
Abstract. Background: Cancer stem cells (CSCs) have been
shown to be a small stem cell-like cell population which
appears to drive tumorigenesis, tumor recurrence and
metastasis. Thus, identification and characterization of CSCs
may be critical to defining effective anticancer therapies. In
prostate cancer (PCa), the CD44+ cell population appears
to have stem cell-like properties including being tumorigenic.
The enzyme aldehyde dehydrogenase (ALDH) has been found
to identify hematopoietic stem cells and our aim was to
determine the utility of ALDH activity and CD44 in
identifying PCa stem cell-like cells in PCa cell lines.
Materials and Methods: LNCaP cells and PC-3 cells were
sorted based on their expression of CD44 and ALDH activity.
The cell populations were investigated using colony-forming
assays, invasion assays, sphere formation experiments in a
non-adherent environment and 3-D Matrigel matrix culture
to observe the in vitro stem-cell like properties. Different
sorted cell populations were injected subcutaneously into
NOD/SCID mice to determine the corresponding tumorigenic
capacities. Results: ALDHhi CD44+ cells exhibit a higher
proliferative, clonogenic and metastatic capacity in vitro and
demonstrate higher tumorigencity capacity in vivo than did
ALDHlo CD44– cells. The tumors recapitulated the
population of the original cell line. However, ALDHlo CD44–

cells were able to develop tumors, albeit with longer latency
periods. Conclusion: ALDH activity and CD44 do not
appear to identify PCa stem cells; however, they do indicate
increased tumorigenic and metastatic potential, indicating
their potential importance for further exploration.

Prostate cancer (PCa) is the third leading cause of cancer-
related deaths among men in America (1). In 2006, an
estimated 27,000 American men died of prostate cancer and
an estimated 230,000 new cases were diagnosed (1). The
concept of the ‘cancer stem cell’ (CSCs) was introduced
more than 50 years ago when it was recognized that only a
small proportion of cells (0.01%-1%) in tumor isolates are
clonogenic and extensively proliferative in vitro and in vivo
(2, 3), indicating that these cells might represent tumor stem
cells. The CSC hypothesis was recently revived following the
development of novel methods for identification, purification
and characterization of normal stem cells. The most stringent
definition is that a CSC should be a cell that at the single-
cell level can reconstitute a tumor that is identical to the
parental tumor and that can be serially xenotransplanted
indefinitely (4). CSCs appear to be highly tumorigenic and
may drive tumor proliferation, differentiation and
maintenance, thus the goal of cancer therapy study will be
to identify, characterize and eliminate this small population.
It is hypothesized that PCa, like other types of cancer, might
arise from stem or progenitor cells (5). Yet the study of PCa
CSCs has been hindered by a lack of well-established cell
surface markers. 

CD44, which is expressed in most prostate basal cells, is an
adhesion molecule with multiple signaling functions (6). It has
been reported to play an important role in tumor migration and
metastasis in PCa and breast cancer cells (7). CD44 expression
is found in stem/progenitor cells for multiple tissues including
hematopoietic stem cells (8), mesenchymal stem cells (9),
neural stem/progenitor cells (10), astrocyte precursor cells (11)
and mammary stem/progenitor cells (12). CD44 has been
shown to be a possible marker of PCa CSCs. Specifically,
CD44+ PCa cells obtained from xenografts of human tumors
were shown to have increased tumorigenic, clonogenic, and
metastatic potential compared to CD44– PCa cells (13).
Furthermore, CD44+ CD133+ integrin α2β1hi PCa cells
represented the tumorigenic cells in primary cell cultures
derived from PCa patients (14).
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Although primary cell culture studies have the strength of
providing the original features of the tissue of derivation,
they also have limitations, such as difficulty in obtaining
biopsy material, short lifespan of cells and the very small
population of potential stem cells due to the small amount of
material that can typically be obtained. Therefore,
identification and characterization of CSCs in established
cell lines may provide important tools for exploring the
biology of CSCs. Along these lines, ‘side population’ (SP)
analyses (15, 16) and cell surface markers such as CD133
(17, 18) have demonstrated potential for the identification of
CSCs in established cancer cell cultures.

Aldehyde dehydrogenase (ALDH) is an enzyme that is
expressed in liver and is required for the conversion of retinol
(vitamin A) to retinoic acid. Recently, detection of ALDH
activity has been investigated as a marker of hematopoietic
stem/progenitor cell (6-9) cells and it was reported that high
ALDH activity correlates with the stem/progenitor cell state
(10-12). ALDH is also a key regulator of hematopoietic stem
cell differentiation as demonstrated by the observation that
inhibition of ALDH delays the differentiation of human
hematopoietic stem cells (13).

