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Sca-1 (stem cell antigen-1) enriches for murine prostate cells
capable of regenerating tubular structures containing basal and
luminal cell lineages in a dissociated cell prostate regeneration
system. Sca-1� fractions are enriched for cells at the G0 stage of the
cell cycle, and Sca-1� cells cluster in the proximal region of prostatic
tubules where replication-quiescent cells have been localized.
Castration-induced enrichment for androgen-independent cells
results in a concomitant enrichment for Sca-1� cells. Genetic
perturbations of PTEN�AKT signaling in prostate-regenerating cells
leads to the initiation of tumorigenesis, and cancer progression is
associated with a dramatic increase in Sca-1� cells. Sca-1-enriched
prostate-regenerating cells possess multiple stem�progenitor cell
properties and can serve as targets for cancer initiation.

AKT � prostate cancer � PTEN � stem cell

The properties shared by cancer and stem cells have led to a
model for tumorigenesis where the target for transformation

is the somatic stem cell or differentiated cell types that have
reacquired the ability for self-renewal (1, 2). Tumor cells and
tissue stem cells exploit many of the same pathways, such as Wnt
and Sonic hedgehog, to give them the capacity for extensive
proliferation and self-renewal (3, 4). Small subpopulations of
cancer cells have been shown to be capable of initiating and
sustaining tumor growth when transplanted into immune-
deficient mice (5–7).

The prostate contains classes of epithelial cells with variable
differentiation status that may serve as targets for tumor initi-
ation (8–10). Androgen cycling experiments suggest that stem
cell activity is present in the prostate (11). These cells are
thought to reside in the basal layer of the prostate because these
cells are androgen-independent and preferentially retained in
castrated rodents. Stem cells in the basal layer give rise to
transit-amplifying epithelial cells (TACs) that differentiate to
produce terminally differentiated secretory luminal cells (12).

The most common form of human prostate cancer expresses
luminal cell-specific markers (cytokeratins 8 and 18 and pros-
tate-specific antigen) but low levels of the basal cell marker
(p63), suggesting that the disease originates in terminally dif-
ferentiated luminal cells (12, 13). Some studies suggest that the
disease is derived from high-grade prostatic intraepithelial neo-
plasia (PIN), which is believed to arise from intermediate
epithelial cells (14). Other studies demonstrate that the majority
of androgen-independent tumors express genes such as bcl-2 that
are characteristic of the basal�stem cell compartment in normal
prostate tissue (8). Prostate cancers may arise from stem cells
that undergo aberrant proliferation and differentiation to pro-
duce a heterogeneous population of cells expressing luminal-,
basal-, and intermediate cell-specific genes (14, 15).

The tissue recombination procedure developed by Cunha and
Lung (16) uses fragments dissected from rat or mouse urogenital
sinus mesenchyme (UGSM) in combination with adult epithelial
tissue to regenerate prostate-like tissues. We developed a dis-
sociated cell system to facilitate the study of unique prostate cell

subpopulations to demonstrate that a subpopulation of murine
prostate cells possesses stem-like capacity for de novo tubule
regeneration (17). We find that Sca-1 (stem cell antigen-1), a
glycosylphosphatidylinositol-linked cell surface protein known
to enrich for somatic stem cells in other tissues (18, 19), can be
used to enrich for prostate-regenerating cells (PRCs). Sca-1�

cell fractions contain an increased percentage of cells with
immature cell properties, including replication quiescence, an-
drogen independence, and multilineage differentiation poten-
tial. Perturbations of the PTEN�AKT signaling axis in these cells
result in the initiation of prostate tumorigenesis, and cancer
progression is associated with a concomitant increase in Sca-1�

cells. These studies suggest that Sca-1-enriched PRCs possess
multiple stem�progenitor cell properties and can serve as targets
for the initiation of prostate tumorigenesis.

Materials and Methods
Infection of Dissociated Prostate Cells with Lentivirus and Prostate
Regeneration. �-Actin GFP transgenic mice were purchased from
The Jackson Laboratory [C57BL�6-TgN(ACTbEGFP)1Osb].
Dissociated prostate cells were prepared from 6- to 10-week-old
C57BL�6 and �-actin GFP transgenic mice as described in ref.
17. Lentivirus preparation, titering, and infection of dissociated
prostate cells were performed as described in ref. 17. Surgical
procedures for prostate regeneration were also performed as
described in ref. 17.

