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The epithelium of the adult prostate contains 3 distinct cell types:
basal, luminal, and neuroendocrine. Tissue-regenerative activity
has been identified predominantly from the basal cells, isolated by
expression of CD49f and stem cell antigen-1 (Sca-1). An important
question for the field is whether all basal cells have stem cell
characteristics. Prostate-specific microarray databases were inter-
rogated to find candidate surface antigens that could subfraction-
ate the basal cell population. Tumor-associated calcium signal
transducer 2 (TACSTD2/Trop2/M1S1/GA733-1) was identified be-
cause it was enriched after castration, in prostate sphere cells and
in the basal fraction. In the murine prostate, Trop2 shows progen-
itor characteristics such as localization to the region of the gland
proximal to the urethra and enrichment for sphere-forming and
colony-forming cells. Trop2 subfractionates the basal cells into 2
populations, both of which express characteristic basal cell markers
by quantitative PCR. However, only the basal cells expressing high
levels of Trop2 were able to efficiently form spheres in vitro. In the
human prostate, where Sca-1 is not expressed, sphere-forming
progenitor cells were also isolated based on high expression of
Trop2 and CD49f. Trop2-expressing murine basal cells could regen-
erate prostatic tubules in vivo, whereas the remaining basal cells
had minimal activity. Evidence was found for basal, luminal, and
neuroendocrine cells in prostatic tubules regenerated from Trop2hi

basal cells. In summary, functionally distinct populations of cells
exist within the prostate basal compartment and an epithelial
progenitor can give rise to neuroendocrine cells in vivo.

neuroendocrine � progenitor � sphere assay

Many adult tissues of the body contain a rare population of
somatic stem cells that can self-renew and differentiate

into the mature cell types of the organ (1). Recent studies
demonstrating that somatic stem cells can serve as the target for
transforming mutations and act as cancer-initiating cells (2) have
highlighted the importance of identifying tissue-specific stem
cells. The isolation of somatic stem cells and subsequent inves-
tigation of their unique properties will be useful for understand-
ing and targeting cancer.

The prostate epithelium is made up of basal, luminal, and
neuroendocrine cells. Prostate stem cells are thought to reside
within the basal layer because basal cells preferentially survive
androgen ablation (3) and basal cells can give rise to luminal cells
in vitro (4). The transcription factor p63 is expressed in prostate
basal cells, and p63-null animals fail to develop a prostate (5).
These data suggest that basal cells may represent or include
prostate stem cells and that p63 may be essential for prostate
development. However, the p63-null urogenital sinus epithelium
forms prostatic tissue with luminal and neuroendocrine cells, but
no basal cells (6). Both studies show that p63 plays an important
developmental role in the prostate, but demonstrate conflicting
data on the role of basal cells during differentiation. Based on
expression of integrin �6 (CD49f), Lawson et al. (7) found that
the majority of cells in the gland with in vitro and in vivo

stem-like activity possessed basal cell characteristics. A fun-
damental question in the field is whether all basal cells have
stem cell characteristics and can give rise to the mature cells
of the organ or if only a subset of basal cells have tissue
regenerative activity.

The neuroendocrine cell is the rarest epithelial cell type in the
adult prostate. In the normal gland, neuroendocrine cells are
dispersed within the basal layer (8) and extend processes be-
tween adjacent basal and luminal cells (9). Although their role
in development and cancer is unclear, neuroendocrine cells
are known to secrete neuropeptides that may contribute to
hormone-refractory prostate cancer and metastasis through a
paracrine mechanism (9–11). Neuroendocrine differentiation
occurs in �30% of human prostate cancers (9) and in some
mouse models of prostate cancer (12). However, studies corre-
lating neuroendocrine differentiation and tumor grade have
given conflicting results (9).

Evidence is lacking to definitively show whether neuroendo-
crine cells have an ectodermal or endodermal origin (13).
Because of their location in the basal layer of prostatic tubules,
neuroendocrine cells were believed to originate from an epithe-
lial stem cell (endoderm). Human prostate epithelial progenitors
can give rise to neuroendocrine-like cells in vitro (14, 15), and in
response to a stimulus such as IL-6, LNCaP cells can adopt a
neuroendocrine morphology and express high levels of neuronal
markers (16).