In the current study, we hypothesized that ALDH activity
is a marker of stem cells in PCa cell lines. We investigated
the in vitro and in vivo proliferative behavior of cells with
high ALDH expression (ALDHhi), with CD44 as a co-
marker to characterize different cell populations. 

Materials and Methods

Cell lines. LNCaP and PC-3 human PCa cells (obtained from the
American Type Culture Collection, Manassas, VA, USA) were
maintained in RPMI-1640 containing penicillin (100 units/ml),
streptomycin (100 μg/ml), and 10% fetal bovine serum (FBS) at
37˚C in incubator with 5% CO2. 

Isolation and flow cytometric analysis. Cells were trypsinized,
washed with phosphate buffered saline (PBS) and stained with
Aldefluor reagent (StemCo Biomedical, Durham, NC, USA).
Aldefluor substrate was added to 1×106 cells/ml suspended in
Aldefluor assay buffer and incubated at 37˚C for 30-60 minutes.
Meanwhile, 5 μl of diethylaminobenzaldehyde (DEAB), a specific
ALDH inhibitor, were added to 0.5 ml of Aldefluor-stained cells as
a negative control. Cells were co-stained with Allophycocyanin
(APC) anti-human CD44 antibody (BD Pharmingen, San Diego,
CA, USA). The expression of surface markers was analyzed and
sorted with FACS using a FACS Vantage SE cell sorter (BD
Pharmingen). 

Colony formation assay. The colony formation assay was performed
by culture of isolated cell populations on collagen I 6-well plates
(BD Biosciences), with 1,000 single cell suspension in each well.
Colonies were enumerated by microscopy after incubation at 37˚C
for 7-10 days until the colonies were formed. Colony diameters
larger than 75 μm or colonies numbering more than 50 cells were
counted as 1 positive colony. 

Matrigel invasion assay. Matrigel invasion chamber with 8 μm pore
size inserts pre-coated with Matrigel Basement Membrane Matrix
was used in accordance with the manufacturer’s instructions (BD
Biosciences). Isolated PC-3 cell populations were plated into
triplicates at a density of 1×104 cells/well. The membrane was
stained after 48 hours and cell numbers plotted as a percentage of
invasion through the Matrigel matrix and membrane relative to the
migration through the control membrane.

Cell differentiation in Matrigel. PC-3 cells were trypsinized and
5,000 cells were mixed with Matrigel Basement Membrane Matrix
(BD Biosciences). The mixture was allowed to solidify in a 12-well
plate at 37˚C and then were cultured in regular medium.

Serum-free culture. Isolated PC-3 cell populations were seeded at a
density of 3,000 cells/well into low-attachment 6-well plates (BD
Biosciences) and at a density of 500 cells /well into regular 96-well
plates, both containing serum-free medium supplemented with
epidermal growth factor (EGF) 100 ng/ml. After a 7 -day incubation
at 37˚C, the morphology of the cells was assayed and pictures were
taken under light microscopy.

Transplantation. After isolation by flow cytometry, PC-3 cell
populations were subcutaneously injected into 6- to 8-week-old
male NOD/SCID (Jackson Labs, USA) mice at a series of 100,
1,000 and 10,000 cells in 0.1 ml regular medium mixed with a 1:1
ratio of matrigel (BD Biosciences). Mice were monitored daily to
observe palpable tumors. Tumor sizes were measured with calipers
twice a week after palpable tumors appeared. The mice were
euthanized 10 weeks after tumor cells injection and tumors were
excised and dissociated to single-cell suspensions that were
analyzed by FACS. 

Statistics. The data were described using the mean value of each
group and standard deviation (SD). Data were assessed by one-way
ANOVA. Statistical significance was determined at p<0.05.

Results

ALDH activity and CD44 are highly expressed in PCa cell
lines. Since elevated ALDH activity has been shown to be a
marker of long-term reconstituting human hematopoietic
stem cells (19, 20), and CD44 has been identified as a
surface marker in PCa stem cell studies (4, 14), we identified
the distribution of ALDH and CD44 expression in human
PCa cell lines. The component of ALDHhi CD44+

subpopulation varied in different PCa cell lines. LNCaP and
PC-3 cells were chosen to be sorted. In LNCaP cells, 4.7%
of the population was ALDHhi, whereas CD44 expression
was not detectable in this cell line (Figure 1A). In contrast,
the PC-3 cell population consisted of 18% ALDHhi and 55%
CD44+ cells and 7.2% that were positive for both markers
(Figure1B). 

