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Pancreatic adenocarcinoma is highly lethal, and the median 
survival for newly diagnosed patients is 9–12 months (1). Long-
term survival for these patients is best achieved through surgery, 
but even after complete resection, the median survival is only  
18 months (2,3). A major factor that contributes to the high  
mortality rates among these patients is the propensity of pancreatic 
cancer cells to invade local tissues and disseminate widely 
throughout the body; indeed, most pancreatic cancer patients 
have metastatic lesions at the time of diagnosis or soon thereafter. 
Gross pathological factors that are predictive of overall survival 

include tumor size, involvement of the surgical margins, lymph 
node status, and histological grade (3). Tumor-initiating cells (also 
known as cancer stem cells [CSCs]) have been identified in an 
ever-increasing number of human malignancies, including  
pancreatic adenocarcinoma, and their increased growth potential 
has suggested that they have a central role in dictating clinical 
outcomes (4,5). However, the contribution of CSCs to cancer 
progression is not clearly understood, and it is possible that  
biological features of these cells may serve as novel prognostic 
factors in pancreatic adenocarcinoma.
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	Background	 Specific populations of highly tumorigenic cells are thought to exist in many human tumors, including pancre-
atic adenocarcinoma. However, the clinical significance of these tumor-initiating (ie, cancer stem) cells remains 
unclear. Aldehyde dehydrogenase (ALDH) activity can identify tumor-initiating cells and normal stem cells from 
several human tissues. We examined the prognostic significance and functional features of ALDH expression in 
pancreatic adenocarcinoma.

	 Methods	 ALDH expression was analyzed by immunohistochemistry in 269 primary surgical specimens of pancreatic 
adenocarcinoma and examined for association with clinical outcomes and in paired primary tumors and meta-
static lesions from eight pancreatic cancer patients who had participated in a rapid autopsy program. The 
clonogenic growth potential of ALDH-positive pancreatic adenocarcinoma cells was assessed in vitro by a 
colony formation assay and by tumor growth in immunodeficient mice (10–14 mice per group). Mesenchymal 
features of ALDH-positive pancreatic tumor cells were examined by using quantitative reverse transcription– 
polymerase chain reaction and an in vitro cell invasion assay. Gene expression levels and the invasive potential 
of ADLH-positive pancreatic cancer cells relative to the bulk cell population were examined by reverse transcription– 
polymerase chain reaction and an in vitro invasion assays, respectively. All statistical tests were two-sided.

	 Results	 ALDH-positive tumor cells were detected in 90 of the 269 primary surgical specimens, and their presence was 
associated with worse survival (median survival for patients with ALDH-positive vs ALDH-negative tumors: 14 
vs 18 months, hazard ratio of death = 1.28, 95% confidence interval = 1.02 to 1.68, P = .05). Six (75%) of the eight 
patients with matched primary and metastatic tumor samples had ALDH-negative primary tumors, and in four 
(67%) of these six patients, the matched metastatic lesions (located in liver and lung) contained ALDH-positive 
cells. ALDH-positive cells were approximately five- to 11-fold more clonogenic in vitro and in vivo compared 
with unsorted or ALHD-negative cells, expressed genes consistent with a mesenchymal state, and had in vitro 
migratory and invasive potentials that were threefold greater than those of unsorted cells.

	Conclusions	 ALDH expression marks pancreatic cancer cells that have stem cell and mesenchymal features. The enhanced 
clonogenic growth and migratory properties of ALDH-positive pancreatic cancer cells suggest that they play a 
key role in the development of metastatic disease that negatively affects the overall survival of patients with 
pancreatic adenocarcinoma.
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CSCs are functionally defined by two properties: their ability to 
produce differentiated progeny that are capable of recapitulating 
the original tumor and their potential for self-renewal, which 
maintains the long-term proliferative capacity of the malignant 
clone (6). The cellular processes that regulate the self-renewal of 
human cancers including pancreatic adenocarcinoma are begin-
ning to be defined and include signaling pathways that are active 
during normal embryonic development, such as the Hedgehog, 
Notch, and Wnt pathways (5,7–11). In addition to these pathways, 
normal pancreatic development requires specific isoforms of 
aldehyde dehydrogenase (ALDH), specifically ALDH1A1, to syn-
thesize retinoic acid (12,13). Moreover, ALDH is capable of detox-
ifying xenobiotics and conferring drug resistance (13–15), which 
suggests that it may play a role in the pathogenesis of pancreatic 
cancer. Although these properties suggest that CSCs have a central 
role in disease initiation, relapse, and progression, their existence 
and clinical relevance have been the subject of continued debate 
(6,16–19). Moreover, although CSCs may be relatively resistant to 
standard anticancer therapies (13,20–22), their exact role in disease 
progression has not been definitively demonstrated.

We have studied the prognostic role of ALDH in pancreatic 
adenocarcinoma and its association with survival. ALDH activity 
can also identify tumor cells that have enhanced clonogenic growth 
potential in many human malignancies, including breast cancer, 
multiple myeloma, and Hodgkin lymphoma (13,22–27). We also 
examined the tumorigenic capacity of ALDH-positive cells in vitro 
and in vivo. Moreover, we studied the expression of genes associ-
ated with the epithelial-to-mesenchymal transition and the migra-
tory and invasive capacity of ALDH-positive tumor cells in vitro.

Materials and Methods
Immunohistochemical Analysis
Tissue microarrays were constructed as previously described (28) 
by using 0.6-mm-diameter samples from formalin-fixed paraffin-
embedded blocks of primary pancreatic cancer specimens from 
269 patients who had undergone surgery at the Johns Hopkins 
Hospital between April 1998 and June 2003. In addition, a separate 
tissue microarray was generated from matched samples of the pri-
mary tumor and metastases (from lymph nodes, liver, omentum, 
and lung) collected from eight patients with metastatic pancreatic 
cancer who had participated in a rapid autopsy program at the 
Johns Hopkins Hospital (29). Slides containing the tissue microar-
rays with three distinct sampling sites from each individual tumor 
were deparaffinized in xylene and rehydrated in graded alcohol 
washes. Antigen retrieval was performed by incubating the slides 
in boiling sodium citrate buffer (10 mM, pH 6.0) for 30 minutes, 
and endogenous peroxidases were quenched by incubating the 
slides in 3% hydrogen peroxide in methanol for 10 minutes at 
room temperature. The slides were then incubated with a mouse 
monoclonal antibody against human ALDH1 (clone 44; BD 
Biosciences, San Jose, CA) diluted 1:50 at room temperature for  
1 hour followed by antibody detection with the use of a Vectastain 
Elite developer kit (Vector Labs, Burlingame, CA) and 3,3′-diam-
niobenzidine, as recommended by the manufacturer. Positive 
staining was defined as intense 3,3′-diamniobenzidine signal in 
malignant pancreatic epithelial cells at least twofold greater than 

CONTEXT AND CAVEATS

Prior knowledge
Aldehyde dehydrogenase (ALDH) activity identifies normal stem 
cells and tumor-initiating (ie, cancer stem) cells in several human 
malignancies, including pancreatic adenocarcinoma. However, the 
clinical significance of ALDH-expressing cancer stem cells is 
unclear.

