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SUMMARY

A major impediment to our understanding of the biology = markers prostate specific antigen (PSA) and prostatic acid
of stem cells is the inability to distinguish them from their  phosphatase (PAP), and has a fourfold greater ability to
differentiating progeny. We made use of the known form colonies in vitro than the total basal population. These
association of stem cells with basement membranes to putative stem cells are distinguished from other basal cells
isolate prostate epithelial stem cells. We show that, in vivo, by their ability to generate prostate-like glands in vivo with
putative stem cells express higher levels of thwep-integrin morphologic and immuno-histochemical evidence of
subunit than other cells within the basal layer. prostate-specific differentiation. These properties are
Approximately 1% of basal cells examined by confocal consistent with a stem cell origin. Furthermore, the
microscopy were integrin ‘bright’, and these cells can be presence of surface integrins on prostate stem cells suggests
selected directly from the tissue on the basis of rapid that these cells share common pathways with stem cells in
adhesion to type | collagen. This selected population has a other tissues.

basal phenotype, as determined by expression of CK5 and

CK14 and lack of expression of the differentiation-specific  Key words: Stem cells, Integrins, Prostate

INTRODUCTION differentiated cells occupy discrete locations within the tissue,
often forming stratified layers (Potten and Morris, 1988). A

Classically, stem cells have been studied in tissues that undergjmilar hierarchical arrangement has been postulated for the
rapid cell turnover, such as bone marrow, skin and thenore slowly dividing adult prostate (Isaacs, 1987; Bonkoff and
gastrointestinal tract (Dexter et al., 1977; Hall and Watt, 1989Remberger, 1996). However, we have only recently begun
Potten and Loeffler, 1990). More recently, it has beerio accumulate evidence in support of a transit amplifying
recognised that stem cells are also present in tissues tlmdmpartment in the prostate (Verhagen et al., 1988; Robinson
normally undergo very limited regeneration or turnover, suclet al., 1998; van Leenders et al., 2000).
as the prostate (Isaacs, 1987). This is best illustrated by animalThe characterisation of tissue stem cell populations remains
studies of the effect of androgen on the prostate. Castration difficult because of the lack of markers that can distinguish
male rats leads to a rapid involution of the gland with only théetween stem cells and their differentiating progeny. For many
basal epithelial cells surviving. Upon androgen replacemeriissues, panels of molecular markers have been developed to
the gland is restored to its normal function (English et al., 198%efine the stem cell compartment. For example, integrins,
Walensky et al., 1993). Only the differentiated secretoryhich mediate the attachment of cells to extracellular matrix
luminal cells are affected by androgen removal, which sugges(ECM) proteins on the basement membrane, have been
that regeneration of the gland must result from proliferationnstrumental in the identification of stem cells in skin (Jones et
and differentiation of the surviving basal cells (Bonkoff andal., 1995; Li et al., 1998) and testis (Shinohara et al., 1999).
Remberger, 1996). Epidermal stem cells express higher levels of integnisfl

In self-renewing epithelial tissues, such as the gut andndasf: than transit-amplifying cells and this can be used to
epidermis, the small stem cell population has the capacity fatetermine the location of stem cells within the epidermis, and
extended or unlimited growth and its progeny are either steto isolate them directly from the tissue on the basis of rapid
cells or cells with more limited proliferative capacity, termedadherence to type IV collagen (Jones et al., 1995).
transit amplifying cells. These daughter cells divide to As stem cells of different tissues show certain similarities in
maintain tissue balance but are limited to a finite number dfiological behaviour, we hypothesised that they might share
cell divisions before they terminally differentiate (Potten,similar molecular properties. For instance, stem cells are
1981; Hall and Watt, 1989). Cell types are organised wherehysually on the basement membrane situated in a protected
stem cells, transit amplifying cells and mature terminallyregion, or niche, among supporting cells. In the present study
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we investigated whether there was a correlation between tf@m adult prostate after inmunomagnetic selection of the basal cell
adhesiveness of prostate cells to ECM proteins and their abilifgaction, were directly plated onto petri dishes coated with type |
to form prostate-like glands in vivo. collagen. Nonadherent c_eI_Is were remov_ed after 5 minutes. The
The major integrins in human prostate a1, a3B1 and adherent cells were trypsinised and combined with cultured stromal
asP4 (Bonkhoff et al., 1993; Knox et al., 1994). We fOCUSEdce”S (passage 1-4), at a ratio of 1:1 epithelium to stroma and injected