FACS Analysis. Dissociated prostate cells were stained with FITC-
conjugated anti-Sca-1 antibody (1 �M final concentration,
Pharmingen) or FITC-conjugated rat IgG2a isotype control (1
�M final concentration, Pharmingen). Cell cycle analysis was
performed on prostate cells sorted magnetically based on Sca-1
expression according to the protocol described in ref. 20. Briefly,
cells were resuspended in 0.5 ml of NASS buffer (0.15 M NaCl�5
mM sodium EDTA�0.5% BSA fraction V�0.1 M phosphate-
citrate buffer, pH 4.8) containing 0.02% saponin and 10 �g�ml
7-aminoactinomycin D at room temperature for 20 min. Cells
were washed with 1� PBS and resupended in NASS containing
0.02% saponin and 10 �g�ml actinomycin D at 4°C for 5 min. A
half-microliter of 1 �g�ml pyronin Y diluted in distilled water
was added, and samples were incubated at 4°C for 10 min before
FACS analysis.
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Magnetic Bead Sorting. Dissociated prostate cells were incubated
with biotinylated anti-Sca-1 antibody (1 �M final concentration,
eBioscience, San Diego) in 1 ml of DMEM�10% FBS for 20 min
at 4°C. Cells were pelleted, washed, and incubated with CEL-
Lection Biotin Binder Dynabeads (1 � 107 beads per ml final
concentration, Dynal Biotech, Brown Deer, WI) at 4°C for 20
min and placed in a magnetic particle separator (Dynal Biotech)
for 1 min. Unbound (Sca-1�) fractions were collected, and
bound (Sca-1�) fractions were incubated in DNase I buffer for
15 min at 37°C for cleavage of oligonucleotide linkers to release
cells from beads. Light microscope analysis showed that �1% of
cell suspensions contained small clumps both before and after
fractionation. Cells were counted by hemocytometer.

Fluorescent Imaging. CB.17SCID/SCID mice bearing prostate tissue
grafts were killed 6–10 weeks after surgery. Kidneys were placed
in a light-tight chamber equipped with a halogen light source,
and images were acquired for 1 s by using the IVIS optical
imaging system (Xenogen, Alameda, CA). Regions of interest
were drawn around grafts, and fluorescent signal was quantified
by using LIVING IMAGE SOFTWARE 2.20 (Xenogen).

Histological, Immunohistochemical, and Immunofluorescent Analysis.
Histological and immunohistochemical analysis were performed
as described in ref. 17. Paraffin-embedded sections were stained
with hematoxylin�eosin (H&E) or polyclonal rabbit anti-AR
(1:200 dilution, Santa Cruz Biotechnology), monoclonal anti-
body against p63 (4A4, 1:150, Santa Cruz Biotechnology) and
polyclonal rabbit anti-phospho-Akt (Ser 473, 1:200, Cell Signal-
ing Technology, Beverly, MA). For visualization of GFP, frozen
sections were air-dried, fixed in 5% paraformaldehyde, and
mounted in mounting medium containing propidium iodide (PI)
(Vector Laboratories). For Sca-1 fluorescent staining, longitu-
dinal frozen sections were stained with rat monoclonal anti-
Sca-1 (1:250, Pharmingen), incubated with a biotin-conjugated
rabbit anti-rat antibody (1:200, DakoCytomation, Carpinteria,
CA), and incubated with FITC-conjugated streptavidin (1:200,
Jackson ImmunoResearch). Sections were counterstained with
PI in mounting medium and analyzed by fluorescent microscopy.

Results
The Sca-1 Cell Surface Protein Enriches for Bipotent Murine Prostate
Cells with Prostate-Regenerating Activity. To enrich for PRCs, we
compared the ability of various cell surface markers to enrich for
cells with prostate-regenerating activity. Sca-1, a member of the
Ly-6 family of glycosylphosphatidylinositol-linked proteins, has
been used as a marker to enrich for hematopoietic and mammary
gland stem cells (18, 19). FACS analysis indicates that �15% of
prostate cells dissociated from 8-week-old adult C57BL�6 mice
express the Sca-1 surface protein. Less than 3% of Sca-1�

prostate cells are CD45�, suggesting that they are not infiltrating
hematopoietic cells (data not shown).