Study design
The clonogenic growth potential of ALDH-positive pancreatic ade-
nocarcinoma cells was assessed in vitro and by tumor growth in 
immunodeficient mice. Immunohistochemistry was used to ana-
lyze ALDH expression in primary pancreatic adenocarcinoma spec-
imens and metastases from patients and its association with 
survival. Reverse transcription–polymerase chain reaction and in 
vitro cell invasion assays were used to examine mesenchymal 
features and the invasive potential of ADLH-positive pancreatic 
cancer cells relative to the bulk cell population.

Contribution
ALDH expression in pancreatic adenocarcinoma was associated 
with worse overall survival in patients undergoing resection for 
early-stage disease. ALDH-positive pancreatic cancer cells were 
more tumorigenic than the bulk cell population both in vitro and in 
vivo, expressed genes consistent with a mesenchymal state, and 
were more frequently detectable in metastatic lesions than in the 
primary tumor from the same patient.

Implications
ALDH expression marks pancreatic cancer cells that have stem cell 
and mesenchymal features. The enhanced clonogenic growth of 
ALDH-positive pancreatic cancer cells suggest that they may play a 
role in the long-term outcomes of patients with pancreatic adeno-
carcinoma by mediating the development of metastatic disease.

Limitations
The clinical conclusions about ALDH expression as a prognostic 
marker in pancreatic adenocarcinoma were based on retrospective 
analyses and were not independently validated. Differences in 
tumorigenic capacity between distinct cell populations in immu-
nodeficient mice may be limited by the inherent limitations of a 
xenotransplantation assay.

From the Editors
 

normal pancreatic acinar cells that were weakly to moderately 
positive. Slides were independently scored for anti-ALDH1 stain-
ing by two trained pancreatic cancer pathologists (S.-M. Hong and 
A. Maitra) who were blinded to patient outcomes. Samples with 
any evidence of positive staining according to the criteria described 
above were considered positive for the survival analysis.

Cell Culture
We used the following human pancreatic cancer cell lines: 
CAPAN-1 and Panc1 (American Type Culture Collection, 
Manassas, VA), DAN-G (DSMZ, Braunschweig, Germany), and 
L3.6pl (from Dr I. Fidler, Department of Cancer Biology, MD 
Anderson Cancer Center, Houston, TX). All cell lines were cul-
tured in Dulbecco’s modified Eagle medium (Invitrogen, Carlsbad, 
CA) supplemented with 10% fetal calf serum (Harlan, Indianapolis, 
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IN), penicillin–streptomycin (Invitrogen), and L-glutamine 
(Invitrogen). Routine mycoplasma testing of all cell lines was per-
formed by using a MycoProbe Mycoplasma Detection Kit (R&D 
Systems, Minneapolis, MN) as per the manufacturer’s protocol. 
The authenticity of the cell lines was verified by the American 
Type Culture Company and the DSMZ.

Pancreatic Cancer Xenografts
All experiments using mice were approved by the Johns Hopkins 
University Animal Care and Use Committee, and the mice were 
maintained in accordance with the American Association of 
Laboratory Animal Care guidelines. We used 10 different human 
low-passage xenografts from surgical specimens obtained from 10 
patients who underwent surgery for pancreatic adenocarcinoma at 
the Johns Hopkins Hospital. The freshly collected tumors were 
minced into 2- to 3-mm pieces, and the pieces were implanted 
subcutaneously into the flanks of 6-week-old female athymic (nu+/
nu+) mice (Harlan); when the tumor pieces had grown to 1.5 cm3, 
they were excised and transplanted to secondary recipient mice 
(F2; n = 5–6 mice per group) and allowed to grow to 1.5 cm3 as 
previously described (30).

For immunohistochemical analysis, the tumors were harvested 
from F2 mice, fixed in neutral buffered 10% formalin, and em-
bedded in paraffin. Tumor sections (10 µm thick) were stained 
with hematoxylin and eosin and subjected to histopathologic eval-
uation. For fluorescence-activated cell sorting, the tumors were 
minced with the use of sterile razor blades to generate single-cell 
suspensions, which were incubated in 0.6 U/mL dispase and 200 
U/mL collagenase type IV (both from Sigma, St Louis, MO) at 
37°C for 2 hours with agitation. Debris and necrotic cells were 
removed by passing the mixture through a 70-µm filter (BD 
Biosciences) followed by density centrifugation using Ficoll-Paque 
Plus (GE Healthcare, Uppsala, Sweden). The purified tumor cells 
were washed twice in cold Dulbecco’s modified Eagle medium and 
counted with the use of a hemocytometer.

Flow Cytometry and Cell Sorting
Cells from the four pancreatic cancer cell lines (CAPAN-1, Panc1, 
Dan-G, and L3.6pl) and from low-passage xenografts were stained 
with the ALDEFLUOR reagent system (Stem Cell Technologies, 
Vancouver, BC, Canada), in which the cell-permeable fluorescent 
enzyme substrate BODIPY aminoacetaldehyde is intracellularly 
retained following conversion by ALDH. Briefly, 10 million cells 
were resuspended in 1 mL Aldefluor buffer and 1 µL Aldefluor 
reagent in the presence or absence of the ALDH1 inhibitor, 
diethylamino-benzaldehyde, for 30 minutes in a 37°C water bath 
according to the manufacturer’s protocol. The cells were washed, 
then incubated at 4°C for 15 minutes with monoclonal anti-
CD44-allophycocyanin (APC) (1:20 dilution; clone G44-26; BD 
Biosciences), anti-CD24-phycoerythrin (PE) (1:20 dilution; clone 
ML5; BD Biosciences), anti-mouse CD31-biotin (1:100 dilution; 
BD Biosciences), anti-mouse lineage-biotin (1:100 dilution; 
Miltenyi Biotec, Auburn, CA), anti-mouse H-2Kd-biotin (1:100 
dilution; BD Biosciences), and mouse-specific IgG2b k-APC (1:100 
dilution; BD Biosciences) and IgG2a k-PE (1:100 dilution; BD 
Biosciences) antibodies. The cells were subsequently washed and 
incubated with streptavidin–peridinin chlorophyll protein (0.1 