. . : . . subcutaneously into 6-8 weeks old male, nude mice (strain ICRF-nu).
on integrinazBs, which mediates adhesion to type IV coIIagen,The mice were sacrificed 6 weeks after grafting. Grafts were removed,

type | collagen and laminin 1 and is restricted to the basal celfs .4 i phosphate-buffered formalin, embedded in paraffin, and

of the prostate (Knox et al., 1994). sectioned. Serial sections |4n) were stained and examined for the
development of organised prostatic glandular tissue. The capacity to
differentiate in vivo to the secretory phenotype (expression of

MATERIALS AND METHODS androgen receptor, prostate specific antigen (PSA) and prostatic acid
_ o ) o phosphatase (PAP)) was taken as evidence for an epithelial stem cell
Tissue collection, isolation and culture of epithelial cells population. Cells that had not adhered after 20 minutes to type |

Human prostate tissue was obtained from 30 patients (age range $®llagen were used as controls.

86), undergoing transurethral and retropubic prostatectomy for benign . . )

prostatic hyperplasia (BPH) and cystoprostatectomy for b|add3,mmunoﬂuorescent staining of tissue sections

cancer. The condition of BPH was confirmed by histologicalProstate cells expressing the-integrin subunit were identified by
examination of representative fragments. Patients who had undergodigect immunofluorescent staining using aniimouse monoclonal
any hormonal therapy were excluded. Collagenase digestion @htibody (clone AK-7; TCS Biologicals Ltd, Buckingham, UK)
prostatic tissue released epithelial structures (organoids; acini armiirectly conjugated with fluorescein isothiocyanate (FITC). Confocal
ducts) which were separated from the stromal fraction by repeatedicroscopy was used to quantify fluorescence by recording the
unit gravity centrifugation. High purity (>98%) is obtained by this intensity of pixels along a transect through lateral cell borders. A
method (Collins et al., 1994). Organoids were then dis-aggregated ingeries of 1um optical sections through the entire thickness of the
a single cell suspension by incubation with trypsin/EDTA (Life tissue was obtained using the x6@bjective of the confocal

Technologies, Paisley, UK) for 30 minutes at 37°C. microscope, and a Z series was constructed from these sections. In
) - _ order to provide a clear definition of integrin-bright cells, and account
Immunomagnetic positive selection of basal cells for variation in intensity as a consequence of bleaching, bright cells

MACS microbeads (Miltenyi Biotec Ltd, Surrey, UK), linked to anti- were defined as those in which the fluorescence intensity across cell
CD44 (Liu et al., 1997) were used to isolate basal cells from lumindtorders was at least twice the average of other cells in the transect.

cells. Epithelial cells were labelled with anti-human CD44 (clone . L .

G44-26; Pharmingen, Becton Dickinson, Oxford, UK), followed bylmmunocytochemlcal staining and FACS of isolated cells

incubation with MACS goat anti-mouse IgG microbeads. The celfnd grafts

suspension was then applied to a MACS column. Labelled basal celléssue sections taken from xenografts were fixed in formalin and

were eluted and re-suspended in WAJC 404 complete mediuparaffin-embedded. Isolated cells and colonies were fixed in methanol

(Robinson et al., 1998). at —20C. After incubating with the primary antibody, a biotinylated
_ _ antibody was applied to the specimens followed by incubation with
Cell adhesion to ECM proteins avidin-biotin complex reagents (Dako Ltd, UK). The staining was