An opposing theory is that neuroendocrine cells may have
originated from the neural crest and migrated into the prostate
epithelium. This theory is supported by the appearance of
chromogranin A-positive cells in the embryonic site where the
prostate forms, before gland formation, as demonstrated by
Aumuller et al. (17). Cells expressing chromogranin A are first
seen in the paraganglia flanking the mesenchyme and later in the
urogenital mesenchyme. As the gland forms, chromogranin
A-positive cells appear in the basal layer of the epithelium (17).
However, the demonstration of neuroendocrine cells before
prostatic gland formation does not exclude an epithelial origin
for neuroendocrine cells found within the gland. In fact, neural
crest derived cells may support the development of epithelial-
derived neuroendocrine cells (9).

Leong et al. (18) recently demonstrated that enriched murine
prostate stem cells could regenerate tissue grafts containing cells
that express the neuroendocrine cell marker synaptophysin. The
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presence of synaptophysin� cells in grafts under the kidney
capsule does not rule out neural crest-derived neuroendocrine
cells migrating into prostatic tubules. Lineage tracing experi-
ments are necessary to definitely determine whether epithelial
progenitors can give rise to neuroendocrine cells in vivo.

The majority of markers used to isolate progenitors from the
prostate are not conserved between mouse and human. In the
human prostate, stem/progenitor cells have been enriched based
on expression of integrins �2/�1 (19), CD44 (20), or CD133 (21).
Prostate stem/progenitor cells have been isolated from the
mouse based on expression of stem cell antigen-1 (Sca-1) (22,
23), which is not expressed in the human prostate, and integrin
�6/CD49f (7, 24). In a recent report (18), murine prostate stem
cells were also isolated by expression of CD44, CD133, and
CD117. Leong et al. (18) note that CD117 is expressed in human
prostate basal cells and may be a useful marker for isolating
human prostate stem/progenitors. The identification of highly-
enriched stem/progenitor populations in the mouse prostate is
important for investigating the self-renewal properties of stem
cells and their role in cancer initiation and propagation. How-
ever, the identification of stem/progenitor fractions from the
human prostate has greater therapeutic implications. The cancer
stem cell hypothesis suggests that a rare population of cancer
cells may be responsible for sustaining tumorigenesis (1, 25–27)
and these cancer stem cells often share antigenic profiles with
normal tissue stem/progenitor cells (28, 29). These studies
highlight the importance of identifying primitive cell populations
from normal and malignant human prostate tissue, as new
treatments may be designed to target cancer stem cells rather
than the bulk tumor. Therefore, it would be useful to identify
antigens found on stem/progenitor cells from both the mouse
and human prostate.

We report the identification of a marker, tumor-associated
calcium signal transducer 2 (TACSTD2/Trop2/M1S1/GA733-1)
(30, 31), that functionally discriminates between 2 basal cell
subpopulations. We demonstrate that not all basal cells share
stem cell characteristics, and that basal cells expressing high
levels of Trop2 are enriched for in vitro and in vivo stem-like
activity. We follow the progeny of labeled cells to provide in vivo
evidence that basal, luminal, and neuroendocrine cells are
generated from an epithelial progenitor with tri-lineage differ-
entiation potential. Finally, we show that sphere-forming pro-
genitor cells can be isolated from the human prostate by using
markers identified in the mouse (Trop2 and CD49f), suggesting
a conservation of selected progenitor markers between mouse
and human.

Results
Microarray Analysis Identifies Trop2 as a Candidate Progenitor Marker
with Stem-Like Characteristics. We interrogated prostate-specific
microarrays (from the literature and at the University of Cali-
fornia, Los Angeles) where progenitor genes should be enriched
to identify candidate antigens that may subfractionate prostate
basal cells. We identified Trop2 as a leading candidate because
it was 20-fold enriched in the murine prostate after castration
(32), 12-fold enriched in prostate sphere cells compared with the
total epithelium (Li Xin, Rita U. Lukacs, and O.N.W., unpub-
lished work), and 2-fold enriched in the basal fraction compared
with the remaining epithelium (Rita U. Lukacs, D.A.L., and
O.N.W., unpublished work). Trop2 is a type I transmembrane
protein in the EpCAM family with no known function or ligand
(30, 31). Trop2 expression has been reported in normal and/or
malignant tissue from kidney, lung, ovary, testis (33), intestine
(34), pancreas (35), and breast (36); however, it has not been
previously associated with stem or progenitor cells.