µg/100 µL; BD Biosciences) for 15 minutes at 4°C. The cells were 
washed once again, resuspended in ALDEFLUOR buffer contain-
ing 2 µg/mL propidium iodide, and passed through a 30-µm filter. 
A FACSAria flow cytometer (BD Biosciences) was used for all cell 
sorting. The cells were first gated based on side scatter and for-
ward scatter properties, followed by exclusion of mouse-derived 
(PerCP-positive) and nonviable (PI-positive) cells. The ALDH-
positive gate was created based on diethylamino-benzaldehyde–-
treated cells stained with ALDEFLUOR, anti-CD24-PE, and 
anti-CD44-APC. The CD44- and CD24-positive gate was created 
based on cells that stained with ALDEFLUOR and the mouse-
specific antibodies IgG2b k-APC (the isotypic control for anti-
CD44-APC) and IgG2a k-PE (the isotypic control for 
anti-CD24-PE). Sorted cells were subsequently used for in vitro 
colony formation, in vivo tumor formation, real-time reverse 
transcription–polymerase chain reaction (RT-PCR), and cell 
migration assays.

Colony Formation Assay
Unsorted cells and ALDH-negative, ALDH-positive, CD44- and 
CD24-positive, and ALDH-, CD44-, and CD24-positive cells that 
were isolated by fluorescence-activated cell sorting were suspended 
in 1 mL of methylcellulose medium (1.2% methylcellulose, 30% 
fetal calf serum, 1% bovine serum albumin, 1024 M 2-mercapto-
ethanol, and 2 mM l-glutamine) and plated in quadruplicate onto 
35-mm tissue culture dishes with an ultra-low attachment surface 
(1000 cells per dish) (Corning, Lowell, MA) and incubated at 37°C 
in 5% CO2. Colonies were scored after 10 days of incubation. 
Serial replating was performed by washing the dishes three times 
with Dulbecco’s modified Eagle medium and resuspending the 
pooled cells in 1 mL of methylcellulose medium and replating as 
described above. Cells were replated for up to four generations, 
and each experiment was performed three times.

Tumor Formation Assay
Varying numbers of unsorted, ALDH-positive, CD44- and CD24-
positive, and ALDH-, CD44-, and CD24-positive cells were iso-
lated from six human pancreatic cancer xenografts (JH015, JH102, 
Panc496, Panc219, Panc253, and Panc140) by cell sorting. The 
sorted and unsorted cells from each xenograft were serially diluted 
and resuspended in 100 µL of a 1:1 mixture of serum-free 
Dulbecco’s modified Eagle medium and Matrigel (BD Biosciences) 
and then injected subcutaneously into the right and left flanks of 
6-week-old sex-matched nonobese diabetic/severe combined im-
munodeficient (NOD/SCID) mice (bred and maintained in the 
Johns Hopkins Medical Institutes animal care facility). Each 
unique xenograft was treated as an individual experiment, and 
10–14 mice (one to two injections per mouse, depending on the 
availability of sufficient cell numbers) were used to evaluate the 
clonogenic growth potential of each starting xenograft. If sufficient 
cells were available to carry out two injections per mouse, each of 
the two sites was injected with the same number of cells from the 
same starting xenograft. The tumor-initiating capacity of the dif-
ferent cell populations was compared by monitoring tumor growth 
in mice daily for up to 20 weeks. Tumor formation was considered 
positive if a mass greater than 1 cm in diameter was detected by 
palpation. After 20 weeks after injection, the mice were killed by 
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carbon dioxide asphyxiation and cervical dislocation and the 
tumors were harvested for serial retransplantation in fresh mice 
(up to four times) or for immunohistochemical analysis. Each 
unique human xenograft was examined once.

Real-Time Reverse Transcription–Polymerase Chain 
Reaction
One thousand unsorted, ALDH-positive, CD44- and CD24-
positive, and ALDH-, CD44-, and CD24-positive cells were 
isolated by fluorescence-activated cell sorting from four different 
human pancreatic cancer xenografts (Panc253, JH015, Panc185, 
and Panc410). The cells were lysed and subjected to reverse tran-
scription without purification of RNA by using a Cells-to-Ct kit 
(Applied Biosystems, Foster City, CA) according to the manufac-
turer’s protocol. Quantitative PCR was performed in triplicate on 
a MyiQ real-time PCR thermocycler (BioRad, Hercules, CA) 
with the use of the TaqMan Gene Expression Assays (Applied 
Biosystems) for ACTB (b-actin), CDH1 (e-cadherin) (Hs00170423_
m1), SNAI2 (slug) (Hs00161904), ALDH1A1 (aldehyde dehydro-
genase 1A1) (Hs00167445_m1), CD24 (Hs02379687_s1), CD44 
(Hs00174139_m1), CDH2 (n-cadherin) (Hs00983062_m1), 
SNAI1 (snail) (Hs00195591_m1), and TWIST1 (twist homolog 1) 
(Hs00361186_m1) according to the manufacturer’s instructions. 
Comparative gene expression analysis was performed by using the 
2(2DDCt) method with normalization to ACTB. One experiment 
was performed for each unique starting human xenograft.

Cell Migration Assay
Twenty thousand unsorted, ALDH-positive, CD44- and CD24-
positive, and ALDH-, CD44- and CD24-positive cells were isolated 
by fluorescence-activated cell sorting, suspended in Dulbecco’s 
modified Eagle medium supplemented with 1% fetal bovine serum 
(Harlan), applied to 24-well cell culture inserts containing 8-µm 
pores (BD Biosciences) in duplicate, and incubated for 72 hours. 
Cells that remained above the filter (ie, nonmigrating cells) were 
removed, and the number of cells below the filter (ie, migrating 
cells) was counted with the use of an inverted light microscope. 
Migration assays were repeated three times for each group of cells.