CD44 positive basal cells were plated onto dishes coated with typedeveloped with diaminobenzidine tetrahydrochloride (DAB; Sigma)
collagen (52ug/ml), type IV collagen (88ig/ml) and laminin 1 (100 The anti-cytokeratin antibodies used wer@B#2 (which identifies
ug/ml; Biocoat®, Becton Dickinson) which had previously beencytokeratins 1, 5, 10 and 14 of the basal cell compartment in prostate;
blocked with 0.3% bovine serum albumin (fraction V, Sigma-Aldrich,Dako Ltd), CY-90, designated CK18, which reacts with cytokeratin
Poole, UK) in Dulbecco’s phosphate buffered saline (PBS; Oxoid Ltd18 and identifies differentiating epithelium in prostate (Sigma)
Basingstoke, UK). We had determined previously that 5Qd.00l (Robinson et al., 1998) and RCK 108 (designated CK19) which binds
of each protein was sufficient for maximum attachment (results ndo basal and luminal epithelial cells and recognises cytokeratin 19.
shown). After 5 minutes, dishes were washed with PBS and adherefidti PSA (clone ER-PR8) and anti PAP (clone PASE/4LJ) antibodies
cells were either harvested with trypsin-EDTA for grafting, or fixedare markers of secretory luminal cells (Dako Ltd). Anti androgen
in methanol at —2C. Non-adherent cells, recovered during washingreceptor (clone AR27) antibody was obtained from Novocastra
were plated onto ECM-coated dishes and were either used for graftihgboratories Ltd, Newcastle upon Tyne, UK). The mesenchymal
or fixed in methanol at —2G. markers vimentin and smooth musde actin was detected by
Basal cells were also counted and plated for the determination @htibodies V9 and 1A4 respectively (Sigma). Basal cells were
colony forming efficiency (CFE). After plating, single cells were analysed on a Becton-Dickinson FACScan. At least 10,000 events
marked and examined at intervals of up to 21 days when they weweere acquired for each sample. Cells positive for propidium iodide
subsequently fixed and colonies scored under a phase-contraggre gated out. The antibodies used for FACS analysis werazanti-
microscope. Colonies were scored if they contained >32 cells. As thgouse monoclonal antibody (clone AK-7; TCS Biologicals Ltd), anti-
number of cells selected was small, irradiated (60 Grays) STO celf&s mouse monoclonal antibody (clone Mikd2; TCS Biologicals Ltd)
were added as feeders. In control dishes the unattached cells were &ad antile mouse monoclonal antibody (clone 4F10; TCS
removed by washing. Biologicals Ltd). The antibodies were directly conjugated with FITC.
To determine the optimum time to select the stem cell population,
basal cells were plated onto ECM-coated dishes‘a & 5, 20, 60
and 3 hours and the percentage of adherent, CK18-expressing cqligSyLTS
was determined.

Xenografts az-Integrin-bright cells are located within the basal

To determine the ability of rapidly-adherent basal cells to inducéayer c_)f_ prostate e_Pithe'ium ) ) )
ductal branching morphogenesis, growth and functionaMe initially quantified the levels of the-integrin subunit,
cytodifferentiation in vivo, epithelial cells ¥10° to 1x10F), obtained ~ within epithelial cells on the basement membrane of acini
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using an antibody tay, directly conjugated to FITC. We used al., 1987), but is also present in a subset of basal cells in situ
a directly conjugated antibody to obviate any amplificationNagle etal., 1991; Yang et al., 1997; van Leenders et al., 2000)
provided by a secondary antibody that might mask any smathnd a sub-set of basal cells isolated directly from tissue
but potentially relevant differences in integrin levels in the(Robinson et al., 1998) and is likely therefore to be a marker
tissue (Jones et al.,, 1995Wo-Integrin expression was of basal cells committed to differentiation. It was impossible
measured along the lateral cell borders of cells within the bastd retrieve cells before 5 minutes, and in all the experiments
layer as expression was confined to the basolateral surfacesunfdertakenri=10) approximately 5% of the cells were CK18
the cells (Fig. 1). Only 1.07% of the basal cells examined wengositive. Increasing the time of adherence to type | collagen
defined asu-integrin bright. Bright cells were never found increased the fraction of CK18 cells. Within 20 minutes, 25%
together, and between 0-5 were present in each cross sectmfhadherent cells expressed CK18. When we compared the
of an acinus. There was no significant difference in the numbexpression of CK18 with the unselected population we found
of bright cells found and the size of aciR>0.05). Based upon that almost 50% of basal cells expressed this differentiation
the average circumference of acini examined (86337  marker (Fig. 4).

pum), 0.64% (+0.30%,) of the total cells in each acinus were ) o

examined in the plane of a cross-section; 43% of the 300 acifiapidly adherent cells are  az-integrin bright

examined contained integrin-bright cells. Assuming that brighTo confirm the relationship between integrin levels and
cells are evenly distributed between acini, using these figurgsoliferative potential, expression ag-integrin was analysed

we estimated that each acinus would contain approximately 4y flow cytometry from six tissue samples (Fig. 5A). The

integrin-bright cells. results clearly show that the unselected cells have a broad range
of a2 expression, whereas rapid adhesion to type | collagen

Clonogenic cells can be enriched by rapid selected theo-integrin-bright cells. From these data we

attachment to type | collagen calculated that approximately 15+10% of the total basal cell