ALDHhi CD44+ cells exhibit a high proliferative, clonogenic
and metastatic capacity in vitro. To determine whether
ALDH indicates CSC-like properties in LNCaP and PC-3
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cells, the PCa cells were sorted using flow cytometry and
cultured in regular media on collagen-coated plates to
observe their colony forming ability. ALDHhi LNCaP cells
showed enhanced (p<0.01) colony production compared to
the parental unsorted population and the ALDHlo cells
(Figure 2A). Additionally, the ALDHlo population had a
lower colony-forming ability than did the unsorted
population (Figure 2A, p<0.05), indicating that removal of
the ALDHhi cells from the unsorted population reduced its
clonogenic ability. In the case of PC-3 cells, ALDHhi CD44+,
ALDHhi CD44– and ALDHlo CD44+ cells all had higher
colony forming ability than ALDHlo CD44– populations
(Figure 2B, p<0.05). Of note, the ALDHhi CD44+ had the

highest colony forming ability. Furthermore, ALDHlo CD44–

population had a lower colony-forming ability than did the
unsorted cells. These results indicate that (i) ALDHhi CD44+

cells possess a high clonogenic function and (ii) that ALDH
confers clonogenic potential. Although these results are
suggestive of ALDH being associated with CSC-like
properties, it is recognized that in vitro clonogenic progenitor
production does not guarantee repopulating function in
immune-deficient mice (10). 

To study the metastatic potential of cells with ALDH and
CD44 markers, sorted PC-3 cell populations were subjected
to an invasion assay. ALDHhi CD44+, ALDHhi CD44–, and
ALDHlo CD44+ populations each were more invasive than
unsorted and ALDHlo CD44– cells (Figure 3A, p<0.05).
Furthermore, the double-positive cells (namely ALDHhi

CD44+ PC-3 cells) had the highest level of invasion,
suggesting that both ALDH and CD44 markers are
associated with factors that contribute to invasive ability.
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Figure 1. Flow cytometric analysis of ALDH activity and CD44
expression in PCa cells. Cells were stained with both ALDH substrate
and CD44 antibody, with DEAB staining as a negative control for
ALDH expression. Dead cells were eliminated from the analysis by PE
staining. The median percentage of each population is given. A, LNCaP
cells were incubated with ALDH substrate and DEAB to select ALDHhi

cells from ALDHlo cells. B, PC-3 cells were analyzed for ALDH and
CD44 expressions.

Figure 2. In vitro progenitor capacity of isolated ALDH and CD44
populations. A: 1,000 ALDHhi and ALDHlo LNCaP cells were plated in
regular media on collagen-coated plates and cultured for 7-10 days. The
cell colonies were then enumerated under a microscope. B: Four
populations of PC-3 cells, ALDHhi CD44+, ALDHhi CD44–, ALDHlo

CD44+, and ALDHlo CD44–, were cultured and enumerated for colony-
forming assay after sorting with flow cytometry. 
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In order to further evaluate the tumorigenic property of
ALDHhi cells, we evaluated the morphological difference
among the sorted cell populations. The appearance of non-
adherent spherical clusters of cells in serum-free medium has
been a major in vitro advance in stem cell culture (22) that
allows for the cultivation of CSCs from brain (23) and breast
tumors (24). Interestingly, even cultured in regular 96-well
plate with medium containing serum, the ALDHhi LNCaP
cells demonstrated a significant production of spheroid
colonies; whereas the ALDHlo LNCaP cells did not form
spheres or colonies but only stromal-appearing individual
cells. Furthermore, the morphology of cultures derived from
the unsorted control cells consisted of a mixture of that seen

in both the ALDHhi and ALDHlo populations (Figure 3B). In
contrast, the PC-3 cell populations did not exhibit much
difference in morphology when cultured in regular 96-well
plates. The sorted PC-3 cells were seeded into low-
attachment plates with serum-free medium supplemented
with EGF. Only the ALDHhi CD44+ cells survived and
formed spheroid colonies (Figure 3C), whereas the other
populations died after 1 week. The cells were also plated into
regular 96-well plates in serum-free medium and only
ALDHhi CD44+ formed large colonies (Figure 3D), while
the other populations maintained single-cell states and died
about 10 days later. These results demonstrate that the
combination of ALDH and CD44 expression confers the
ability of attachment-free growth.