Cell Invasion Assay
Single-cell suspensions of pancreatic cancer cells derived from 
low-passage xenografts (Panc410 and Panc496) were incubated for 
10 minutes on ice with the three biotin-labeled, anti-mouse anti-
bodies (anti-CD31, anti-mouse lineage, and anti-H-2Kd; each 
diluted 1:100), followed by incubation with streptavidin-coupled 
magnetic microbeads (Miltenyi Biotec). The cell suspensions were 
magnetically depleted of mouse cells using a MACS Cell Separation 
LD Column (Miltenyi Biotec), and the remaining cells were 
applied to 24-well Matrigel Invasion Chambers in duplicate wells 
(5 × 105 cells per well; BD Biosciences) and incubated for 72 hours. 
Invading and noninvading cells from below and above the invasion 
chamber membrane, respectively, were harvested by using a cell 
scraper and cell lysis buffer. ACTB, ALDH1A1, CD24, CD44, 
and CDH1 mRNA levels in the invading and noninvading cells 
were analyzed by using the Cells-to-Ct kit (Applied Biosystems) 
and quantitative real-time PCR, as described above. The experi-
ment was performed once for each unique human xenograft.

Statistical Analysis
The Kaplan–Meier method and the log-rank test were used to 
compare survival, defined as the time from surgery until death 
(patients alive were censored at the time of their last follow-up), of 
patients with ALDH-positive and patients with ALDH-negative 
primary tumors. A x2 test was used to examine associations between 
tumor ALDH activity and tumor size greater than 3 cm, surgical 
margin involvement, tumor differentiation, and lymph node 
metastasis, which are known prognostic factors for adverse out-
come following surgical resection for pancreatic carcinoma (3,31). 
A multivariable Cox proportional hazards model was used to study 
associations of all variables with patient survival as well as inde-
pendent associations between ALDH activity or lymph node 
metastasis and patient survival. A test of the proportional hazards 
assumption was based on scaled Schoenfeld residuals. We found 
no strong evidence of nonproportional hazards for either ALDH 
expression (P = .663) or lymph node metastasis (P = .687).

To account for correlation between the two injection sites per 
mouse, a logistic regression model was implemented with general-
ized estimating equations. The hypotheses of equal probability of 
tumor formation comparing bulk unsorted cells with ALDH-
positive cells, with CD44- and CD24-positive cells, and with 
ALDH-, CD44-, and CD24-positive cells were tested based on a 
x2 test. All statistical tests were two-sided, and statistical signifi-
cance was defined as a P value less than or equal to .05.

Results
Prognostic Role of ALDH Expression in Pancreatic 
Adenocarcinoma
Several pathological features are associated with the long-term 
outcomes of patients following surgical resection for pancreatic 
adenocarcinoma, including tumor size, lymph node involvement, 
surgical margin status, and histological grade (2,3). We hypoth-
esized that cellular processes that are involved in the normal 
development of the pancreas might serve as prognostic factors in 
pancreatic cancer. We therefore examined the expression of 
ALDH because it is required for the development of the pancreas 
during mouse embryogenesis and is associated with drug resistance 
in multiple myeloma and colorectal adenocarcinoma (13,22,32).

We examined ALDH expression by immunohistochemistry in 
surgical specimens that represented all stages of pancreatic cancer 
development. We detected no neoplastic cells that stained positive 
with an antibody against ALDH in low-grade pancreatic intraepi-
thelial neoplastic lesions (ie, grade 1 or 2) (33). However, we found 
occasional ALDH-positive cells in high-grade pancreatic intraepi-
thelial neoplastic lesions (ie, grade 3, also known as carcinoma in 
situ) (Figure 1, A). We also examined ALDH expression in pancre-
atic adenocarcinomas by immunohistochemistry in resected 
primary tumors from 269 pancreatic cancer patients. Although all 
tumor specimens displayed ALDH staining within the tumor 
stroma, we detected two general patterns of staining among the 
glandular cancer cells. In 90 tumors (34%), we observed cells 
located primarily at the base of the cancerous pancreatic glands 
that stained intensely with the ALDH antibody. Tumors with 
these intensely stained cells were considered ALDH positive 
(arrow, Figure 1, B). The remaining 179 specimens (66%) lacked 
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these intensely stained cells within the three distinct sections stud-
ied from each tumor and were considered ALDH negative. In a 
Kaplan–Meier survival analysis, the patients with ALDH-positive 
primary tumors had a median survival of 14 months compared with 
18 months for the patients with ALDH-negative primary tumors 
(hazard ratio [HR] of death = 1.28, 95% confidence interval [CI] = 
1.02 to 1.68, P = .05 [log-rank test]) (Figure 1, C). In addition, 
ALDH expression was associated with long-term survival: The 
25% survival rate was 28.4 months in patients with ALDH-positive 
primary tumors vs 46 months in patients with ALDH-negative 
specimens.

We next examined the combined and independent associations 
between tumor ALDH positivity by immunohistochemistry and 
other predictors of poor prognosis in pancreatic cancer on overall 

Figure 1. Association between aldehyde dehydroge-
nase (ALDH) expression in primary pancreatic 
tumors and patient survival. A) Immunohistochemical 
localization of ALDH protein expression in pancre-
atic intraepithelial neoplastic lesions. Representative 
images show staining for ALDH (brown) in a high-
grade pancreatic intraepithelial neoplastic lesion 
(ie, PanIN-3 or carcinoma in situ; right panel and 
inset) and in a low-grade pancreatic intraepithelial 
neoplastic lesion (ie, PanIN-2; left panel). B) 
Immunohistochemical staining of ALDH in primary 
human pancreatic adenocarcinoma. Left panel 
shows an ALDH-positive tumor in which intensely 
staining cells are found mostly at the base of can-
cerous glands (arrowheads). Right panel shows an 
ALDH-negative tumor. C) Kaplan–Meier analysis of 
overall survival for patients who underwent pancre-
atectomy based on tumor ALDH expression by 
immunohistochemistry. At 24 months, the number 
of patients at risk with ALDH-positive and ALDH-
negative tumors was 27 (proportion surviving = 
0.30, 95% confidence interval [CI] = 0.22 to 0.42) and 
67 (proportion surviving = 0.39, 95% CI = 0.32 to 
0.47), respectively. At 48 months, the number of 
patients at risk with ALDH-positive and ALDH-
negative tumors was 9 (proportion surviving = 0.15, 
95% CI = 0.09 to 0.25) and 33 (proportion surviving = 
0.23, 95% CI = 0.18 to 0.31), respectively. At 72 
months, the number of patients at risk with ALDH-
positive and ALDH-negative tumors was 2 (propor-
tion surviving = 0.11, 95% CI = 0.05 to 0.21) and 16 
(proportion surviving = 0.17, 95% CI = 0.12 to 0.24).

survival in a multivariable model. Initially, we examined the asso-
ciation between ALDH positivity and tumor size, the extent of 
tumor differentiation, the presence of lymph node metastasis, and 
surgical margin involvement. We found that tumor ALDH posi-
tivity was statistically significantly associated with tumor size 
greater than 3 cm and with poorly differentiated tumors (for both, 
P = .03) but not with surgical margin involvement (P = .11). 
Furthermore, statistically significant associations were found 
between tumor size greater than 3 cm and surgical margin involve-
ment (P = .02) and between tumor size greater than 3 cm and 
extent of tumor differentiation (P = .03). On the basis of these 
strong associations, we developed a multivariable Cox propor-
tional hazards model that included ALDH expression and lymph 
node metastasis as covariates to obtain an estimate of the indepen-
dent association between ALDH expression and overall survival. 
Overall, patients with ALDH-positive primary tumors had worse 
survival compared with patients with ALDH-negative primary 
tumors (HR of death = 1.32, 95% CI = 1.00 to 1.74, P = .054) 
(Table 1).