The putative prostate stem cell niche is found in the region
closest to the urethra, referred to as the proximal region.
Tsujimura et al. (37) used BrdU pulse–chase experiments to

demonstrate the majority of label retention in the proximal
region of the gland and later showed that cells isolated from this
region have higher proliferative capacity in vitro. To determine
the expression pattern of Trop2 in the murine prostate, we used
both FACS analysis and immunohistochemistry. FACS analysis
demonstrates that Trop2 is highly expressed by �7–10% of the
total prostate cells (Fig. 1B). Immunofluorescent staining on
tissue sections revealed that Trop2 is expressed on cytokeratin
5� (K5) basal cells and cytokeratin 8� (K8) luminal cells in the
proximal region, whereas almost no Trop2� cells are found in
the distal regions (Fig. 1 A). In contrast, Trop2 is expressed on
the majority of K5� basal cells in the distal regions after
androgen ablation (Fig. S1).

To investigate Trop2 as a functional progenitor marker, we
turned to 2 in vitro assays that measure primitive cell activity: the
prostate colony and sphere assays. Lawson and coworkers (7, 38)
demonstrated that both colonies and spheres are clonal in origin,
and the basal fraction contains the majority of colony-forming
and sphere-forming cells. We isolated Trop2hi and Trop2lo cells
by FACS and plated equal numbers of cells into the colony and
sphere assays at 2 dilutions. The majority of colony-forming and
sphere-forming activity was in the Trop2hi fraction. Linear
regression analysis demonstrates that Trop2hi cells can form
colonies at a rate of 1/38 and spheres at a rate of 1/58 (Fig. 1 C
and D). Expressed on both basal and luminal cells, Trop2
identifies a progenitor population in the murine prostate with
proximal localization and enrichment for in vitro activity in 2
independent assays indicative of primitive cell populations.

Trop2 Fractionates Lin�Sca-1�CD49fhi Cells into Two Basal Subpopu-
lations. We have previously demonstrated that the stem/
progenitor fraction defined by the antigenic profile
CD45�CD31�Ter119�Sca-1�CD49fhi (LSC) contains the ma-
jority of basal cells from the murine prostate (7). FACS analysis
for Trop2 expression within the LSC fraction shows that Trop2
separates the basal cells into 2 relatively equal subpopulations,

Fig. 1. Trop2 has progenitor characteristics in the murine prostate. (A)
Frozen prostate tissue sections from 8- to 12-week-old mice were stained with
antibodies against Trop2 in combination with CD49f, cytokeratin 5, or cyto-
keratin 8. Sections were counterstained with DAPI (blue) nuclear stain. (B)
FACS analysis for Trop2 on total dissociated prostate cells. (C) Trop2hi and
Trop2lo prostate cells were isolated by FACS from 8- to 12-week-old mice. Cells
were plated on top of a thin layer of Matrigel. Graph shows the colonies
formed after 10 days versus the number of cells plated (1,000, 10,000). (D)
Trop2hi and Trop2lo prostate cells were isolated by FACS from 8- to 12-week-
old mice. Graph shows the spheres formed in Matrigel after 10 days versus the
number of cells plated (1,000, 10,000).
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and that �40% of LSC cells express high levels of Trop2 (Fig.
2A). We isolated RNA from these 2 populations (Trop2hi LSC
and Trop2lo LSC) and the fraction depleted of LSC cells
(non-LSC) and compared their gene expression with the total
prostate. Quantitative RT-PCR (qRT-PCR) demonstrates that
Trop2 is 6-fold enriched in the Trop2hi LSC cells compared with
the Trop2lo fraction. Both populations express the basal markers
p63, cytokeratins 5 and 14, and integrin �6 at high levels
compared with the total prostate and the non-LSC cells (Fig.
2B). Nkx3.1 is not enriched in the LSC subpopulations,
showing that the 2 fractions are depleted of mature markers.
Based on these data, the Trop2hi and Trop2lo LSC cells have
basal characteristics.