Single cell suspensions from 8-week-old murine prostate were
separated into Sca-1� and Sca-1� fractions by using magnetic
bead sorting as described in Materials and Methods to compare
the regenerative activity of each subpopulation. FACS and
RT-PCR analyses of Sca-1� and Sca-1� fractions demonstrate
that a 3- to 5-fold enrichment for Sca-1� cells is achieved by using
this sorting technique (Fig. 5, which is published as supporting
information on the PNAS web site). Single Sca-1-enriched or
Sca-1-depleted cells (1 � 105) were mixed with an equal number
of UGSM cells and implanted under the kidney capsule of severe
combined immunodeficient (SCID) mice. Transillumination mi-
croscopy images (Fig. 1A Upper) demonstrate that grafts regen-
erated from Sca-1� cell fractions are significantly larger than
grafts regenerated from Sca-1� cell fractions. Tissue sections
from Sca-1� grafts are larger in average area and contain more
prostatic tubule structures than do tissue sections from Sca-1�

grafts (Fig. 1 A Lower). Sca-1� grafts also weigh more on average
than Sca-1� grafts (44 mg vs. 7 mg, respectively). Therefore,
enrichment for cells expressing the Sca-1 marker results in an
enrichment for cells with prostate-regenerating activity.

To determine whether individual tubules are derived from a
single cell or from the combined action of many cells, dissociated
cell suspensions were prepared from prostate tissue from
C57BL�6 mice and �-actin GFP transgenic mice (Fig. 1B).
Dissociated cells from �-actin GFP mice were separated into
Sca-1� and Sca-1� fractions by using magnetic beads. Sca-
1�GFP� or Sca-1�GFP� cells (5 � 104) were mixed with 5 � 104

cells from C57BL�6 mice and 1 � 105 UGSM cells and put into
the regeneration system for 10 weeks. Analysis of representative
grafts by fluorescence microscopy and charge-coupled device
camera shows the presence of 4–5 times more GFP in grafts
regenerated from Sca-1� fractions than Sca-1� fractions. Fluo-
rescence images of tissue sections representing multiple posi-
tions along regenerated tubules demonstrate the presence of
more GFP� cells in grafts grown from Sca-1� cells than from
Sca-1� cells (Fig. 1B), confirming that the Sca-1 antigen can
enrich for PRCs. High-power analysis of tissue sections indicates
that each tubule is composed entirely of either GFP-expressing
or non-GFP-expressing cells (Fig. 1C). Even GFP� tubules that
appear to contain some cells lacking GFP signal express the
protein when viewed by confocal microscopy (Fig. 1C Right). The
lack of chimeric tubules containing both GFP� and GFP� cells
shows that single Sca-1-enriched PRCs can give rise to whole
tubular structures.

Androgen receptor (AR), p63, and synaptophysin have been
used as the markers for basal, luminal, and neuroendocrine cell
lineages, respectively (9, 13). To determine whether regenerated
tubules contain multiple cell lineages, we performed immuno-
histochemical analysis to check for the expression of these
proteins in tissue sections from Sca-1� grafts. Our results
demonstrate that each tubule contains both AR-positive luminal
cells and p63� basal cells (Fig. 1D). Neuroendocrine cells could
not be identified by staining for synaptophysin (data not shown).
Because each tubule structure appears to be derived from a
single cell, the presence of both basal and luminal cell lineages
in each tubule suggests that the Sca-1-enriched PRCs are at least
bipotent.

Sca-1� Cells Are Largely Replication-Quiescent and Androgen-Inde-
pendent and Cluster in the Proximal Region of Murine Prostatic
Tubules. To determine whether Sca-1� cell fractions are enriched
for replication-quiescent cells, prostate cells were obtained from
8-week-old C57BL�6 mice and fractionated based on Sca-1
expression by using magnetic bead sorting. Sca-1� and Sca-1�

fractions were stained with 7-aminoactinomycin D to measure
DNA content and stained with pyronin Y to measure RNA
content by using a previously established protocol (20). FACS
analysis demonstrates that Sca-1� cell fractions contain nearly
2-fold more cells in the G0 phase of the cell cycle as defined by
both low RNA and DNA staining (Fig. 2A). Sca-1� cell fractions
also contain two to three times fewer cells in the G1 phase than
Sca-1� fractions. Interestingly, 3-fold more Sca-1� cells appear
to be in the division phases (S�G2�M) of the cell cycle than
Sca-1� cells. Prostate cell fractions sorted by several other
markers did not differ in cell cycle status (data not shown). These
data suggest that Sca-1� cell fractions contain higher percent-
ages of both replication-quiescent and actively dividing cells.