Previous studies have shown that tissue stem cells can adhpmpulation wasi bright.
to basement membrane proteins more than other basal cells andt has been reported previously that keratinocytes that
that this adhesion might be mediated thronah
differential expression of specific integr
(Jones et al., 1995; Shinohara et al.,, 1999 A
ascertain whether we could use this proper
select a stem cell population, we plated k
cells onto culture dishes coated with E
proteins for different lengths of time. Cells t
adhered rapidly to type | collagen, type
collagen and laminin 1 had a higher C
than controls (Fig. 2). Within 5 minut
approximately 3% of the basal population
adhered to type | collagen and the CFE
3.8-fold greater than the non-selected k
population. Similarly, a 2.5-fold enrichment B
colony forming cells was obtained with type
collagen (5% of the total basal populatic 100 s
whereas the maximum enrichment of col 4
forming cells with laminin-1 was less than N
fold and occurred after 5 minutes, when 24¢ 1 m
basal cells had adhered. In contrast to the ra M

|

P o f1
from the prostate was also examined anc
results are shown in Fig. 3 and Fig. 4. Epith
cells that adhered within 5 minutes to tyg ot - - P - i 5
collagen had a basal phenotype, as deterr Length (microns)
by expression of CK5 and CK14 (3812

@
o

adherent population, cells that adhered to E

Pixel Intensity

after 20 and 60 minutes formed few color

/ |
|
Adhesion to type | collagen was used in fur N \ '
experiments because it gave the gre 7 \r\ W M
enrichment for colony-forming cells. VJ
The phenotype of basal cells isolated dire 20 W\ﬂ

. : Fig. 1.Frozen sections of prostate were labelled with @sthtegrin antibody,

a_ntlbody_) _and Iagl_( of expression of directly conjugated to fluorescein isothiocyanate (FITC), and viewed by confocal
dlfferentlatlon-speCIfIC markers PSA and F microscopy. The intensity of fluorescence was measured along a line drawn through
(Fig. 3). However, a small proportion of = the |ateral cell borders. (A) Section of human prostate stained with a FITC-conjugated
rapidly adherent population expressed C  antibody to thex-integrin subunit. (B) Fluorescence was measured along basolateral
(Fig. 4). CK18 is expressed by the differentic  cell borders, with each numbered peak corresponding to one cell border. Peaks 3-4
secretory luminal cells in prostate (Werner shows a brightly stained cell surrounded by weakly stained cells (peaks 1-2, 5-6).
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5 Fig. 2.Basal cells were plated onto type | collagen (open bars), type
IV collagen (closed bars) and laminin-1 (grey bars) for 5 and 20

4. l minutes and the nonadherent cells were washed off and plated onto
w fresh ECM-coated plates (marked as 20 min+ and 60 min+). Cells
LL were counted before the addition of irradiated feeders and were then
g 3 cultured for up to 21 days. Controls were plated with no pre-
> selection. Colonies containing 32 or more cells were scored. Colony
T 24 forming efficiency (CFE) was calculated as the number of colonies
© formed per number of adherent cellE00%. CFEs are expressed as
o the ratio of the control CFE. Results shown are the meansts.e.m. of

14 ﬁ five experiments.

0 [ ﬂ ul T8

5 min 20min 20 min+ 60 min + <32 cells, and all the cells were large, squamous and terminally
Time (minutes) differentiated after a few rounds of cell division (data not
shown). Although we were able to select proliferative basal

express high levels of integrins (Jones et al., 1995) angy ~ Cells by their rapid attachment to type _collagen 1, we were
(Li et al., 1998) have characteristics of stem cells. We therefoi¢hable to select for type | or type Il colonies. That is, cells that
examined their expression pattern by flow cytometry. Wedhered to type | collagen, within 5 minutes formed either type
wished to determine whether basal cells that rapidly adhere ter type Il colonies. By contrast, cells that attached to type |
type | collagen, and am-integrin bright, also express higher collagen after 20 minutes founded type III colonies.

levels of integrinsaz and oe than the unselected basal . .

population. Fig. 5B,C illustrates that the unselected basal celR2sal cells selected by rapid adhesion to collagen

exhibit a broad range of expression for integiigsndag but ~ YPe | form fully differentiated glands in vivo

rapid adhesion to type | collagen selects for cells with highePne of the properties attributed to stem cells is the ability to
levels of integrins az and oe.

However, the levels of express 34BE12 CK18

were not as high as for integrir. ] .