Trop2 and CD49f Enrich for Progenitors from the Mouse and Human
Prostate. Having confirmed that Trop2 separates the basal
fraction into 2 subpopulations that both express basal markers,
we asked whether our basal subpopulations are functionally
distinct. We isolated the LSC basal population and the further
fractionated Trop2hi and Trop2lo basal subpopulations and
plated equal cell numbers into the sphere assay. The LSC basal
fraction formed spheres at a rate of 1/34, similar to what has been
reported (7). The Trop2hi basal fraction further enriched for
sphere-forming cells to a frequency of 1/11, a 30-fold enrichment
over the total unfractionated cells (1/330), whereas the Trop2lo

basal fraction only formed spheres at a rate of 1/132 (Fig. 3A).
The residual sphere-forming activity in the Trop2lo basal fraction
may be explained by a small number of contaminating cells from
the highly active Trop2hi basal fraction. Alternatively, the
Trop2lo fraction may contain stem-like cells at a far lower
frequency than the Trop2hi fraction. Spheres from the Trop2hi

basal fraction could be passaged for �3 generations at a
consistent rate of sphere formation to demonstrate self-renewal
activity (primary: 1/11; passage 1: 1/10; passage 2: 1/10; passage
3: 1/8). Not only have we further refined the sphere-forming
progenitor cell by using Trop2, but we have demonstrated that

the majority of stem-like activity is contained within a subpopu-
lation of basal cells.

Similar to the prostate sphere assay described in the mouse
system (38), primary human prostate cells can form spheres in
Matrigel that demonstrate progenitor characteristics, such as
self-renewal in vitro and differentiation to the basal and luminal
cell types in vivo. Human prostaspheres are clonally derived and
predominantly express basal markers. When a mixture of ma-
lignant cells with a TMPRSS2-ERG translocation and normal
cells (without the translocation) are plated into the assay, the
resulting spheres do not retain the translocation, suggesting that
the assay selects for normal progenitors (I.P.G., C. Tran, S.
Perner, W.S., B. Zhang, L. Xin, C. Head, R. Reiter, M. Rubin,
and O.N.W., unpublished work).

Having demonstrated that we can enrich for murine prostate
sphere-forming cells by using Sca-1, CD49f, and Trop2, we
looked to identify the human prostate sphere-forming cell.
Although Sca-1 is not expressed in the human prostate, we found
expression of both Trop2 and CD49f. In tissue sections, the
highest expression of Trop2 and CD49f is observed along the
basal layer of the epithelium (Fig. 3B). FACS analysis shows that
Trop2 and CD49f separate the human prostate into 4 popula-
tions (Fig. 3C). We collected prostate tissue from multiple
patients who underwent prostate removal for cancer. Human
prostate tissue specimens were mechanically and enzymatically
dissociated into single cells and cultured overnight in serum-free
media. Dissociated cells were sorted into 4 populations based on
CD49f and Trop2, and equal cell numbers were plated into the
sphere assay. Data for 3 representative patients are shown, and
the results have been repeated for all patients that have been
analyzed (data not shown). The overnight culture enriched for

Fig. 2. Trop2 separates the Lin�Sca-1�CD49fhi fraction into 2 basal subpopu-
lations. (A) FACS plots show gates drawn for sorting of Trop2hi LSC (Lin�Sca-
1�CD49fhi) and Trop2lo LSC subpopulations from 8- to 12-week-old mice. (B)
RNA was isolated from total cells, non-LSC (Lin� not Sca-1�CD49fhi), Trop2hi

LSC, and Trop2lo LSC fractions in duplicate experiments. RNA was synthesized
into cDNA and subjected to qRT-PCR. Graph shows fold-enrichment over the
total prostate cells for each gene. GAPDH was used as the reference gene.