BrdUrd label retention strategies have identified replication-
quiescent stem-like cells in the murine prostate concentrated in
the proximal regions of prostatic tubules near the urethra (21).
The proximal and distal regions of the anterior, ventral, and
dorsolateral lobes were microdissected from 8-week-old mice as
illustrated in Fig. 2B. FACS analysis demonstrates that 29% of
cells in the proximal regions of prostatic tubules express Sca-1,
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whereas only 10% of distal tip cells express the protein (Fig. 2B).
There is nearly a 3-fold enrichment of Sca-1� cells in proximal
vs. distal prostate tissue, and this is remarkably similar to the
percentage of BrdUrd label-retaining cells (25%) in the proxi-
mal region reported by Tsujimura et al. (21). The percentage of
cells expressing other markers, such as CD24, did not differ in
each prostatic region (data not shown).

Immunofluorescent staining of longitudinal sections prepared
from prostate from 8-week-old C57BL�6 mice indicates that the
Sca-1 protein is expressed predominantly by epithelial cells in the
proximal regions of prostatic tubules (Fig. 2C Left) and is
relatively absent in cells at the distal tips (Fig. 2C Right). Some
basement membrane and stromal cell staining is also present in
each prostatic region (Fig. 2C2, white arrow) but is distinguish-
able from epithelial cell staining because it does not form the
ring-like pattern typical of epithelial cell surface staining (Fig.
2C3, blue arrow).

To determine whether enrichment for prostate stem�
progenitor cell elements after androgen ablation results in an
increase in the percentage of Sca-1� cells, 8-week-old C57BL�6
mice were castrated, and dissociated cell suspensions were
prepared 2 weeks later from these animals as well as age-
matched controls. FACS analysis demonstrates that the percent-

age of Sca-1� cells is increased 6-fold in prostate tissue from
castrated mice as compared with intact mice (Fig. 2D), indicating
that the Sca-1 surface antigen is expressed on androgen-
independent prostate stem�progenitor cells.

Increased Expression of Activated Akt1 in PRCs Is Sufficient for
Prostate Cancer Initiation. Perturbations in the PTEN�AKT sig-
naling axis are strongly correlated with prostate cancer devel-
opment (22–26). To determine whether PRCs can be trans-
formed and initiate prostate tumorigenesis, we investigated
whether prostate cells infected with lentivirus containing a
constitutively active form of AKT would regenerate cancerous
tissue grafts in the regeneration system.

Dissociated prostate cells (1 � 105) from 8-week-old C57BL�6
mice were infected with lentivirus mediating the expression of
constitutively active AKT1 or control lentivirus expressing only
GFP (Fig. 6, which is published as supporting information on the
PNAS web site). Each sample was mixed with 1 � 105 uninfected
prostate cells and UGSM cells and was incubated under the kidney
capsule of SCID mice for 8–10 weeks. Transillumination and
fluorescence images show that grafts regenerated from AKT1
lentivirus-infected cells are much larger than control grafts (Fig. 3A
Left). Grafts from AKT1 lentivirus-infected cells also appear

Fig. 1. Sca-1 enriches for cells with prostate-regenerating activity. (A) Comparison of regenerative activity of Sca-1� and Sca-1� prostate cell fractions. Single
cell suspensions prepared from 8- to 10-week-old murine prostate tissue were separated into Sca-1� and Sca-1� fractions by using magnetic bead sorting. Sca-1�

