancreatic markers of progenitor and hormone-
expressing cells. We found robust expression of Pdx1,
Nkx6.1, insulin, glucagon, and somatostatin in SSEA4 + in com-
parison to the controls and to SSEA4� cell-derived spheres
(Fig. 8).

Interestingly, Sox9 ductal expression was not observed in
the control population of SSEA4 + cell-derived spheres, but
glucagon and somatostatin were upregulated in the SSEA4 +

control in comparison to the SSEA4� control population
(Fig. 8). As mentioned before, we observed some SSEA4
cells that were not positive for ductal markers in the adult

FIG. 6. Cells from adult human
pancreatic tissue were cultured for 7
days in RPMI medium with 10% FBS
and stained for markers as noted. (A)
SSEA4 + cells were not carboxypeptidase
A1+ ; see white arrowheads.The majority
of SSEA4 + cells co-localize with (B)
CK19 + and (C) SOX9+ duct cells. Scale
bars: 70 lm (A–C). CPA, carboxypepti-
dase A1.

FIG. 7. RT-qPCR analysis of spheres
for neurogenin 3 and insulin expression.
Samples were taken every day, as
noted, from SSEA4 + and SSEA4� cell-
derived sphere formations. Cells were
lyzed by standard methods for mRNA
purification, and generation of cDNA.
RT-qPCR was performed in a TaqMan
mix by using standard procedures
(Applied Biosystems). This is one
representative experiment. Standard
deviations represent PCR replicates of
the same sample.
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pancreas (Fig. 5B, white arrow heads). Clonal analysis of
SSEA4 + and SSEA4� control cells will be necessary to test
whether the SSEA4 + nonductal cells are the ones that ro-
bustly differentiate to pancreatic cells in high-glucose me-
dium. We believe that the cells that give rise to endocrine
cells are derived from the SSEA4 + cells, and they are not a re-
sult of contamination with replicating INS + SSEA4� cells, be-
cause the expression of insulin in the SSEA4 + control spheres
was close to zero (Ct38) in comparison to the SSEA4� spheres
(Ct25) (Figs. 7 and 8, insulin). In addition, we saw Ngn3 ex-
pression predominantly in SSEA4 + cells, which might ex-
plain the consequent elevated expression of somatostatin and
glucagon in the control SSEA4 + spheres. Sustained Hes1 ex-
pression in SSEA4� spheres might explain their inefficient dif-
ferentiation (Fig. 8). The absence of Hes1 expression in
SSEA4 + cells is consistent with their endocrine progenitor
phenotype acquired during the culture, as manifested by
Ngn3 upregulation.29

Hypothesis evaluation and discussion

We have identified and purified SSEA4 + cells from human
adult pancreases. Based on genetic profiling and immunos-
taining, most of these cells appeared to have ductal origin, al-
though some did not show expression of the CA2 ductal
marker (Fig. 5B). SSEA4 cells appeared to express low levels
of Oct4 and Wnt3a markers, related to pluripotency, but they
express high levels of CD133 and c-Myc, which is characteris-
tic of multipotent progenitors.30,31 Pdx1 low expression in
the SSEA4 + cell pool most probably is due to a small contam-
ination with insulin cells from the SSEA4� cell pool during
sorting. It could also reflect SSEA4 + cells that are on their
path to become INS + cells. SSEA4 is an established marker
for multipotent progenitors in human fetal liver and in neural
progenitor cells.23,24

We hypothesize that a subpopulation of the SSEA4 cells in
the human pancreas has arrested multipotent stem cells,
which in conditions of high-glucose media and B27 can be in-
duced to become pancreatic hormone-expressing cells. Con-
firmation of these experiments would require that SSEA4 +

and SSEA4� (control) cells be clonally analyzed for self-
renewal and differentiation to pancreatic cells. The genetic
profiles of expanded clonally derived SSEA4 + cells need a
more complete analysis for markers related to self-renewal,
ductal, acinar, and pancreatic endoderm. We have not exam-
ined what other marker SSEA4 + nonductal cells express.

A current belief is that the pancreatic duct and acinar cells
may serve as a source of potential new cells in the pancreas by
undergoing a process of dedifferentiation and redifferentia-
tion.14,32 We hypothesize that SSEA4 + cells could directly dif-
ferentiate to insulin cells under circumstances that promote
tissue regeneration in the pancreas. Our observation that
SSEA4 + , but not SSEA4�, cells expressed Ngn3, although
low levels, in vitro, supports this hypothesis (Fig. 7). In addi-
tion, Xu et al. recently showed that INS + cells appeared from
NGN3 + cells in the mouse postnatal pancreas9 after an injury.

Maritxell et al. demonstrated that centroacinar/terminal
ductal progenitors that express ALDH1a1 might contribute
to the maintenance of tissue homeostasis in the adult mouse
pancreas.13 We examined whether SSEA4 + and SSEA4�

cells express aldh1a1 and found that although they both do
expressed it, aldh1a1 expression was higher in SSEA4 + then
SSEA4� cells in some pancreatic tissue preparations (data
not shown).

Seaberg et al. and later Smukler et al. have demonstrated
the existence of PMP (pancreas-derived multipotent precur-
sor) cells in the mouse and human pancreas.7,16 PMPs
expressed low levels of insulin and Glut2, propagated
in vitro, and differentiated to neuronal and pancreatic cells.
It is possible that the detected proliferating cells are early

FIG. 8. RT-qPCR analysis of spheres,
derived from magnetic-activated cell
sorting–purified SSEA4 + and SSEA4�

cells, after 4-day culture in high-
glucose medium supplemented with
B27 and PP2. Dark bars on the right
represent SSEA4 + cell-derived spheres;
gray bars are for the SSEA4� cell-
derived spheres with controls (CNTR),
spheres grown in a regular growth
medium. The numbers on the scale are
relative to the expression of those genes
in the FP. This is one representative
experiment. Standard deviations
represent PCR replicates of the same
sample.
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derivatives of SSEA4 + cells that had lost SSEA4 expression.
We have demonstrated that rare SSEA4 + cells co-localize
with insulin, but the majority of them co-localize with
NGN3. We hypothesize that once SSEA4 cells transition to in-
sulin-expressing cells, they lose SSEA4 expression. Another
interesting observation was that although SSEA4 cells were
located throughout the adult exocrine pancreas, some of
them were found around the islet (Fig. 1B, C). Smukler
et al. reported that the INS + PMPs were also often observed
around the islets.16

The spheres in our cultures could potentially be the result
of cell-to-cell aggregation and expansion rather than clonal
single-cell expansion. Further clonal analysis will prove help-
ful in resolving this problem.

This is the first description of SSEA4 + endocrine progeni-
tor cells in the human fetal and adult pancreas. Marker iden-
tification for the putative pancreatic stem/progenitor cells is
of great importance for their purification and the initiation
of studies for the generation of b-cells in vitro and in vivo.
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