Fig. 3. Trop2 enriches for sphere-forming cells from the mouse and human
prostate. (A) Total prostate, LSC, Trop2hi LSC, and Trop2lo LSC cells were
isolated by FACS from 8- to 12-week-old mice. Graph shows the percentage of
sphere-forming cells, based on the spheres formed in Matrigel from each
population per 2,500 cells plated (5,000 cells plated from total prostate) after
8 days of growth. Spheres from the Trop2hi LSC subpopulation were dissoci-
ated and replated for 3 successive generations. Data from several experiments
were pooled. (B) Frozen human prostate tissue sections were stained with
antibodies against Trop2 and CD49f. Sections were counterstained with DAPI
(blue) nuclear stain. (C) FACS plots show gates drawn for sorting of human
prostate cells into 4 subpopulations based on expression of Trop2 and CD49f.
(D) Total prostate, CD49f�Trop2�, CD49fhiTrop2�, CD49floTrop2hi, and
CD49fhiTrop2hi subpopulations were isolated by FACS from 3 patient samples.
Graph shows the percentage of sphere-forming cells, based on the spheres
formed in Matrigel from each population per 2,500 cells plated after 7 days of
growth. Spheres from the CD49fhiTrop2hi subpopulation were dissociated and
passaged for 3 successive generations.
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progenitor cells before antigen separation, as the total popula-
tion sent through the sorter formed spheres at an average rate
of 1/26. Upon fractionating the cells, the majority of sphere-
forming activity came from the cells expressing high levels of
CD49f and Trop2, as seen in the mouse. Cells from the
CD49fhiTrop2hi population comprised �16% of the total pros-
tate cells after short-term culturing, and this fraction formed
spheres at an average rate of 1/3.2, an 8-fold enrichment over the
total unfractionated cells (Fig. 3D). Spheres from this enriched
fraction could be passaged for up to 3 generations at a sphere-
forming rate similar to the original CD49fhiTrop2hi fraction
(primary: 1/3.2; passage 1: 1/2.8; passage 2: 1/4.6; passage 3:
1/2.6). Our data show that we can reproducibly isolate sphere-
forming progenitor cells from the human prostate by using
markers that were identified in the murine prostate, suggesting
a conservation of progenitor markers that may be found in other
epithelial tissues.

Trop2hi Basal Cells Give Rise to Basal, Luminal, and Neuroendocrine
Cells in Vivo. Previous experiments showed that the Lin�Sca-
1�CD49fhi basal fraction could produce prostatic tubules when
combined with urogenital sinus mesenchyme (UGSM) and
implanted s.c. into immunodeficient mice with Matrigel (7).
Regenerated tubules contained basal and luminal cells, but
neuroendocrine cells were not evaluated. Recently, neuroendo-
crine cells were found in tissue regenerated from Lin�Sca-1�

CD133�CD44�CD117� cells (18); however, experiments were
not performed to demonstrate a definitive epithelial origin. To
follow the progeny of implanted stem cells, we used transgenic
mice expressing either GFP or DsRed under the �-actin pro-
moter. Fluorescently-labeled DsRed� Trop2hi and Trop2lo basal
cells were isolated from �-actin-DsRed mice and combined with
105 total unfractionated GFP� prostate cells from �-actin–GFP
mice. Purified DsRed� and total GFP� cells were combined
with 2 � 105 UGSM cells and implanted s.c. into SCID mice.
After 8 weeks of growth, we harvested grafts and looked for
fluorescently-labeled prostatic tubules. We found that whereas
all grafts contained an abundance of GFP� tubules (Fig. 4A2),
the Trop2hi basal fraction gave rise to the majority of DsRed�

prostatic tubules (Fig. 4A3). Previous experiments performed
without total unfractionated cells yielded similar results at a
lower frequency of tubule formation (data not shown).