Tumorigenic Potential of ALDH-Positive Pancreatic Cancer 
Cells
Cells with enhanced clonogenic growth potential can be identified 
in a variety of normal and malignant tissues based on relative 
ALDH activity (22–24,27). We examined the relationship between 
ALDH expression and tumorigenic potential in pancreatic  

Table 1. Multivariable Cox proportional hazards analysis of overall 
survival*

Characteristic HR of death (95% CI) P

No. of involved lymph nodes
  0 1.00 (referent)
  ≥1 1.66 (1.14 to 2.41) .009
Tumor ALDH expression status
  Negative 1.00 (referent)
  Positive 1.32 (1.00 to 1.74) .054

*	 ALDH = aldehyde dehydrogenase; CI = confidence interval; HR = hazard ratio.
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cancer cells. We initially studied four human pancreatic cancer 
cell lines (CAPAN-1, DAN-G, Panc1, and L3.6pl) by using the 
ALDEFLUOR flow cytometric assay, which consists of a freely 
permeable fluorescent enzyme substrate that is retained by cells 
following conversion by ALDH, and found that each of these cell 
lines contained small populations of ALDH-positive cells (2.4%–
8.5% of the total cell population; Figure 2, A). We next assessed 
the in vitro clonogenic growth potential of the well-studied 
CAPAN-1 cell line as a function of ALDH expression detected 
using the ALDEFLUOR assay. We found that ALDH-positive 
cells (defined as those with greater ALDEFLUOR fluorescence 
compared with a control staining reaction using the specific 
ALDH enzyme inhibitor diethylamino-benzaldehyde) formed 
statistically significantly greater numbers of colonies during serial 
rounds of replating (a surrogate measure of self-renewal potential) 
compared with ALDH-negative or unsorted cells. For example, 
compared with ALDH-negative cells, ALDH-positive cells formed 
5.9-fold more colonies (95% CI = 4.4- to 7.9-fold more, P < .001) 
during the third generation of replating and 11.6-fold more col-
onies during the fourth round of replating (95% CI = 9.7- to 13.8-
fold more, P < .001) (Figure 2, B). Several studies have reported 
that tumorigenic pancreatic cancer cells can be identified based on 
their expression of specific cell surface antigens, including CD44 
and CD24 (4,5). We therefore compared the in vitro clonogenic 
capacity of CAPAN-1 cell populations that were isolated based on 
their expression of ALDH only, of CD44 and CD24, or of ALDH, 
CD44, and CD24. Each of these cell populations formed more 
colonies than the bulk unsorted tumor cells, and the cells that 
coexpressed ALDH, CD44, and CD24 had the highest clonogenic 
potential during both initial and secondary platings (Figure 2, C).

To further study whether the ALDH-positive and CD44- and 
CD24-positive cells represented overlapping or distinct cell popu-
lations, we next examined four low-passage xenografts derived 
from resected primary tumor specimens (30). Single-cell suspen-
sions were stained with the ALDEFLUOR reagent and anti-CD44 
and anti-CD24 monoclonal antibodies and then analyzed by flow 
cytometry. Although relatively small populations of ALDH-
positive cells and CD44- and CD24-positive cells could be identi-
fied in all xenografts examined, the two cell populations were 
largely nonoverlapping with cells that were positive for ALDH, 
CD44, and CD24, representing less than 0.1% of the total  
cell population (Supplementary Figure 1, A, and Supplementary 
Table 1, available online). We compared the in vivo growth poten-
tial of unsorted, ALDH-positive, CD44- and CD24-positive, and 
ALDH-, CD44-, and CD24-positive cells by examining their 
ability to form tumors following the subcutaneous injection of 
decreasing numbers of cells into immunodeficient NOD/SCID 
mice (n = 2–4 mice per cell group). As was reported in other studies 
that examined clonogenic pancreatic cancer growth (4,5), we found 
that unsorted tumor cells from each of the six low-passage xeno-
grafts studied formed tumors only when at least 10 000 cells were 
injected, whereas injection of as few as 50 cells (range = 50–5000 
cells) from each fluorescence-activated cell sorter-isolated cell 
population (eg, ALDH-positive, CD44- and CD24-positive, and 
ALDH-, CD44-, and CD24-positive cells) produced tumors that 
were histologically identical to the original xenograft (Table 2; 
Supplementary Figure 1, B, available online). Both ALDH-positive 

cells and CD44- and CD24-positive cells were statistically signifi-
cantly more tumorigenic than unsorted tumor cells. Tumor inci-
dence in mice injected with ALDH-positive vs unsorted cells was 
33.3% vs 6.9% (P = .005) and 33.3% vs 6.9% for mice injected 
with CD44- and CD24-positive vs unsorted cells (P = .007); how-
ever, neither sorted population had a greater tumor-initiating ca-
pacity than the other (P = 1.0). Cells that were positive for ALDH, 
CD44, and CD24 were more tumorigenic than both the ALDH-
positive and the CD44- and CD24-positive cell populations, but 
the differences were not statistically significant (P = .30 and P = .35, 
respectively). The tumorigenic potential of all three cell popula-
tions was maintained after multiple rounds of harvesting, resorting, 
and injection (data not shown), indicating their self-renewal 
potential.

ALDH-Positive Tumor Cells in Metastatic Lesions
For most solid tumors including pancreatic adenocarcinoma, the 
development of distant metastases marks disease progression and 
portends poor prognosis. The association we observed between 
tumor ALDH expression and worse median survival suggested that 
ALDH-positive cells may be involved in this process. We there-
fore analyzed ALDH expression by immunohistochemistry in 
paired primary tumors and metastatic lesions from eight pancreatic 
cancer patients who had participated in a rapid autopsy program. 
Primary tumors from six (75%) of the eight patients were ALDH 
negative, but in four (67%) of these six cases, the matched meta-
static lesions (located in liver and lung) contained ALDH-positive 
cells (Figure 3 and Table 3). In the two ALDH-positive primary 
tumors, all of the matched metastatic lesions (located in periaortic 
lymph nodes, liver, and kidney) contained ALDH-positive cells. 
These data suggest that ALDH-positive cells may play a role in 
disease progression.