Rapidly adherent cells grow
more slowly in culture than v

total basal cells o e -
We compared the types of colc ® -
produced by the total ba:
population and by basal cells selec o .
by rapid adherence to type | collag

(Fig. 6A,B). Colonies were scorec g

they contained more than 32 ci

after 21 days growth. We identifi CK19 PAP

three types of colony. Type | colon

were founded by cells that did 1 - .

divide in culture for at least 7 da:

After this initial lag period the

formed large colonies by 28 de - =

(>15 cell doublings). The perime
of these colonies was nearly circt
and many small cells were obser )
throughout the colony and in so - -

colonies they had concentra —

around the perimeter. The inter

was often stratified; the upp pga

differentiating layers consisting

larger, flattened cells. By contre

type Il colonies grew more rapic

and were often larger than type '

colonies at 21 days. The perime v

was irregular, as the colonies w

heterogeneous; small cells w

intermingled with differentiating w .

larger, flattened cells. Type \ .. Fig. 3.Basal cells that adhered to type | collagen
colonies were small, irregular a « within 5 minutes stained with antibodies3&L2,
terminal. Such colonies contair anti-CK18, CK19, PAP and PSA.
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Fig. 4. Percentage of freshly isolated basal cells expressing CK18

(closed bars) after 5, 20, 60 minutes and overnight (marked as B
unselected) attachment to type | collagen. Results shown are the
meansts.e.m. of 10 experiments. -

regenerate the different cell types that constitute the tissue
which they exist (Morrison et al., 1997). We therefore
determined whether the integrin-bright population, isolatec
directly from the basal layer, had the potential to self-reney
and form fully differentiated glands when grafted into athymic She T T e T
male mice. Adhesion to type | collagen was used in this seri¢ Fluorescence
of experiments because it gave the greatest enrichment
colony forming cells. Basal cells were selected after 5 minute
on type | collagen-coated plates and were immediately grafte C
together with human stromal cells, into the flanks of athymit
male mice. After 42 days, a fully formed epithelium was -
retrieved from 8/30 type | collagen-selected cells. In the
remaining cases, no epithelium was recovered, but a den
inflammatory infiltrate was observed. In control samples (bas:
cells that had not adhered within 20 minutes to type | collager
no epithelium (0/30) was recovered, but a fibromuscula
stromal matrix was apparent in 4/30 of these grafts. In the eig “ioe K 102 10° 0%
grafts containing epithelium, variable gland formation was Fluorescence
observed, with morphologic and immuno-histochemicaliy 5 Basal cells were labelled with FITC-conjugated antibodies to
evidence of both secretory and squamous cell differentiatiofhe a,-, as- andae-integrin subunits and analysed by flow cytometry.
(Fig. 7). The xenografts often consisted of a single acinug) Analysis ofaz-integrin expression. Bold solid line, unselected
surrounded by minimal, concentrically arranged, looseasal cells; solid line, cells that adhered to type | collagen within 5
connective tissue or several acini within connective tissueninutes. (B) Analysis ofiz-integrin expression. Bold solid line,
Lumina were well defined, often containing a mass of eithe¢nselected basal cells; solid line, cells that adhered to type I collagen
dead cells or secreted material. The majority were lined witiithin 5 minutes. (C) Analysis afe-integrin expression. Bold solid
flattened or cuboidal cells, often 3-4 layers thick. These celld€. unselected basal cells; solid line, cells that adhered to type |

. . . e collagen within 5 minutes.
stained intensely with the basal cell-specific markepE32
antibody). The cells facing the lumen were morphologically
columnar and stained with antibodies against PAP and PS#ghe epithelial structures. Examination of these cells using
which are secreted by the prostate into seminal fluid (Lilja andntibodies against vimentin and smooth musalactin
Abrahamsson, 1988). As the secretory luminal cells areonfirmed that the cells closely associated with the epithelial
dependent upon androgen for survival we expected thatructures had a smooth muscle phenotype. Vimentin
androgen receptor expression would also be expressed in thesg@ression, characteristic of stromal fibroblasts was not
grafts; indeed this was the case. Expression was confined to thieserved.
nucleus of some basal cells as well as the secretory luminal
layer.

To ascertain the origin of the stromal component, propidiunDISCUSSION
iodide-stained sections were examined from all grafts under
investigation. While the epithelial structures always showed thé/e have shown that in vivo, high surface expression afithe
diffusely fluorescent nuclei characteristic of human origin, théntegrin subunit on human prostate epithelium correlates with
stroma showed both the human diffuse stain in addition to theolony forming ability and the potential to regenerate a fully
speckled pattern indicative of rodent origin. Stromal cells withdifferentiated prostate epithelium in vivz(31-integrin-bright
the appearance of human nuclei were closely associated witklls could be isolated directly from the tissue by rapid

Events

Ewvents=
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Fig. 6. Colony types founded by basal cells that adhered within 5 minutes to type | collagen. Type | (A) and type Il (B) coldroesmae s
21 days growth.