Matrigel matrix 3-D culture has been shown to be an
effective system to encourage stem cell growth (25).
Additionally, the Matrigel culture system can be used to
demonstrate differences in the morphological differentiation
between normal prostatic epithelial cells and PCa cells (26).
Therefore, to determine if ALDHhi cells have any clonogenic
properties in Matrigel matrix, the sorted PC-3 cell
populations were embedded and cultured in Matrigel matrix.
Both ALDHhi CD44+ and ALDHhi CD44– populations
proliferated and differentiated into colonies in Matrigel
matrix (Figure 3E). The cells remained as single cells on the
third day, and then formed colonies on day 14 that continued
to expand to the end of the study on day 23. In contrast, the
ALDHlo CD44+, ALDHlo CD44– and the unsorted control
cells did not form colonies, but maintained the single-cell
morphology and gradually stopped growing and died within
2 weeks. These results indicate that expression of ALDH, as
opposed to that of CD44, indicates the clonogenic potential
of cells in a simulated 3-D growth environment.

ALDHhi CD44+ cells demonstrate in vivo tumorigenicity. To
assess whether ALDHhi CD44+ cells possess tumorigenic
properties in vivo, we performed subcutaneous injection of
sorted PC-3 cells at different doses (100, 1,000 and 10,000
cells per injection) into NOD/SCID mice. When cells were
injected at 100 or 1,000 cells per injection, the ALDHhi

CD44+ cells formed larger tumors with shorter latency
periods than in the mice injected with the other populations of
sorted cells and the unsorted cells (Figure 3A and B and
Table I). In contrast, when cells were injected at 10,000 cells
per injection, the unsorted cells formed the largest tumors;
however the ALDHhi CD44+ cells still had the shortest
latency (Figure 3C and Table I). Furthermore, the ALDHlo

CD44– cells formed the smallest tumors and there was no
difference in tumor growth among the other cell populations.
These results indicate that the presence of ALDH and CD44
both confer a growth advantage, which is additive, at low cell
densities. However, at higher cell densities, this growth
advantage appears to be lost.
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Figure 4. In vivo tumorigenicity of subcutaneously injected sorted PC-3
cells. After isolation by flow cytometry, 0.1 ml of PC-3 cells were
subcutaneously injected into NOD/SCID mice, with 100, 1,000, 10,000
cells and mixed at a 1:1 ratio with matrigel. Mice were monitored daily
to observe palpable tumor. Tumor sizes were measured with calipers and
calculated with the formula V=length×width2×π/6. Mice were injected
with 100 (A), 1,000 (B) and 10,000 (C) sorted cells. 



A feature of stem cells is their ability to recapitulate the
cell population from which they are derived. To determine if
the tumors that formed from the sorted cell populations
recapitulated the original unsorted population, single-cell
suspensions of tumors were subjected to flow cytometry. The
cell population distribution of all the tumors derived from the
different sorted cell populations was similar to the original
unsorted population (Table II). This indicates that all the
populations, including ALDHlo cells and CD44– populations,
contained cells that are able to differentiate.

Discussion

In the present investigation, we determined that ALDH
expression in PCa cell lines is associated with increased
colony-forming ability, tumor growth and invasive
properties. However, ALDH does not appear to specifically
identify CSCs in cell lines based on the observation that
ALDHlo cells were able to develop tumors and recapitulate
the spectra of the unsorted cell population, albeit at a lesser
magnitude than ALDH-positive cells. It is important to
point out that these studies only evaluated cell lines and not
tumor tissues, thus, these results do not address whether
ALDH is a marker of CSCs in primary tumors; however,
they provide important information regarding the role of
ALDH in PCa cell lines.

Several cell surface proteins have been identified as markers
of CSCs in a variety of cancer types such as hematopoietic
disease (20, 27, 28), breast cancer, hepatocellular carcinoma
(18), brain tumor (23, 29, 30), lung cancer (31) and melanoma
(32). In terms of PCa, CD133 (26), CD44 (14) and α2β1 (14)
have been reported as CSCS markers.  