Phenotype and Invasiveness of ALDH-Positive Pancreatic 
Tumor Cells
The development of metastatic disease requires tumor cell dissem-
ination from the primary tumor and clonogenic growth at the ec-
topic site. The epithelial-to-mesenchymal transition is marked by 
the loss of cell adhesion and increased migratory potential, which 
regulate cellular movement during normal embryonic develop-
ment. Because of this increased cellular motility, the epithelial- 
to-mesenchymal transition has also been implicated in cancer 
metastasis and is associated with advanced stage for many solid 
tumors (34,35). During the epithelial-to-mesenchymal transition, 
mesenchymal cells are characterized by decreased expression of 
E-cadherin (encoded by CDH1) and increased expression of genes 
that encode members of the Snail family of transcriptional repres-
sors, such as TWIST (TWIST1), SNAIL (SNAI1), and SLUG 
(SNAI2). We used quantitative real-time RT-PCR to examine the 
expression of genes associated with the epithelial-to-mesenchymal 
transition among the sorted cell populations isolated from four 
low-passage xenografts. Although expression of CDH2, TWIST1, 
and SNAI1 could not be consistently detected in these xenografts, 
CDH1 expression was decreased up to twofold in CD44- and 
CD24-positive cells, up to fivefold in ALDH-positive cells, and up 
to 10-fold in cells positive for ALDH, CD44, and CD24 compared 
with unsorted xenograft tumor cells (Figure 4, A). Conversely, 
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SNAI2 expression was increased up to 64-fold in CD44- and 
CD24-positive cells, up to 51-fold in ALDH-positive cells, and up 
to 73-fold in cells positive for ALDH, CD44, and CD24 compared 
with unsorted xenograft tumor cells. The decreased expression of 

CDH1 and the increased expression of SNAI2 suggest that these 
highly clonogenic cell populations have mesenchymal features.

Tumor cells undergoing the epithelial-to-mesenchymal transition 
are thought to have increased migratory and invasive potential (35). 

Figure 2.  Cancer stem cell properties of aldehyde dehydrogenase 
(ALDH)–positive pancreatic cancer cells. A) Flow cytometry. ALDH 
activity in human pancreatic cancer cell lines CAPAN-1, DAN-G, 
Panc1, and L3.6pl was measured by flow cytometry by using the 
ALDEFLUOR reagent in the presence (top row) and absence (bottom 
row) of the ALDH1 inhibitor diethylamino-benzaldehyde (DEAB). The 
frames represent gates that depict ALDH-positive (ALDH1) cells that 
were created based on the flow cytometry plot from cells treated with 
DEAB and then applied to the plots of untreated cells. The percent-
ages of ALDH1 cells are shown in or above the gate. B) Colony forma-
tion assay. ALDH1, ALDH-negative (ALDHneg), and unsorted CAPAN-1 
cells were isolated by fluorescence-activated cell sorting and evalu-
ated for clonogenic growth in vitro. Five hundred cells were plated in 

methylcellulose, and colonies were counted 10 days later. Serial 
replating was carried out for four generations. Error bars correspond 
to 95% confidence intervals. C) Colony formation assay with serially 
diluted cells. Unsorted, ALDH1, CD44- and CD24-positive (CD441CD241), 
and ALDH-, CD24-, and CD44-positive (ALDH1CD441CD241) CAPAN-1 
cells were isolated by fluorescence-activated cell sorting and evalu-
ated for clonogenic growth as described above. The left panel depicts 
the number of colonies that were counted after varying numbers of 
cells (100, 500, or 1000) were plated in methylcellulose. The right 
panel depicts the number of colonies that grew after 1000 cells were 
plated in methylcellulose and serially replated for a second genera-
tion. Mean values (n = 3) with 95% confidence intervals (error bars) 
are depicted.
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We next compared the migratory and invasive properties of 
unsorted, ALDH-positive, CD44- and CD24-positive, and 
ALDH-, CD44-, and CD24-positive cells isolated from CAPAN-1 
cells (Figure 4, B) and Panc1 and DAN-G cells (data not shown). 
Compared with unsorted cells, cells positive for ALDH, CD44, 
and CD24 and ALDH-positive cells displayed more migratory 
capacity in a transwell assay system (unsorted vs ALDH-, CD44-, 
and CD24-positive cells: 3.6-fold increase, 95% CI = 3.4- to 3.7-
fold increase, P = .002; unsorted vs ALDH-positive cells: 3.1-fold 
increase, 95% CI = 2.3- to 4.0-fold increase, P = .015) (Figure 4, 
B). It is interesting that CD44- and CD24-positive cells also dis-
played only slightly increased migration compared with unsorted 
cells (2.1-fold increase, 95% CI = 20.6- to 4.8-fold increase, P = 
.064) but displayed statistically significantly less migration than 
cells positive for ALDH, CD44, and CD24 (1.7-fold decrease, 
95% CI = 0.6- to 2.8-fold decrease, P = .022) or ALDH-positive 
cells (1.5-fold decrease, 95% CI = 0.4- to 2.6-fold decrease,  
P = .047). These results suggest that the equally clonogenic ALDH-
positive and CD44- and CD24-positive cells are biologically 
distinct because they are not functionally equivalent with respect 
to migratory capacity.

We also examined ALDH1A1, CD44, and CD24 mRNA 
expression in invasive tumor cells derived from two low-passage 
xenografts from which we could obtain sufficient cell numbers for 
subsequent in vitro analysis. Single-cell suspensions were made 
from each xenograft, depleted of mouse-derived cells, and sub-
jected to an in vitro invasion assay, and the invading and noninvad-
ing cells were harvested and analyzed for gene expression by 
quantitative RT-PCR. Compared with noninvading tumor cells, 

cells capable of invading through a Matrigel-coated membrane in 
vitro displayed approximately two- to fivefold higher levels of 
ALDH1A1 mRNA but less than a twofold higher level in CD44 
mRNA expression and no change in CD24 mRNA expression 
(Figure 4, C). These data suggest that a substantial population of 
tumor-initiating pancreatic cells, especially those that express 
ALDH, has functional features consistent with epithelial-to-
mesenchymal transition.