or Sca-1� cells (1 � 105) were combined with 1 � 105 UGSM cells. Regenerated grafts were harvested 10 weeks later, and regenerative activity was compared
by transillumination microscopy (Upper) and H&E staining of tissue sections (Lower). Original magnification of H&E staining: �10. (Scale bars, 100 �m.) (B)
Strategy for investigation of differentiation potential of Sca-1-enriched PRCs. Dissociated prostate epithelial cells were prepared from 8-week-old C57BL�6 mice
and �-actin GFP transgenic mice, as shown schematically. Cells from �-actin GFP mice were sorted into Sca-1� and Sca-1� fractions by using magnetic beads.
Sca-1�GFP� or Sca-1�GFP� prostatic epithelial cells (5 � 104) were mixed with 5 � 104 cells from C57BL�6 mice and 1 � 105 UGSM cells and incubated under the
kidney capsule of SCID mice. Transillumination (TI) and fluorescent (GFP) images were taken of grafts harvested after a 10-week incubation. GFP signal from each
graft was quantified by using a charge-coupled device camera. Frozen tissue sections were counterstained with PI and analyzed by fluorescence microscopy.
Original magnification: �40 (Scale bars, 100 �m.) (C) Single Sca-1-enriched PRCs can regenerate prostatic tubular structures. High-magnification fluorescent
images of tissue sections from chimeric tissue grafts show that each prostatic tubule consists exclusively of single donor cell type. Confocal microscopy analysis
of sections reveals fluorescence at sites within GFP� tubules where GFP expression is low. Original magnification: �100. (Scale bars, 100 �m.) (D) Sca-1-enriched
PRCs can give rise to both basal and luminal cells. Paraffin sections were prepared from each graft and stained with antibodies against p63 (arrow) and the AR
as described in Materials and Methods. Original magnification: �200. (Scale bars, 50 �m.)
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denser and less translucent than control grafts and display extensive
angiogenesis (Fig. 3A Lower Left, blue arrow). The presence of GFP
signal in regenerated tissues confirms that prostate cells were
successfully infected by each lentivirus (Fig. 3A).

Tissues regenerated from cells infected with the AKT1 lenti-
virus contain both normal and cancerous tissue structures. The
histological severity in these grafts varies depending on the
multiplicity of infection (moi) applied. Fig. 3A shows transillu-
minating and fluorescent images of representative grafts regen-
erated from cells infected with control or AKT1 lentivirus at
high moi. Tissue sections of grafts regenerated from AKT1-
infected cells show mouse PIN (mPIN) lesions when infected at
low moi (moi � 5–10; Fig. 3B1) and fully developed carcinoma
in situ when infected at high moi (moi � 20; Fig. 3B2) (27).

Immunohistochemical analysis demonstrates that activated
AKT1 is expressed within cancerous tissue, confirming that such
tubules are derived from AKT1 lentivirus-infected cells (Fig.
3B3). PIN lesions within each regenerated graft contain both
AR� luminal cells (red) and p63� basal cells (brown) (Fig. 3B4).
The presence of both cell types in regenerated PIN lesions
suggests that the lesions are derived from cells that possess the
capacity for multilineage differentiation. Areas of adenocarci-
noma do not appear to contain p63� cells (data not shown).
Experiments in which lentivirus containing small interfering
RNA were used to knock down the expression of PTEN in
dissociated prostate cells yielded similar results (Fig. 6).

Fig. 2. Sca-1� prostate cell fractions contain increased numbers of replica-
tion-quiescent, androgen-independent cells that cluster in the proximal re-
gion of murine prostatic tubules. (A) FACS analysis of cell cycle status of Sca-1�

and Sca-1� cell fractions. Dissociated prostate cells from C57BL�6 mice were
separated into Sca-1� and Sca-1� fractions by using magnetic beads. Each
fraction was stained and analyzed by FACS for simultaneous quantification of
DNA and RNA content as described in Materials and Methods. (B) FACS
analysis of Sca-1 expression in alternative regions of the murine prostate. The
proximal and distal regions of prostatic ducts from 8-week-old C57BL�6 mice
were microdissected as shown. Dissociated cells from each region were stained
with antibody against the Sca-1 antigen and compared by FACS. (C) Immuno-
fluorescent analysis of Sca-1 expression. Longitudinal prostate tissue sections
were stained with antibody against Sca-1 as described in Materials and
Methods. Fluorescence microscopy images show the expression of Sca-1 in the
proximal and distal regions of the murine prostate. Sections were counter-
stained with PI (red). Original magnification: 1, 3, 5, and 7, �100; 2, 4, 6, and
8, �200. (Scale bars: 1, 3, 5, and 7, 100 �m; 2, 4, 6, and 8, 50 �m.) (D)
Sca-1-positive cells are enriched in prostate tissue from castrated mice. Cells
were dissociated from the prostate tissue of 10-week-old castrated and intact
C57BL�6 mice. FACS analysis of Sca-1 expression was performed by using a
FITC-conjugated anti-Sca-1 antibody.