ALDH is a family of enzymes involved in the metabolism
of aldehydes to their corresponding carboxylic acids. In the
liver, cytosolic ALDH contributes to the biosynthesis of
retinoic acid from retinol (vitamin A). Corti et al. reported that
SSC (side scatter)loALDHbr (=ALDHhi) neural cells are
capable of self-renewal and are able to generate new
neurospheres and neuroepithelial stem-like cells; furthermore,
these cells are multipotent, differentiating both in neurons and
macroglia (33). ALDH is also highly expressed in human and
murine hematopoietic stem and progenitor cells (20, 27, 28).
ALDH1, a well-characterized member of the human ALDH
family, has been found to be a marker of normal and malignant
human mammary stem cells and a predictor of poor clinical
outcome (34). ALDH activity was also very useful for isolation
of tumorigenic cells in some human colorectal xenografts (35). 

In the present study, we found that ALDH and CD44
expression differed in two PCa cell lines. We found no ALDHhi

expression in another PCa cell line, C42B. Consistent with the
results of Patrawala et al. (13), PC-3 cells had very high
expression of CD44, whereas it was undetectable in LNCaP
cells We found that ALDHhi LNCaP cells, ALDHhi CD44+ and
ALDHhi CD44– PC-3 cells all demonstrated a higher colony-
forming ability than ALDHlo cells, supporting the results of
Hess et al. (20) that ALDHhi cells possess in vitro
hematopoietic progenitor function. The role of CSCSs in
multistage cancer progression, particular with respect to
metastasis, has been investigated recently. Hermann et al.
found that a distinct subpopulation of pancreatic cancer stem
cells was identified that determines the metastatic phenotype
of the individual tumor; meanwhile, depletion of the CSC pool
for these migrating CSCs virtually abrogated the metastatic
phenotype of pancreatic tumors without affecting their
tumorigenic potential (21). CD44 has also been implicated in
breast and PCa metastasis (7). Our data demonstrated that both
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Table II. FACS analysis of the tumor cells dissociated from tumors
induced by injection with different PC-3 cell populations.

PC-3 cell population ALDHhi CD44+ ALDHhiCD44+

injected

ALDHhiCD44+ 1.64±1.23% 58.59±12.35% 2.58±2.32%
ALDHhiCD44– 2.57±1.67% 30.71±9.83% 3.16±1.57%
ALDHloCD44+ 3.16±2.34% 17.05±6.92% 2.88±2.93%
ALDHloCD44– 0.55±1.03% 30.46±19.32% 1.47±1.22%

Data shown are the mean±SD.

Table I. Tumorigenicity of subcutaneously injected PC-3 cells.

PC-3 cells Population Tumor Latency
injecteda incidenceb (days)c

100
ALDHhiCD44+ 5/5 50±2
ALDHhi CD44– 5/5 52±2
ALDHloCD44+ 4/5 54±3
ALDHloCD44– 5/5 53±2
Unsorted cells 2/5 51±3

1000
ALDHhiCD44+ 5/5 48±3
ALDHhiCD44– 5/5 49±2
ALDHloCD44+ 4/5 53±2
ALDHloCD44– 4/5 53.5±1.5
Unsorted cells 4/5 53.5±1.5

10000
ALDHhiCD44+ 5/5 45±2
ALDHhiCD44– 5/5 47±2.5
ALDHloCD44+ 4/5 51±2
ALDHloCD44– 3/5 53±3
Unsorted cells 2/5 55.5±2.5

aPC-3 cells were mixed at a 1:1 ratio with matrigel subcutaneously
injected into NOD/SCID mice on the back of the mice. bThe number of
tumors/ number of injections. cFrom tumor cell injection to the
appearance of a palpable tumor (median±SD). *p<0.05 compared with
the corresponding ALDHloCD44– and unsorted cell injections. 



ALDHhi and CD44+ cells are much more invasive than
ALDHlo CD44– cells, suggesting the high metastatic ability of
ALDHhi CD44+ cells. Several groups have reported that CSC-
like cells can be isolated from established tumor cell lines by
culturing these cells in serum-free media with selected growth
factors such as platelet-derived growth factor (PDGF), biotin-
conjugated epidermal growth factor (bEGF) and epidermal
growth factor (EGF) (15, 36). Miki et al. (26) found that
human telomerase reverse transcriptase (hTERT)-immortalized
cells with high CD133 expression exhibited ‘prostaspheres’ in
non-adherent culture systems. The data presented here showed
that ALDHhi CD44+ cells retain a spheroid characteristic in a
non-adherent system. Meanwhile, they grow very slowly in
serum-free media, which is consistent with stem cell traits.
Most interestingly, even in an adherent system with regular
medium, ALDHhi LNCaP cells formed typical spheroid
colonies, indicating that ALDH activity might correlate with
the sphere-forming ability of stem cell-like cells. 