Discussion
In this study, we report that ALDH expression in pancreatic ade-
nocarcinoma is associated with worse overall survival in patients 
who are undergoing resection for early-stage disease. Furthermore, 
we found that ALDH-positive pancreatic cancer cells are statisti-
cally significantly more tumorigenic than ALDH-negative cells 
both in vitro and in vivo and are more frequently detectable in 
metastatic lesions than in the primary tumor from the same 
patient. These results suggest that CSCs may play a role in the 
long-term outcomes of patients with pancreatic adenocarcinoma 
by mediating the development of metastatic disease.

The identification of CSCs in most experimental systems has 
relied on their expression of specific cell surface antigens. However, 
although this strategy can enrich for tumorigenic cells, it may not 
be able to identify all of the clonogenic cells in an individual 
tumor. Both normal stem cells and CSCs may also be distinguished 
from non–stem cells by using assays based on physiological 
properties, such as homing properties and increased drug efflux 
and ALDH activity (27,36,37). We found little overlap between 

Table 2. Tumor-initiating capacity of sorted pancreatic cancer cells*

No. of cells injected

Tumor incidence†

Unsorted cells ALDH1 cells CD441CD241 cells ALDH1CD441CD241 cells

10 000 3/17 ND ND ND
1250–5000 0/14 6/14 4/8 8/15
250–1000 0/12 2/6 2/6 6/14
50–200 ND 2/10 2/10 5/14
Total 3/43 10/30 8/24 19/43
OR (95% CI) 1.00 (referent) 6.64 (1.76 to 24.97) 6.64 (1.67 to 26.35) 10.38 (3.02 to 35.63)
P‡  .005 .007 <.001

*	 Unsorted and sorted human pancreatic cancer cells derived from low-passage xenografts (n = 6) were subcutaneously injected into nonobese diabetic/severe 
combined immunodeficient mice (one to two injections per mouse). Each xenograft was treated as an independent experiment (or group). For each xenograft, 
10–14 mice were used. This table shows the data for all of the xenografts combined. The mice were monitored daily for 20 weeks for tumor formation (arbitrarily 
scored as a tumor >1 cm in the greatest dimension), at which time they were killed. CI = confidence interval; ND = not done; OR = odds ratio.

†	 Tumor incidence = the number of tumors formed/the total number of injections.

‡	 Two-sided x2 test from a generalized estimation equation approach to modeling tumor formation that accounts for the correlation between injections per mouse.

Figure 3.  Aldehyde dehydrogenase 
(ALDH) expression in a primary tumor 
and metastatic lesion from a pan
creatic cancer patient who partici-
pated in the rapid autopsy program. 
Immunohistochemical staining for 
ALDH (brown) in the primary tumor 
(left panel) and in a lung metastasis 
(right panel).
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the ALDH-positive and the CD44- and CD24-positive cell 
populations despite the fact that they had a similar tumor forma-
tion capacity in vivo, which is reminiscent of recent findings in 
breast cancer (24). We found that sorting cells on the basis of both 
ALDH activity and cell surface antigen expression slightly enhanced 
the isolation of clonogenic pancreatic cancer cells compared with 
sorting on the basis of either ALDH activity or cell surface antigen 
expression alone. Therefore, it is possible that multiple phenotyp-
ically distinct cell populations are clonogenic in an individual 
tumor. Alternatively, it is possible that the phenotype of CSCs 
changes in response to cellular activation status, interactions with 
the external microenvironment, or disease stage. Thus, additional 
studies that examine whether these factors influence the relation-
ship between expression of specific CSC markers and functional 
capacities, such as clonogenic growth or cellular migration, are 
needed.

The tumorigenic and self-renewal capabilities of CSCs have 
suggested that these rare cell populations are determinants of clin-
ical outcomes, such as the time to relapse and overall survival; 
however, evidence supporting their clinical importance is limited. 
It is possible that the CSC-specific features, such as ALDH 
activity, or their relative frequency within tumors may predict 
clinical outcomes, which would suggest that these cells are relevant. 
For example, in breast cancer, the expression of a specific gene 
signature in CSCs that express CD44 but have low or undetectable 
levels of CD24 was correlated with metastasis-free and overall 
survival (38). Furthermore, recent studies have demonstrated that 
increased frequency of CSCs in breast cancer and in brain tumors 
is associated with overall survival (24,39). We found that the pres-
ence of ALDH-positive cells in resected primary tumors was asso-
ciated with a 22% decrease in median survival compared with 
ALDH-negative tumors (14 vs 18 months). We also found that 
ALDH expression was strongly associated with other predictors of 
poor prognosis, including tumor size greater than 3 cm, poor dif-
ferentiation, and positive surgical margins. Thus, ALDH expres-
sion may be a marker for pancreatic adenocarcinomas that have a 
greater chance of locally recurring or metastasizing. Lymph node 
involvement was also associated with poor outcomes, and in a 
multivariable model, ALDH expression was independently associ-
ated with decreased overall survival. These findings suggest that 

Table 3. Aldehyde dehydrogenase (ALDH) expression in paired 
primary and metastatic tumors from pancreatic adenocarcinoma 
patients*

Patient

ALDH expression

Primary tumor Metastatic lesion (location)

A10 Positive Positive (periaortic lymph nodes)
A19 Positive Positive (kidney and liver)
A2 Negative Positive (liver)
A6 Negative Positive (liver)
A14 Negative Positive (liver)
A18 Negative Positive (lung)
A7 Negative Negative
A17 Negative Negative

*	 ALDH expression was examined by immunohistochemistry in paired primary 
and metastatic tumors from eight patients with pancreatic adenocarcinoma 
who participated in a rapid autopsy program. The lymph nodes, liver, kidney, 
omentum, and lungs were examined for metastases.

ALDH may serve as a biomarker that predicts long-term outcomes 
in pancreatic cancer; however, large prospective analyses are 
needed to confirm this possibility.

The majority of the primary tumor specimens in this study 
lacked expression of ALDH-positive cells. The lack of ALDH-
positive pancreatic cancer cells in some of the primary specimens 
suggests that these tumors lack CSCs. It is possible that the 
ALDH-negative tumors we studied contained rare ALDH-positive 
cells that were not detected because of variability in tumor sam-
pling in tissue microarrays and that both the relative frequency and 
distribution of ALDH-positive cells may ultimately be associated 
with clinical outcomes. Alternatively, ALDH-negative tumors may 
contain CSCs that are phenotypically and functionally distinct 
from ALDH-positive tumor cells and are associated with relatively 
less aggressive disease. We also detected ALDH expression using 
immunohistochemistry in the stromal cells of all pancreatic adeno-
carcinoma specimens examined. Given the uniform presence of 
ALDH-positive stromal cells, this pattern of staining is not likely 
to be associated with clinical outcomes, and the biological signifi-
cance of this finding is unclear.