Fig. 3. Expression of constitutively active AKT1 in PRCs is sufficient to initiate
tumorigenesis in the regeneration system. (A) Transillumination (TI) and
fluorescent (GFP) microscopy analysis of grafts regenerated from prostate cells
infected by control (Upper) or AKT1 (Lower) lentivirus. A blue arrow indicates
sites of extensive angiogenesis. Frozen sections from each graft were coun-
terstained with PI (GFP�PI) and analyzed by fluorescence microscopy. Original
magnification: �100. (Scale bars, 100 �m.) (B) (1) Histological and immuno-
histochemical analysis of tissue regenerated from cells infected by AKT1
lentivirus. (2) H&E staining of mPIN lesion (green arrow) and adenocarcinoma.
(3) Phosphorylated AKT1 is only present in mPIN lesions (green arrow). (Inset)
Clear plasma membrane staining characteristic of phospho-Akt1. (4) Immu-
nohistochemical analysis of AR (red) and p63 (brown) within mPIN lesions.
Original magnification: 1 and 2, �100; 3 and 4, �200; Inset, �400. (Scale bars,
100 �m.)
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Dissociated prostate cells from C57BL�6 mice were separated
into Sca-1� and Sca-1� fractions by using magnetic bead sorting.
Cells (5 � 104) from each fraction were infected with the AKT1
lentivirus, mixed with 1 � 105 UGSM cells, and incubated under
the kidney capsule of SCID mice for 6 weeks. Transillumination
and fluorescent images of representative grafts show that grafts
regenerated from Sca-1� fractions are significantly larger than
Sca-1� cell grafts (Fig. 4A). Quantification of GFP signal by a
charge-coupled device camera demonstrates that grafts regen-
erated from Sca-1� cells contain 5- to 6-fold more fluorescence,
and therefore more GFP� cells, than Sca-1� grafts (Fig. 4B).

Histological analysis of grafts regenerated from Sca-1-enriched
PRCs show the presence of PIN lesions (Fig. 4C, black arrows).
Normal tubule structures are also present in Sca-1� grafts (Fig. 4C,
red arrow) but do not appear GFP�, suggesting that they were not
infected by lentivirus to produce atypical growth. Sca-1� grafts are
predominantly composed of normal tubules, but a few tubules with
cancerous lesions are present in Sca-1� grafts (Fig. 4C). Immuno-
histochemical analysis shows that cancerous tissue regenerated
from Sca-1� cells contains both p63� basal cells and AR� luminal
cells (Fig. 4D). Although Sca-1� and Sca-1� cells were not purified
to homogeneity by using this technique, the enrichment of both
prostate-regenerative and tumorigenic activity in Sca-1� fractions

provides correlative evidence that PRCs can be efficiently trans-
formed by single oncogenic perturbations to initiate prostate
tumorigenesis.

Expression of the Wnt-1 proto-oncogene in the mammary gland
of transgenic mice results in the expansion of epithelial cells
expressing stem�progenitor cell markers such as keratin 6 and
Sca-1, suggesting that mammary gland progenitor cells may be the
targets for oncogenesis by Wnt-1 signaling elements (28). Single cell
suspensions were prepared from prostatic tumor tissue regenerated
from cells infected with the AKT1 lentivirus and from normal tissue
regenerated from cells infected with control lentivirus. The major-
ity of regenerated cancer cells are weakly GFP�, as expected due
to lentiviral infection. Interestingly, �75% of cells within these
regenerated tissue grafts are Sca-1�, and nearly all transformed
cells (GFP�) are Sca-1� (Fig. 4E). Only �30% of cells in the
regenerated normal tissue are Sca-1� (Fig. 4E). Isotype controls for
each tissue show negligible background (data not shown).

