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Summary

The prostate contains two major epithelial cell types —
luminal and basal cells - both of which develop from
urogenital sinus epithelium. The cell linage relationship
between these two epithelial types is not clear. Here we
demonstrate that luminal cells can develop independently
of basal cells, but that basal cells are essential for
maintaining ductal integrity and the proper differentiation

of luminal cells. Urogenital sinus (UGS) isolated from
p63+ and p637- embryos developed into prostate when
grafted into adult male nude mice. Prostatic tissue that
developed inp637~ UGS grafts contained neuroendocrine
and luminal cells, but basal cells were absent. Therefore,
p63 is essential for differentiation of basal cells, but p63 and
thus basal cells are not required for differentiation of
prostatic neuroendocrine and luminal epithelial cellsp63-/-

prostatic grafts also contained atypical mucinous cells,
which appeared to differentiate from luminal cells via
activation of Src. In the response to castration, regression
of p637~ prostate was inordinately severe with almost
complete loss of ducts, resulting in the formation of residual
cystic structures devoid of epithelium. Therefore, basal
cells play critical roles in maintaining ductal integrity and
survival of luminal cells. However, regresse@63-- prostate
did regenerate in response to androgen administration,
indicating that basal cells were not essential for prostatic
regeneration.
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Introduction
The prostate contains two major epithelial cell types: lumin

processes (Kurita et al., 2001). In male seasonal breeders such
afs the ram, the prostate undergoes this regression/regeneration

and basal epithelial cells. Both luminal and basal epithelia"fyCIe n_aturally in response to the_ _seasonal changes in the
cells develop from the urogenital sinus epithelium (UGE)SyStemIC angrogen levels. This qb|llty of the prostate to go
which is stratified squamous (Wang et al., 2001). Columnaltlhrough multiple cycles of regression/regeneration implies the

luminal secretory cells express prostate-specific markers Su(e’hastence of stem cells in prostatic epithelium. Although it has

as Nkx3.1 (Bhatia-Gaur et al., 1999) and prostate-specifiﬁgt been definitively demonstrated, basal cells are widely

secretory proteins (Donjacour et al., 1990). Prostatic basal ce elieved to contain prostatic stem cells, which can differentiate
yp ) " : 0 basal, luminal and neuroendocrine cells (Collins et al.,

reside on the basement membrane and express markersztgbl; Foster et al., 2002; Hudson et al., 2000; Uzgare et al.,

common with basal epithelial cells in other epithelia, €.95004 van Leenders and Schalken. 2001: Wan
i ! ’ ’ g et al, 2001)
cytokeratin 14 (K14) (Hayward et al., 1996) and p63 (Yang ef, conirast, a recent study has suggested that stem cells may

al., 1998). Whereas luminal cells are the major functional s, reside in luminal cell layer as a slow proliferating/self-

component of prostate, the role of basal cells is uncleafoserye population in the proximal part of prostatic ducts

Prostatic epithelium also contains rare neuroendocrine Ce't‘:rsujimura et al., 2002). The presence and nature of prostatic

(Aumuller et al., 2001; Schalken and van Leenders, 2003). Th§em cells continue to be debated because stem cells may be
developmental cell-linage relationships between luminal, basghe target of carcinogenesis.

and neuroendocrine cells have been debated without resolutionyg3 “(also named KET, p51A, p51B, p40 or p73L) is a