adherence to type | collagen. A fourfold enrichment of colonfounded by transit cells can be determined only by studying
forming cells was obtained from cells that adhered within Sheir long-term proliferative potential rather than their colony
minutes to type | collagen, whereas those cells that had nfiirming ability after 21 days growth in vitro. Nonetheless, it is
adhered within 20 minutes did not form actively growingunlikely that all type Il colonies were founded by transit
colonies. Hudson et al. alen

demonstrated enrichment of colc 34BE12 PAP

forming cells on type | collage
(Hudson et al., 2000). Although the
is no single definition for a stem ct
there is general agreement that <
a cell would exhibit clonogenicit
However, there is uncertainty
defining the minimum number
generations that defines a cell
stem cell. Clones containing as f
as 32 cells (5 cell doublings) he
been interpreted as of stem «
origin (Jones et al., 1995). Howe\
epidermal colonies founded
transit-amplifying cells have be
shown to undergo as many as
doublings (Barrandon and Gre
1987). Whilst we could show th
proliferative cells could be select
by rapid attachment to type
collagen, type | and type Il colon
forming cells were not preferentia
selected by this method. Althou
type Il colonies were often larg
at 21 days, when the colon
were scored they were mc
heterogeneous than type | colon
small cells were intermingled wi
differentiating cells. The oth
important difference between t
colony types was that it took long
for the cells that founded type
colonies to begin a phase growtt

vitro, possibly reflecting the slow ¢ Fig. 7. xenografts of prostate acini formed by transplantation of basal cells selected by adhesion to
cycle time of stem cells in Viv  type | collagen for 5 minutes and stained with antibodi@E32, anti-PAP, anti-PSA, anti-AR,
Whether type | colonies are founc  and smooth muscle actin (SMxA). Grafts were also stained with propidium-iodide (PI). Basal

by stem cells and type Il colonies  and secretory luminal cells are present.