Discussion
Tissue stem cells are defined by their increased proliferative
potential and capacity for multilineage differentiation and long-
term self-renewal. Richardson et al. (29) recently reported that
CD133� human prostate epithelial cells restricted to the integrin
�2�1

hi subpopulation possess a high in vitro proliferative poten-
tial and can reconstitute prostatic-like acini in vivo. We dem-
onstrate that the Sca-1 surface antigen can be used to enrich for
murine prostate cells displaying multiple properties of primitive
cells, including androgen independence, replication quiescence,
multilineage differentiation, and in vivo prostate regenerative
capacity. Additionally, we show that introduction of constitu-
tively active AKT in Sca-1-enriched PRCs results in the initiation
of prostate tumorigenesis and that prostate cancer progression
correlates with an increase in the percentage of Sca-1� cells.

A hierarchical organization for differentiation has been pro-
posed for the epithelial cell lineages that make up the prostate.
Stem cells in the basal cell layer are thought to give rise to highly
proliferative progenitor cells or TACs that differentiate to
produce terminally differentiated, nonproliferative secretory
luminal cells (10). FACS analysis demonstrating that Sca-1� cell
fractions are enriched for G0 cells indicates that the Sca-1� PRC
subpopulation contains a population of stem-like cells. However,
several lines of evidence suggest that the Sca-1� subpopulation
is heterogeneous. First, the Sca-1� fraction is too large to be
composed entirely of stem cells. Also, immunostaining shows
that a subset of stromal cells may be Sca-1�. The increased
percentage of cycling cells in Sca-1� fractions suggests that this
subpopulation may also include proliferative TACs. The fact that
such a large percentage (70%) of prostate cells in tissue from
castrated animals are Sca-1� further supports the presence of
TACs in the Sca-1� subset because castrated tissue is known to
contain both stem cells and TACs. These conclusions correspond
with previous studies reporting that the Sca-1� bone marrow cell
fraction includes long-term hematopoietic stem cells as well as
more actively dividing short-term stem cells and progenitors that
regularly enter the cell cycle (30, 31).

The presence of Sca-1 on the surface of murine hematopoietic,
mammary, and putative prostate stem�progenitor cells implies
there may be a conservation of this protein on tissue stem cells
throughout development. Sca-1 is located on chromosome 15 in
a multigene cluster of �18 highly conserved genes, including
other known members such as prostate stem cell antigen (PSCA)
and stem cell antigen-2 (32). PSCA and Sca-1 possess a number
of interesting relationships. The proteins appear to display
distinct expression patterns. Although Sca-1� cells localize to the
proximal region, PSCA� are predominantly located in the distal
tip cells of the murine prostate (33). Previous reports demon-
strate that PSCA is up-regulated in both androgen-independent
and androgen-dependent prostate cancer xenografts (34). In

Fig. 4. Enrichment of PRCs by using the Sca-1 marker confirms the oncogenic
potential of PRCs. (A) Regeneration of AKT1 lentivirus-infected Sca-1� and
Sca-1� prostate epithelial cells. Cells from 8-week-old C57BL�6 mouse prostate
tissue were separated into Sca-1� and Sca-1� fractions by using magnetic bead
sorting and infected with AKT1 lentivirus. Infected Sca-1� or Sca-1� cells (5 �
104) were mixed with 1 � 105 UGSM cells and implanted under the kidney
capsule of SCID mice. Regenerated grafts were harvested after a 6-week
incubation and analyzed by transillumination and fluorescence microscopy.
(B) Bar graph comparing the fluorescence signal emitted from each graft
measured by a charge-coupled device camera. (C) Histological analyses of
regenerated cancer tissue grafts. H&E staining shows mPIN lesions in sections
from Sca-1� grafts (Upper) and normal tubular structures in sections from
Sca-1� grafts (Lower). (D) Immunohistochemical staining for AR and p63 on
representative sections from Sca-1� grafts. (Scale bars, 50 �m.) (E) Prostate
cancer tissues contain increased percentages of Sca-1� cells. Dissociated cells
from 8-week-old murine prostate tissue were infected with AKT1 lentivirus
and incubated under the kidney capsule of SCID mice for 10 weeks. FACS
analysis was performed on cells stained with a phycoerythrin-conjugated
antibody against Sca-1.
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addition to regenerated prostate cancer tissue, a dramatic in-
crease in the percentage of Sca-1� cells has been found in
cancerous tissue from transgenic animals with a prostate-specific
conditional knockout of PTEN or overexpression of the c-myc
oncogene (H. Wu and C. Sawyers, personal communications)
(25, 35). The functional significance of the overexpression of
these genes in prostate cancer remains to be determined.
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