The experiment of tumorigenic potential in NOD/SCID
mice demonstrated that ALDHhi CD44+ cells had greater
tumorigenic potential than did ALDHlo CD44– cells.
However, ALDHlo CD44– cells did develop tumors, albeit
with long latencies. A similar result was also reported by
Patrawala et al. (13), who reported that CD44– DU145 PCa
cells developed tumors when injected into mice. These data
demonstrate that CD44– cells can establish tumors, which
suggests that CD44 is not a requisite marker of CSCs in PCa
cell lines. However, it is possible that this result was
observed due to ALDHhi or CD44+ cells that were present in
the sorted cells due to inefficiency in flow sorting. 

A requisite characteristic of stem cells is their ability to
self renew. In terms of CSCs, this implies that they will form
tumors at the same ratio of different cell populations as that
observed in the original tumor they were derived from.
Analysis of the dissociated tumor cells in the current study
demonstrated that all permutations of cell types were able to
form tumors that recapitulated the cell distribution of the
original unsorted tumor. Thus, ALDHlo and CD44– cells both
had self-renewal ability. 

Whether cell lines can serve as in vitro models for CSCS
study still remains controversial. There are several disadvantages
in utilization of this in vitro model. Firstly, it cannot replicate
exact in vivo conditions; secondly, during the long-term culture
process, some cell property changes might take place such as
gene alterations; thirdly, the in vitro cultured cells often lose
their original differentiated function, and cannot stably maintain
the exact properties of the original organ. Regardless of these
disadvantages, the cell lines still produce heterogeneous and
hierarchical subpopulations (37). To date, several CSCs studies
using cell lines have been successfully performed (13, 15, 38).
In cultured PCa cells and many other cancer cell lines, including
those of the breast, colon, bladder, cervix, and ovary as well as
glioma and melanoma cells, Patrawala et al. found a positive

correlation between CD44 expression and tumor cell
malignancy in most cases (13). Kondo et al. also utilized SP to
study CSC-like cells in the C6 glioma cell line (15). Harper et
al. proved that cell lines derived from head and neck squamous
cell carcinoma contain cells with stem cell properties and that
such cell lines may provide experimental systems relevant to the
behavior of stem cells present in the tumors of origin and to
their responses to therapy (38).

In summary, our current experimental data suggest that
ALDH activity and CD44 do not represent markers of
classical CSCs in PCa cell lines; however, they do correlate
with increased tumorigenic and invasive potential, and, as
such, may be important molecules to be explored further for
their role in PCa progression. 

Acknowledgements

This work was supported by National Cancer Institute Grant P01
CA093900 and a grant from the Weatherwax Foundation Cancer
Stem Cell Research Fund of the University of Michigan
Comprehensive Cancer Center. The Authors also thank Flow Core
of the University of Michigan for excellent technical assistance.

References

1 Jemal A, Siegel R, Ward E, Murray T, Xu J, Smigal C and Thun MJ:
Cancer statistics, 2006. CA Cancer J Clin 56(2): 106-130, 2006.

2 Reya T, Morrison SJ, Clarke MF and Weissman IL: Stem cells,
cancer, and cancer stem cells. Nature 414(6859): 105-111, 2001.

3 Huntly BJ and Gilliland DG: Leukaemia stem cells and the
evolution of cancer stem cell research. Nat Rev Cancer 5(4):
311-321, 2005.

4 Tang DG, Patrawala L, Calhoun T, Bhatia B, Choy G, Schneider-
Broussard R and Jeter C: Prostate cancer stem/progenitor cells:
identification, characterization, and implications. Mol Carcinog
46(1): 1-14, 2007.

5 De Marzo AM, Nelson WG, Meeker AK and Coffey DS: Stem
cell features of benign and malignant prostate epithelial cells. 
J Urol 160(6 Pt 2): 2381-2392, 1998.

6 Ponta H, Sherman L and Herrlich PA: CD44: from adhesion
molecules to signalling regulators. Nat Rev Mol Cell Biol 4(1):
33-45, 2003.

7 Draffin JE, McFarlane S, Hill A, Johnston PG and Waugh DJ:
CD44 potentiates the adherence of metastatic prostate and breast
cancer cells to bone marrow endothelial cells. Cancer Res
64(16): 5702-5711, 2004.

8 Avigdor A, Goichberg P, Shivtiel S, Dar A, Peled A, Samira S,
Kollet O, Hershkoviz R, Alon R, Hardan I, Ben-Hur H, Naor D,
Nagler A and Lapidot T: CD44 and hyaluronic acid cooperate
with SDF-1 in the trafficking of human CD34+ stem/progenitor
cells to bone marrow. Blood 103(8): 2981-2989, 2004.