Analysis of sectioned tubules revealed K5� and p63� basal
cells and K8� luminal cells. Androgen receptor was detected
primarily in luminal cells (Fig. 4 B 5 and 6). In addition to the
basal and luminal cells that were previously detected in regen-
erated tissue, we found rare cells within the basal layer of
DsRed� tubules that expressed the neuroendocrine marker
synaptophysin (Fig. 4B7). The membrane localization and ex-
tended morphology of regenerated synaptophysin� cells ap-
peared similar to those found in synaptophysin� neuroendo-
crine cells from the adult murine prostate (Fig. 4B8). Within the
basal layer of regenerated tubules, we found numerous examples
of synaptophysin� cells extending dendrite-like processes
around neighboring epithelial cells (Fig. 4B 9–12), characteristic
of neuroendocrine morphology. To quantify the frequency of
neuroendocrine cells, we detected an average of 6 synapto-
physin� cells per 66 regenerated tubules in a 4-�m thick tissue
section (18 sections counted). In normal prostate tissue sec-
tions, many of the synaptophysin� cells also expressed chro-
mogranin A. We were unable to demonstrate chromogranin A
reactivity in regenerated tissue sections, suggesting a lack of
full neuroendocrine differentiation. Factors from the native
prostatic niche that support neuroendocrine development may
be absent in the assay microenvironment. Alternatively, full
neuroendocrine differentiation may take longer than the
8-week regeneration process.

Because evidence suggests that prostate neuroendocrine cells

have an ectodermal/neural crest origin (17), we looked for
synaptophysin� cells within DsRed� tubules to demonstrate an
epithelial origin for neuroendocrine cells. Only cells derived
from the Trop2hi LSC stem/progenitor fraction should express
DsRed fluorescence. If neuroendocrine cells migrate into the
regenerated tubules from an alternate location, they should not
express DsRed. We identified neuroendocrine cells within the
basal layer of regenerated tubules with characteristic neuroen-
docrine morphology (Fig. 4B 15 and 18) that colocalize with
DsRed fluorescence (Fig. 4B 13, 14, 16, and 17). By following the
progeny of DsRed� Trop2hi basal cells into DsRed� synapto-
physin� neuroendocrine cells, we have provided direct evidence
that a prostate stem cell can generate 3 epithelial cell types.

Discussion
Stem cells isolated from different epithelial tissues share anti-
genic profiles, such as integrins �6 and �1, the stem cell antigen
Sca-1, and CD24 (7, 39, 40). Similarly, somatic and cancer stem
cells have been isolated from numerous human tissues by using
the markers CD44 and CD133 (19, 21, 26, 27). We have found
2 markers, Trop2 and CD49f, which are conserved between
mouse and human. Because of the similarity of stem cell profiles,
the identification of markers such as Trop2 should be useful for
multiple tissue systems.

In the mouse prostate, we have shown that a subpopulation of
basal cells, expressing high levels of Trop2, have stem cell

Fig. 4. Trop2hi LSC cells give rise to basal, luminal, and neuroendocrine cells
in vivo. (A) A total of 3 � 103 Trop2hi LSC or Trop2lo LSC cells from �-actin DsRed
mice, 105 total prostate cells from �-actin GFP mice, and 2 � 105 UGSM cells
were combined in Matrigel and injected s.c. into SCID mice. Grafts were
harvested after 8 weeks, and overview images were taken by using transillu-
mination (TI) and DsRed or GFP fluorescence. (B) Tissue sections from regen-
erated tissue were stained for antibodies against cytokeratin 5 (K5), cytoker-
atin 8 (K8), androgen receptor (AR), p63, and synaptophysin. Sections were
counterstained with DAPI (blue) nuclear stain. Sections from 8- to 12-week-old
mice were stained for comparison of neuroendocrine cell morphology and
marker expression pattern (synaptophysin). (C) In tissue sections from regen-
erated tissue, DsRed and GFP fluorescence (13 and 16) were visualized before
antigen retrieval caused by a loss of signal after treatment. The remaining
images demonstrate synaptophysin staining and DAPI nuclear counterstain
after antigen retrieval.
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characteristics. It is unlikely that the spheres and tubules gen-
erated by Trop2hi basal cells are different from those generated
in previously published studies. We have simply enriched for the
cells capable of generating these structures. Although we have
now identified neuroendocrine cells and traced their lineage
from epithelial progenitors, the purification of stem-like cells is
not necessary to regenerate tissue containing neuroendocrine
cells. Using different immunohistochemical techniques and an-
tibodies, we can now detect neuroendocrine cells in grafts
generated from unfractionated cells (data not shown).