The possibility that ALDH-positive tumor cells represent a 
subset of CSCs with increased metastatic potential may explain 
their association with worse prognosis. We found that metastases 
were commonly ALDH positive, even in paired tissue specimens 
in which the primary tumors were ALDH negative. These  
observations support a role for ALDH-positive cells in disease 
progression. Our findings do not provide a mechanism for how 
ALDH-negative primary tumors might give rise to ALDH-
positive metastases. However, it is possible that ALDH activity is 
induced during the evolution of clones that mark the acquisition of 
metastatic potential.

To initiate metastases, tumor cells must be able to disseminate 
from the primary tumor, invade the surrounding environment, 
migrate to distant sites, and form macroscopic lesions. Mesenchymal 
features have been ascribed to invasive cells, and expression of epi-
thelial-to-mesenchymal transition–related proteins is associated 
with metastases in many cancers, including pancreatic cancer 
(34,40). We found that ALDH-positive and ALDH-, CD44-, and 
CD24-positive pancreatic cancer cells isolated from low-passage 
xenografts had a mesenchymal gene expression profile and were 
more migratory compared with unsorted tumor cells. Similar find-
ings were reported in a study that demonstrated that induction of 
the epithelial-to-mesenchymal transition in immortalized human 
mammary epithelial cells by ectopic expression of TWIST or SNAI1 
or exposure to TGF-b can generate breast CSCs (41). We also 
found that pancreatic cancer cells capable of migration and invasion 
in vitro also expressed more ALDH1A1 mRNA than cells without 
these functional abilities but not more mRNA for the cell surface 
antigens CD44 and CD24. Further evidence that ALDH-positive 
pancreatic CSCs play a role in the development of metastatic 
disease is provided by our previous findings that the pharmacolog-
ical inhibition of the Hedgehog signaling pathway selectively elim-
inates ALDH-positive pancreatic adenocarcinoma cells and results 
in reduced pancreatic cancer invasion and metastasis in vivo (42).

In several human tumors, including breast cancer, colorectal 
carcinoma, and acute pre-B cell lymphoblastic leukemia, distinct 
sets of markers may identify CSCs (13,24,43–46); however, the 
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relationship between each of these phenotypically distinct CSC 
subpopulations is unclear. Similarly, in pancreatic adenocarci-
noma, reports from other groups (4,5) and the data presented here 
demonstrate that ALDH-positive, CD44- and CD24-positive, and 
CD133-positive pancreatic cancer cells all have enhanced tumori-
genic and self-renewal capabilities compared with unsorted tumor 

cells. Despite representing largely nonoverlapping populations, 
ALDH-positive and CD44- and CD24-positive pancreatic cancer 
cells were both highly tumorigenic. However, our data also show 
that ALDH-positive cells are more invasive than CD44- and 
CD24-positive pancreatic cancer cells in vitro. Our data, as well as 
those from a study that examined CD133-positive pancreatic 

Figure 4. Properties of pancreatic cancer stem cells (CSCs). A) E-cadherin 
and SLUG mRNA expression in pancreatic CSC. Unsorted, ALDH-
positive (ALDH1), CD44- and CD24-positive (CD441CD241), and ALDH-, 
CD24-, and CD44-positive (ALDH1CD441CD241) cells from four human 
xenografts (Panc253, Panc185, JH015, and Panc410) were isolated by 
fluorescence-activated cell sorting and analyzed for ACTB (b-actin), 
CDH1, and SNAI2 mRNA levels by real-time quantitative reverse 
transcription–polymerase chain reaction (RT-PCR) in triplicate. Results 
are depicted as normalized gene expression in ALDH1, CD441CD241, 
and ALDH1CD441CD241 cells relative to unsorted cells. One experiment 
was performed for each xenograft. B) Cell migration assay. Unsorted, 
ALDH1, CD441CD241, and ALDH1CD441CD241 CAPAN-1 cells were iso-
lated by fluorescence-activated cell sorting and applied to a transwell 
chambers containing filters with 8-µm pores. Cells that had migrated 

through the filter were counted 72 hours later. The relative number of 
migrating cells from each cell population compared with the number of 
migrating cells from the unsorted population is plotted. The results 
plotted are from three separate experiments, each containing duplicate 
wells. Error bars correspond to 95% confidence intervals. P values 
(two-sided) are from a Student t test. C) Cell invasion assay. Low-
passage human pancreatic cancer xenografts from mice (Panc410 and 
Panc496) were made into single-cell suspensions, depleted of mouse 
cells by using an LD cell separation column, applied to a Matrigel-
coated invasion chamber, and incubated for 72 hours. ALDH1A1, CD44, 
and CD24 mRNA levels in the invasive and noninvasive cells were 
measured by quantitative RT-PCR in triplicate. Results are depicted as 
normalized gene expression in invasive cells relative to noninvasive 
cells. One experiment was performed for each xenograft.
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tumor cells (4), suggest that phenotypically different CSCs have 
specific functional capacities in addition to their clonogenic growth 
potential. It is possible that these different CSC populations are 
interrelated by a retained hierarchical arrangement in which the 
expression of each specific marker is restricted to a specific cellular 
compartment, which is reminiscent of the structured relationship 
between long- and short-term stem cells and progenitors in nor-
mal hematopoiesis (47). ALDH-positive pancreatic cancer cells 
may represent more primitive cells that give rise to CD44- and 
CD24-positive cells (or vice versa), and the expression of all of 
these markers is lost in differentiated epithelial cells. Alternatively, 
a stochastic model of CSCs may exist in which acquisition of 
defined functions may generate phenotypically distinct cell types, 
such as invasive ALDH-positive cells.

These results provide evidence for the clinical relevance of 
CSCs in pancreatic adenocarcinoma and may explain how the de-
tection of these cells in primary tumors may result in shortened 
overall survival. However, these findings may be limited by the 
retrospective nature of our survival analysis and by our use of im-
munodeficient mice for the functional studies because it is possible 
that the mouse microenvironment may not fully support the 
growth of pancreatic tumor cells in the same manner found in 
humans. Prospective studies that examine the correlation between 
ALDH expression and survival, and improved in vivo models that 
alleviate potential bias due to xenografting barriers, may ultimately 
confirm these findings.
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