for years. homologue of the p53 tumor suppressor gene (Yang et al.,
Development and growth of the prostate depend upomggsg). p63 is essential for development of squamous epithelia.
androgen. The androgen signals regulating prostatig63-- mice have severe defects in stratified epithelia, which
development (and maintenance) are mediated by androgeBuses newborn lethality, and lack organs arising from
receptor (AR) in stromal cells (Cunha and Lung, 1978gpidermis such as mammary and salivary glands (Mills et al.,
Donjacour and Cunha, 1993; Kurita et al., 2001; Sugimura €999; Yang et al., 1999). In the female reproductive tract, p63
al., 1986). Androgen receptors in luminal cells are required fag an identity switch for cell-fate determination, and loss of p63
secretory protein production (Donjacour and Cunha, 1993fauses transformation of cervical/vaginal epithelial cells into
The prostate regresses in response to androgen withdrawal, andrine epithelial cells (Kurita et al., 2004). In the prostate, p63
restoration of systemic androgen elicits regeneration of this expressed in the basal cells (Yang et al., 1998). Signoretti et
prostate. Androgen receptors in the stroma regulate thesé proposed that p63 is the stem cell factor for prostate because
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the prostate is not formed in embryonic/newbp63— mice  hydroxyl termini of DNA in situ (TUNEL assay) using ApoTag kit
(Signoretti et al., 2000). However, we have generp@&@t’~  (Oncor, Gaithersburg, MD, USA).

prostate through rescue @637~ urogenital sinus (UGS) _ : .
by transplantation.p63”~ prostate contains Iuminal and "reparation of ultra-thin JB4 sections \ ;
neuroendocrine but not basal cells. In this study, we elucidafd'® tissues were fixed with 1.8% paraformaldehyde, ~2.5%

: : taraldehyde, ~0.1% picric acid in cacodylate buffer (pH 7.2) by
gﬁiggligsggiand basal cells in development and mamtenan%é‘rfusion of host mice. The tissue samples were embedded using a

JB4 plus embedding kit (Polysciences, Warrington, PA, USA)
following the manufacturer's instructions. Thin sections (Qr8)
; were cut with a glass-knife, and stained with Hematoxylin and Eosin

Materials and methods (H&E)
Animals and grafting _
Mice were maintained in accordance with the National Institutes ofmage analysis
Health (NIH) Guide for Care and Use of Laboratory Animals, and théor image analysis, images were captured with CCD camera
UCSF Laboratory Animal Resource Center committee approved aiinterfaced with Macintosh G3 computer (Apple, Cupertino, CA,
procedures described here. Adult nude mice were purchased frddA) and at least four specimens for each group were analyzed. For
Charles River (Wilmington, MA, USA). labeling index of phospho-histone H3 (pH3), the epithelial cells

p637- embryos were produced by heterozygous intercrosses gfositive and negative for pH3 were counted on the screen in at least
p63Prdm2 mice (Mills et al., 1999). Pregnant females were sacrificedwo frames for each specimen (more than 600 total epithelial cells).
at 16-18 days postcoitum, and embryos were harvested. UGSs frofa assess the complexity of ducts, area of the grafts and length of
p637- and p63* embryos were useg637~ mice were identified basement membrane lined with epithelial cells were measured on the
visually by the limbless phenotype. The genotypes of embryos wegcreen. The complexity of the ductal structure was expressed as the
confirmed by PCR. The phenotypespf3”* and p63/- prostates total length of epithelium (basement membrapen)divided by area
were essentially identical in the intact host. Therefore, analysis w&$im?) of prostatic tissue in the graft.
concentrated o637+ and p637~ UGE. Urogenital sinuses were
grafted under the kidney capsule of athymic male nude mice. THRT-PCR
results presented here are based upon analysis p686 and 61  Total RNA was extracted from threé3"* and twop63/~UGS grafts
P63+ UGS grafts. four weeks after grafting with TRI reagent (Sigma). The cDNA was

Some hosts were castrated at the time of grafting or one month aftgynthesized from fig total RNA by using Super Script Il (Invitrogen,
grafting. Compressed pellets of testosterone propionate (Sigma) (Zxrisbad, CA, USA) with random primer (Invitrogen). All PCR
mg T-pellet) were implanted into castrated host mice one month aft@rimers were synthesized at the UCSF Biomolecular Resource Center.

the castration. For detection of the keratin 14, forward prim&&CTCTTGTGGT-
_ _ ATCGGTGGT and reverse primer-5TGCTCTTCAGGTCCTC-
Histochemistry GAT were used (496 bp product). For the detection offtaetin,