Although Trop2hi basal cells can efficiently form spheres and
tubules, the remaining basal cells have minimal activity in vitro
and in vivo. Both of these populations express high levels of
CD49f and other basal cell genes, but they differ in their
functional output. This finding has interesting implications for
the epithelial lineage hierarchy in the prostate. Linear models of
prostate differentiation have suggested that stem cells in the
basal layer give rise to transit-amplifying cells that differentiate
into mature luminal cells (14, 41). In our assays, all basal cells do
not have stem cell activity. Our data support an alternative
branching model, where a subset of basal cells can differentiate
into basal, luminal, and neuroendocrine cells. A similar model
has been reported in the mammary system, where stem cells give
rise to both basal/myoepithelial and luminal progenitors, which
differentiate into mature basal and luminal cells. Future iden-
tification of a luminal progenitor, as demonstrated in the mam-
mary system (42), would further support the branching model.

Trop2 is highly expressed by a subset of both basal (30–40%
Trop2hi) and luminal (5–15% Trop2hi) cells in the murine
prostate (Fig. 2 A and data not shown). Trop2hi cells are con-
centrated in the proximal region, the putative prostate stem cell
niche. We observed a similar region-restricted expression pat-
tern in murine endometrial glands, where the brightest Trop2
staining was observed in regions of invagination (Fig. S2). The
restricted pattern suggests that a localized niche signal, such as
the Wnt pathway, may control Trop2 expression. Segditsas et al.
(43) showed that Trop2 has high confidence TCF4 binding sites
and may be a Wnt target gene in the intestinal epithelium. Trop2
was significantly enriched in early intestinal cancers driven by
APC mutations as compared with the normal tissue. A similar
pattern was seen with the crypt stem cell marker Lgr5 (Gpr49)
and other Wnt target genes (43).

We also found that Trop2 expression is significantly increased
during tumorigenesis caused be aberrant PI3K signaling. Thirty-
three percent of cells from Pten-null murine prostate tumors
were Trop2hi by FACS analysis compared with �8% in aged-
matched wild-type prostate tissue (Fig. S3). A conserved mech-
anism in multiple organ systems could regulate Trop2 expression
in the normal and malignant niche. Although the function of
Trop2 in normal and cancer cells has yet to be elucidated, Trop2
appears to play a role in the tumorigenicity and invasion of
cancer cells. Targeting Trop2 in colon cancer cells through RNA
interference reduces both soft-agar colony formation and tumor
initiation in mice, whereas inhibitory antibodies can block
invasion in Matrigel in vitro (44). Trop2 may also have oncogenic
activity through a chimeric CYCLIN D1-TROP2 mRNA present
in many human cancers (45). The cancer stem cell marker
EpCAM (26), a Trop2 family member, is a therapeutic target in
a variety of epithelial cancers and likely contributes to oncogenic
signaling beyond cell–cell adhesion (46). Trop2 and EpCAM
may have similar functions in solid tumors.

Our demonstration that only a subpopulation of basal cells has
stem cell characteristics raises some interesting questions about
the cell of origin for prostate cancer. Can both basal subpopu-
lations give rise to prostate cancer, or are the more primitive cells
the preferred target for transforming mutations that drive
tumorigenesis? Can different genetic and epigenetic changes
lead to cancer initiation from different basal subpopulations?

The finding that prostate stem cells can give rise to basal,
luminal, and neuroendocrine cells, and the fact that the majority
of human prostate tumors have a predominant luminal pheno-
type (47) and focal neuroendocrine differentiation (48) supports
the theory that prostate cancer can initiate from a progenitor
with luminal and neuroendocrine differentiation potential.