9 Oswald J, Boxberger S, Jorgensen B, Feldmann S, Ehninger G,
Bornhauser M and Werner C: Mesenchymal stem cells can be
differentiated into endothelial cells in vitro. Stem Cells 22(3):
377-384, 2004.

10 Schwartz PH, Bryant PJ, Fuja TJ, Su H, O'Dowd DK and
Klassen H: Isolation and characterization of neural progenitor
cells from post-mortem human cortex. J Neurosci Res 74(6):
838-851, 2003.

Yu et al: ALDHhiCD44+ Mark PCa Stem-like Cells

75



11 Liu Y, Han SS, Wu Y, Tuohy TM, Xue H, Cai J, Back SA,
Sherman LS, Fischer I and Rao MS: CD44 expression identifies
astrocyte-restricted precursor cells. Dev Biol 276(1): 31-46, 2004.

12 Gudjonsson T, Villadsen R, Nielsen HL, Ronnov-Jessen L,
Bissell MJ and Petersen OW: Isolation, immortalization, and
characterization of a human breast epithelial cell line with stem
cell properties. Genes Dev 16(6): 693-706, 2002.

13 Patrawala L, Calhoun T, Schneider-Broussard R, Li H, Bhatia B,
Tang S, Reilly JG, Chandra D, Zhou J, Claypool K, Coghlan L
and Tang DG: Highly purified CD44+ prostate cancer cells from
xenograft human tumors are enriched in tumorigenic and
metastatic progenitor cells. Oncogene 25(12): 1696-1708, 2006.

14 Collins AT, Berry PA, Hyde C, Stower MJ and Maitland NJ:
Prospective identification of tumorigenic prostate cancer stem
cells. Cancer Res 65(23): 10946-10951, 2005.

15 Kondo T, Setoguchi T and Taga T: Persistence of a small
subpopulation of cancer stem-like cells in the C6 glioma cell
line. Proc Natl Acad Sci USA 101(3): 781-786, 2004.

16 Hirschmann-Jax C, Foster AE, Wulf GG, Nuchtern JG, Jax TW,
Gobel U, Goodell MA and Brenner MK: A distinct ‘side
population’ of cells with high drug efflux capacity in human tumor
cells. Proc Natl Acad Sci USA 101(39): 14228-14233, 2004.

17 Zhou L, Wei X, Cheng L, Tian J and Jiang JJ: CD133, one of
the markers of cancer stem cells in Hep-2 cell line.
Laryngoscope 117(3): 455-460, 2007.

18 Suetsugu A, Nagaki M, Aoki H, Motohashi T, Kunisada T and
Moriwaki H: Characterization of CD133+ hepatocellular
carcinoma cells as cancer stem/progenitor cells. Biochem
Biophys Res Comm 351(4): 820-824, 2006.

19 Hess DA, Meyerrose TE, Wirthlin L, Craft TP, Herrbrich PE,
Creer MH and Nolta JA: Functional characterization of highly
purified human hematopoietic repopulating cells isolated
according to aldehyde dehydrogenase activity. Blood 104(6):
1648-1655, 2004.

20 Hess DA, Wirthlin L, Craft TP, Herrbrich PE, Hohm SA, Lahey
R, Eades WC, Creer MH and Nolta JA: Selection based on
CD133 and high aldehyde dehydrogenase activity isolates long-
term reconstituting human hematopoietic stem cells. Blood
107(5): 2162-2169, 2006.

21 Hermann PC, Huber SL, Herrler T, Aicher A, Ellwart JW, Guba
M, Bruns CJ and Heeschen C: Distinct populations of cancer
stem cells determine tumor growth and metastatic activity in
human pancreatic cancer. Cell Stem Cell 1(3): 313-323, 2007.

22 Dontu G, Abdallah WM, Foley JM, Jackson KW, Clarke MF,
Kawamura MJ and Wicha MS: In vitro propagation and
transcriptional profiling of human mammary stem/progenitor
cells. Genes Dev 17(10): 1253-1270, 2003.

23 Singh SK, Clarke ID, Terasaki M, Bonn VE, Hawkins C, Squire
J and Dirks PB: Identification of a cancer stem cell in human
brain tumors. Cancer Res 63(18): 5821-5828, 2003.