SMoA
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amplifying cells as the majority of rapidly adherent cells didsurface marker. For example, 40% of cells in the basal layer of
not express the differentiation marker K18. The cellghe epidermis are integrin bright, yet kinetic analysis would
expressing K18 accounted for less than 5% of the rapidlgredict that the percentage of stem cells is closer to 10%
adherent population. We concluded from these results thgiPotten and Morris, 1988). Kaur and Li recently reported that
first, the most adhesive cells in our experiments included thepidermal cells that had begun to differentiate within the basal
stem cells as well as a small population of transit-amplifyindayer retain high levels of activate@s-integrin, but
cells and, secondly, commitment to differentiation occurslownregulatesf3s expression (Kaur and Li, 2000). These cells
within the basal layer. retain their adhesive capacity, indicating that induction of
One important property attributed to stem cells is the abilitylifferentiation does not correlate with decrea@edxpression
to regenerate the different cell types that constitute the tisswe function. By contrast, however, we found that in prostate
in which they exist. Thus, transplanted cells should be capabémpithelia the rapidly adherent population also express high
of self-renewal and to produce progeny that differentiate inttevels of integringiz andae. Mutagenesis studies in which a
a fully functional epithelium. By definition, only stem cells visible cell label can be produced will be required to resolve
could produce this result. The most adhesive cells in ouhe clonal makeup of prostate epithelia as well as the spatial
experiments fulfilled these requirements, as they were able telationship between stem cells and their progeny.
regenerate a fully differentiated prostate epithelium when In conclusion we have shown that cells that express high
grafted into nude mice. By contrast, the slowly adherent cellevels of theaz-integrin subunit have properties that indicate
were incapable of forming prostate epithelium in vivo. Thesehat they are equivalent to the stem cells of the prostate as they
results provide the strongest evidence yet that stem cells dnave the potential to establish and maintain a prostate
present in the slowly cycling prostate epithelium and that thegpithelium similar to that found in vivo, with associated
can be selected by high surface expression of integfn secretory activity. These findings are in agreement with several
As prostatic development and maintenance of function in theeports that the stem cell populations of other self-renewing
adult is dependent upon stromal interactions (Cunha et atissues express similgdi-integrin molecules (Jones et al.,
1983), epithelial cells were grafted together with stroma td995; Hirsch et al., 1996; Jacques et al., 1998). The degree of
induce epithelial morphogenesis and cytodifferentiationenrichment of stem cells attainable by this method will allow
Although we cannot comment on the nature of this interactiofurther fractionation and analysis of the stem cell population
without further study, it was interesting to note that the stromab identify a set of additional markers unique for prostate
cells closely associated with the grafts were smooth musckpithelial stem cells. A systematic evaluation of surface
cells, which begs the question of whether this phenotype imolecules on the stem cells will facilitate identification and
induced by the epithelium (Hayward et al., 1992). purification of these cells and greatly contribute to our
In classical self-renewing tissue, stem cells reside in annderstanding of pathways governing proliferative regulation
optimal microenvironment, or niche. The dividing cells areand differentiation. Most importantly, stem cell research will
located in one place and the stem cells lie elsewhere. Thpgovide a foundation for therapeutic advancement in the
histological structure of most epithelia is clearly composed ofreatment of prostate cancer.
structural units, and the number of stem cells is directly related
to tissue architecture (Slack, 2000). In the epidermis, for The Wellcome Trust, UK, supported this research.
example, stem cells reside at the tips of the deep rete ridges in
palm and can be located by their high surface expression of
integrinsaof31 andasPi. Integrins hold cells in the right place REFERENCES
In a tissue, and loss or alteration of integrm expression ensuregrrandon Y. and Green, H.(1987). 3 clonal types of keratinocyte with
departur_e from the stem cell niche through dlﬁereml_atlon OP different’capacities for ’multiplicatiorProc. Natl. Acad. Sci84, 2302-
apoptosis (Zhu et al., 1999). In our study we examined the »306.
position and number of integrin-bright cells within prostaticBonkhoff, H., Stein, U. and Remberger, K(1993). Differential expression
acini. However, it should be noted that we used tissue from of a6 anda2 very late antigen integrins in the normal, hyperplastic, and
; lastic pr m. Pathol24, 243-248.
patients that WOL.JI.d have had some o_Iegree (.)f.BPH and that t cg\i%%g,st:l.pazséallgzxrnbergaér,oé (’199325). gifferentiation pathways and
numb_er and, position of stem cells W'th'n a_C'n' may not reflec histogenetic aspects of normal and abnormal prostatic growth — a stem cell
the picture in normal prostate. Integrin-bright cells were not model.Prostate28, 98-106.
confined to tips of acini, for example, but were randomlyCollins, A. T., Zhiming, B., Gilmore, K. and Neal, D. E(1994). Androgen
located throughout each acinus unlike the epidermis, where theand oestrogen responsiveness of stromal cells derived from human
integrin-bright cells are arranged in clusters (Jones et aI.,Eﬁ%%rcpr'ﬁzﬁ'cl‘lp?g;”_“ze?iOeStrogen regulation of the androgen reckptor
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examined. Approximately 1% of cells were classed as integrin (1983). Hormone-induced morphogenesis and growth: role of
bright by confocal microscopy, but this number was nearer mesenchymal-epithelial interactiofiec. Prog. Hormone Re9, 559-598.
15% by flow cytometry; however, it is difficult to compare the PeXter T. M., Allen, T. C. and Lajtha, L. G. (1977). Conditions controlling
. . the proliferation of haemopoietic stem cells in vittoCell Physial91, 335-
two systems. From the confocal images we defined 344,
integrin-bright cells as those in which the fluorescencengiish, H. F., Kyprianou, N. and Isaacs, J. T(1989). Relationship between
intensity across cell borders was at least twice the average oBNA fragmentation and apoptosis in the programmed cell-death in the rat
other cells in the transect, whereas all the cells that bound ﬂ%ﬁ{os;ateA fogzg'“\?V;?St?“?wm“(’igagg)ﬁrSztiﬁ;zig“s, the generation and
tyPe | collagen W'Fhl_n S5 minutes were Classed}e‘smeg”n m’aintenance of ceIIu’Iar diversitipevelopment06, 619-633.
bright. However, it is clear that we cannot determine theayward, S. W., Del Buono, R., Deshpande, N. and Hall, P. £1992). A
number of stem cells by quantifying expression of a single cell functional model of adult human prostate epithelium: The role of androgens



3872 JOURNAL OF CELL SCIENCE 114 (21)

and stroma in architectural organisation and the maintenance of relationships of prostatic intraepithelial neoplasia to invasive prostatic
differentiated secretory functiod. Cell Sci102 361-372. carcinomaAm. J. Pathol138 119-128.

Hirsch, E., Iglesias, A., Potocnik, A. J., Hartmann, U. and Fassler, R. Potten, C. S(1981). Cell replacement in epidermis (keratopoiesis) via discrete
(1996). Impaired migration but not differentiation of haemopoietic stem units of proliferationint. Rev. Cytal60, 271-318.

cells in the absence of beta(1) integriNature380, 171-175. Potten, C. S. and Morris, R. J.(1988). Epithelial stem cells in vivd. Cell
Hudson, D. L., O’'Hare, M., Watt, F. M. and Masters, J. R. W.(2000). Sci. Suppll10, 45-62.