Recent reports on the role of stem cells in the initiation and
propagation of cancer suggest that it may be important to target
prostate cancer at the level of the stem cell (2, 28, 29). Defining
and profiling these 2 basal subpopulations should elucidate the
mechanisms by which the more primitive basal cells maintain
their self-renewal and differentiation potential. The identifica-
tion of critical self-renewal mechanisms in Trop2hi basal cells
may provide new targets for the treatment of prostate cancer.

Materials and Methods
Animals and Tissue Collection. The wild-type C57BL/6, �-actin GFP (C57BL/6-
Tg[ACTbEGFP]1Osb), �-actin DsRed (C57BL/6-Tg[ACTB-DsRed.MST]1Nagy/J),
and CB17Scid/Scid mouse strains were purchased from The Jackson Laboratory.
Mice were housed and bred under the regulation of the Division of Laboratory
Animal Medicine at the University of California, Los Angeles. Prostate cell
dissociation was adapted from previously described protocols (49). Prostate
tissue was collected from 8- to 12-week-old mice, minced into small fragments,
digested with collagenase (GIBCO) as described (49), and digested with 0.05%
trypsin/EDTA (Invitrogen) for 5 min at 37 °C. The cell suspension was passed
through 18- to 22-gauge syringes several times and filtered through a 40-�m
cell strain. UGSM was harvested as described (49).

Immunofluorescent and Histological Analysis. Immunohistochemical analysis of
frozen and paraffin-embedded tissue sections were performed as described
(7, 49). Antibodies are listed in SI Text. Sections were counterstained with DAPI
(Vector) and analyzed by fluorescent microscopy.

FACS. Dissociated prostate cells were suspended in DMEM/10% FBS and
stained with antibody for 30 min at 4 °C. Antibodies are listed in SI Text. FACS
analysis was performed by using BD FACS Canto (BD Biosciences). Cell sorting
was done by using BD FACS Vantage and the BD FACS Aria II.

In Vitro Prostate Colony- and Sphere-Forming Assays. The colony assay was
adapted from previously described protocols (7). Isolated epithelial cells were
plated on top of a thin layer of Matrigel (BD Biosciences), rather than on
irradiated feeder cells. The sphere assay was performed as described (7, 38).

In Vivo Prostate Regeneration. Dissociated or FACS-isolated prostate cells were
counted by hemocytometer and mixed with 2 � 105 UGSM cells as described
(7). Cell mixtures were pelleted, resuspended in 40 �L of Matrigel (kept on ice),
and injected s.c. on the backs of 8-to 16-week-old CB17Scid/Scid mice by using an
insulin syringe. Eight weeks later, grafts were harvested, sectioned, and
stained.

RNA Isolation and qRT-PCR. Sorted cells were collected, spun down, and
resuspended in buffer RLT from the RNeasy Micro Kit (Qiagen). The standard
RNA isolation protocol was followed. Reverse transcription was performed
with a SuperScript III first-strand synthesis system (Invitrogen). qRT-PCR was
performed by using iQ SYBR Green Supermix for Real-Time PCR (Bio-Rad) on
a Bio-Rad iCycler and iQ5 2.0 Standard Edition Optical System Software. Data
wereanalyzedbyusingthePfafflmethod.Primersequencesare listed inTableS1.

Human Prostate Tissue Acquisition and Dissociation. Human prostate tissue was
obtained from 3 patients undergoing retropubic prostatectomy for adeno-
carcinoma of the prostate or cystoprostatectomy for bladder cancer. All
subjects provided consent for tissue collection in accordance with an approved
protocol through the office for the protection of research subjects at the
University of California, Los Angeles. Tissue specimens were placed on ice and
brought immediately to the laboratory for mechanical and enzymatic diges-
tion. Prostate tissue was sharply minced into small fragments (1 mm3) in
RPMI-1640 medium supplemented with 10% FBS. Tissue fragments were
washed once and incubated for 12 h in 0.25% type I collagenase (5 mL/g).
Organoids were washed in RPMI-1640 medium and treated with TripLE (In-
vitrogen) for 5 min at 37 °C. Dissociated tissue cellular suspensions were
sequentially filtered through 100- and 40-�m filters. After filtration, cell
suspensions were passed through a 23-gauge needle. Cells were plated over-
night in PrEGM (Clonetics).
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