24 Ponti D, Costa A, Zaffaroni N, Pratesi G, Petrangolini G,
Coradini D, Pilotti S, Pierotti MA and Daidone MG: Isolation
and in vitro propagation of tumorigenic breast cancer cells with
stem/progenitor cell properties. Cancer Res 65(13): 5506-5511,
2005.

25 Abilez O, Benharash P, Mehrotra M, Miyamoto E, Gale A,
Picquet J, Xu C and Zarins C: A novel culture system shows that
stem cells can be grown in 3D and under physiologic pulsatile
conditions for tissue engineering of vascular grafts. J Surg Res
132(2): 170-178, 2006.

26 Miki J, Furusato B, Li H, Gu Y, Takahashi H, Egawa S,
Sesterhenn IA, McLeod DG, Srivastava S and Rhim JS:
Identification of putative stem cell markers, CD133 and CXCR4,
in hTERT-immortalized primary nonmalignant and malignant
tumor-derived human prostate epithelial cell lines and in prostate
cancer specimens. Cancer Res 67(7): 3153-3161, 2007.

27 Lioznov MV, Freiberger P, Kroger N, Zander AR and Fehse B:
Aldehyde dehydrogenase activity as a marker for the quality of
hematopoietic stem cell transplants. Bone Marrow Transplant
35(9): 909-914, 2005.

28 Chute JP, Muramoto GG, Whitesides J, Colvin M, Safi R, Chao
NJ and McDonnell DP: Inhibition of aldehyde dehydrogenase
and retinoid signaling induces the expansion of human
hematopoietic stem cells. Proc Natl Acad Sci USA 103(31):
11707-11712, 2006.

29 Al-Hajj M and Clarke MF: Self-renewal and solid tumor stem
cells. Oncogene 23(43): 7274-7282, 2004.

30 Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T,
Henkelman RM, Cusimano MD and Dirks PB: Identification of
human brain tumour initiating cells. Nature 432(7015): 396-401,
2004.

31 Kim CF, Jackson EL, Woolfenden AE, Lawrence S, Babar I,
Vogel S, Crowley D, Bronson RT and Jacks T: Identification of
bronchioalveolar stem cells in normal lung and lung cancer. Cell
121(6): 823-835, 2005.

32 Fang D, Nguyen TK, Leishear K, Finko R, Kulp AN, Hotz S,
Van Belle PA, Xu X, Elder DE and Herlyn M: A tumorigenic
subpopulation with stem cell properties in melanomas. Cancer
Res 65(20): 9328-9337, 2005.

33 Corti S, Locatelli F, Papadimitriou D, Donadoni C, Salani S, Del
Bo R, Strazzer S, Bresolin N and Comi GP: Identification of a
primitive brain-derived neural stem cell population based on
aldehyde dehydrogenase activity. Stem Cells 24(4): 975-985, 2006.

34 Ginestier C, Hur MH, Charafe-Jauffret E, Monville F, Dutcher J,
Brown M, Jacquemier J, Viens P, Kleer CG, Liu S, Schott A, Hayes
D, Birnbaum D, Wicha MS and Dontu G: ALDH1 is a marker of
normal and malignant human mammary stem cells and a predictor
of poor clinical outcome. Cell Stem Cell 1(5): 555-567, 2007.

35 Dalerba P, Dylla SJ, Park IK, Liu R, Wang X, Cho RW, Hoey T,
Gurney A, Huang EH, Simeone DM, Shelton AA, Parmiani G,
Castelli C and Clarke MF: Phenotypic characterization of human
colorectal cancer stem cells. Proc Natl Acad Sci USA 104(24):
10158-10163, 2007.

36 Patrawala L, Calhoun T, Schneider-Broussard R, Zhou J,
Claypool K and Tang DG: Side population is enriched in
tumorigenic, stem-like cancer cells, whereas ABCG2+ and
ABCG2– cancer cells are similarly tumorigenic. Cancer Res
65(14): 6207-6219, 2005.

37 Miki J and Rhim JS: Prostate cell cultures as in vitro models for
the study of normal stem cells and cancer stem cells. Prostate
Cancer Prostatic dis 11(1): 32-39, 2008.

38 Harper LJ, Piper K, Common J, Fortune F and Mackenzie IC: Stem
cell patterns in cell lines derived from head and neck squamous cell
carcinoma. J Oral Pathol Med 36(10): 594-603, 2007.

Received August 25, 2010
Revised October 15, 2010

Accepted October 18, 2010

in vivo 25: 69-76 (2011)

76