Proliferative heterogeneity in the human prostate: Evidence for epithelidPotten, C. S. and Loeffler, M.(1990). Stem cells-attributes, cycles, spirals,

stem cellsLab. Invest80, 1243-1250. pitfalls and uncertainties-lessons for and from the ciyptelopmeni10,

Isaacs, J. T.(1987). Control of cell proliferation and cell death in the normal 1001-1020.
and neoplastic prostate: a stem cell modeBdnign Prostatic Hyperplasia Robinson, E. J., Neal, D. E. and Collins, A. T(1998). Basal cells are
(ed. C. H. Rogers, D. S. Coffey, G. Cunha, J. T. Grayhack, F. Hinman Jr progenitors of luminal cells in primary cultures of differentiating human
and R. Horton), pp. 85-94. National Institutes of Health, Dept. of Health and prostatic epitheliuniProstate37, 149-160.
Human Services, Report No. NIH 87-2881. Shinohara, T., Avarbock, M. R. and Brinster, R. L. (1999).31- and ae-
Jacques, T. S., Relvas, J. B., Nishimura, S., Pytela, R., Edwards, G. M., integrin are surface markers on mouse spermatogonial steniPcedsNatl.
Streuli, C. H. and Ffrench-Constant, C.(1998). Neural precursor cell Acad. Sci. USA6, 5504-5509.
chain migration and division are regulated through different beta 1 integrinSlack, J. M. (2000). Stem cells in epithelial tissu&zience287, 1431-1433.

Developmeni25 3167-3177. Van Leenders, G., Dijkman, H., Hulsbergen-van de Kaa, C., Ruiter, D.
Jones, P. H., Harper, S. and Watt, F. M(1995). Stem cell patterning and and Schalken, J(2000). Demonstration of intermediate cells during human
fate in human epidermi€ell 60, 83-93. prostate epithelial differentiation in situ and in vitro using triple-staining

Kaur, P. and Li, A. (2000). Adhesive properties of human basal epidermal confocal scanning microscopyab. Invest80, 1251-1258.
cells: an analysis of keratinocyte stem cells, transit amplifying cells, and/erhagen, A. P. M., Aalders, T. W., Ramaekers, F. C. S., Debruyne, F. M.
postmitotic differentiating cellsl. Invest Dermatol114, 413-420. J. and Schalken, J. A. 1988). Differential expression of keratins in the
Knox, J. D., Cress, A. E., Clark, V., Manriquez, L., Affinito, K.-S., Dalkin, basal and luminal compartments of rat prostatic epithelium during
B. L. and Nagle, R. B.(1994). Differential expression of extracellular ~ degeneration and regeneratiémostate13, 25-38.
matrix molecules and thes-integrins in the normal and neoplastic prostate. Walensky, L. D., Coffey, D. S., Chen, T., Wu, T. and Pasternack, G. R.
Am. J. Pathol145 167-173. (1993). A novel M(r)-32,000 nuclear phosphoprotein is selectively
Li, A., Simmons, P. J. and Kaur, P.(1998). Identification and isolation of expressed in cells competent for self-rene@alincer Res53, 4720-4726.
candidate human keratinocyte stem cells based on cell surface phenotypéernert, N., Seitz, G. and Achtstatter, T.(1987). Immunohistochemical

Proc. Natl. Acad. Sci. US85, 3902-3907. investigation of different cytokeratins and vimentin in the prostate from the
Lilja, H. and Abrahamsson, P. A.(1988). 3 predominant proteins secreted fetal period up to adulthood and in prostate carcind?athol. Res. Pract.
by the human-prostate glarférostatel12, 29-38. 182 617-626.
Liu, A. Y., True, L. D., LaTray, L., Nelson, P. S., Ellis, W. J., Vessella, R.  Yang, Y., Hao, J., Lui, X., Dalkin, B. and Nagle, R. B(1997). Differential
L., Lange, P. H., Hood, L. and Van Den Engh, G(1997). Cell-cell expression of cytokeratin mRNA and protein in normal prostate, prostatic
interaction in prostate gene regulation and cytodifferentiafooc. Natl. intraepithelial neoplasia, and invasive carcinoma. J. Pathol150, 693-
Acad. Sci94, 10705-10710. 704.
Morrison, J., Shah, N. M. and Anderson, D. J.(1997). Regulatory  Zhu, A. J., Haase, I. and Watt, F. M (1999). Signaling via1 integrins and
mechanisms in stem cell biolog@ell 88, 287-298. mitogen-activated protein kinase determines human epidermal stem cell fate

Nagle, R. B., Brawer, M. K., Kittelson, J. and Clark, V.(1991). Phenotypic in vitro. Proc. Natl. Acad. SCUSA96, 6728-6733.