Alcian blue staining (pH 2.8) was used for detection offorward primer 5AGCCATGTACGTAGCCATCC and reverse
acid mucopolysaccharides  (Putt, 1971). Methods forprimer 3-CTCTCAGCTGTGGTGGTGAA were used (392 bp
immunohistochemical detection in paraffin-embedded tissues hayroduct). RT reaction was performed inj2Qeaction mixture and 1
been described (Kurita et al., 1998). Mouse monoclonal antibodigd of RT-product was used as template for PCR-reaction. For all
were used at the following concentrations: anti-p63 4A4 (1:100primer sets, PCR was performed with the following protocol:
(1:20, Santa Cruz Biotechnology), anti-Ki67 (1:100, Novacastralenaturing, 94°C, 15 seconds; annealing, 58°C, 15 seconds; and
Laboratories, Burlingame, CA, USA), anti-K8 LE41 (1:2) and anti-extension, 72°C, 1 minute; for 40 cycles, with Advan Taq Platinum
K14 LE0O1 (1:2, gift from E.B. Lane, University of Dundee, Dundee,Tag polymerase (Clontech Laboratory, Palo Alto, CA, USA).

UK). Mouse monoclonal antibody against the active form of Src

(clone 28, 1:500) was kindly provided by Hisaaki Kawakatsu, LungResults

Biology Center, UCSF (San Francisco, CA, USA) (Kawakatsu et al.,

1996). Rabbit polyclonal antibodies were used at the followingdntogeny of p63 in UGS and phenotypes of  p63~~
concentrations: anti-AR (1:100, Affinity BioReagents, Golden, CO,UGS

USA), anti-phospho-histone H3 rabbit (1:100), “anti-phospho-at E11 only the epithelium lining the ventral portion of the
ERK1/2 (1:100), anti-phospho-MEK1/2 (1:100) and anti-phosphogigaca was positive for p63 (Fig. 1A). On E12 the entire

p65 NF-kB (1:100, Cell Signaling Technology, Beverly MA, USA), _ . : :
anti-Cdk4 (1:100), anti-maspin (1:200, Santa Cruz Biotechnology)eplthellum of the cloaca expressed p63 (Fig. 1B). As the cloaca

anti-pan-Ras (1:500, LabVision, Fremont, CA, USA), antBER d|fferent|ate_d into_the UGS f”‘”d h'ndQUt’ _p63 expression
rabbit (1:30, BioGenx, San Ramon, CA, USA) and anti-involucrindradually disappeared from hindgut epithelium, whereas its
(1:2000, Covance, Princeton, NJ, USA). Rabbit antiserum for Nkx3.€xpression was maintained in UGE (Fig. 1B,D). By E16,

(1:100) was a gift from C. Abate-Shen (University of Medicine andcolorectal epithelium was negative for p63 except for the

Dentistry of New Jersey-Robert Wood Johnson Medical School) andaudal end connected to skin (anus) (Fig. 1D). UGE was p63-
uroplakin (1:2000) was a gift from T. T. Sun (New York University positive at E14 and E16 (Fig. 1D,E).

School of Medicine, New York, USA) (Wu et al., 1994). Anti-serum  The differentiation markers @63+ andp637/-UGSs were

for secretory proteins from mouse dorsolateral prostate (MDLPXtdied in E17.5 male embryos (Fig. 1E-N). The caudal part of
mouse ventral prostate (mVP), mouse bulburethral glland (MBUGH o p63-- UGS was thinner than that of tpé3** UGS (not

and mouse seminal vesicle (mSV) were used at 1:5000 d||ut|oghown), but the area in which the prostate develops did not

(Donjacour et al., 1990). Anti-K19 rabbit monoclonal antibody (1:1) . I
was obtained from Robert Pytela (UCSF). Positive signals wer@pPpear to be affected by loss of p63 (Fig. 1I-L). UGSH8f

visualized as brown precipitates utilizing '3gBaminobenzidine ~€mbryos showed typical sexual dimorphism; the bladder neck
tetra-hydrochloride (Sigma). Some immunohistochemistry (IHC)-Of male p637~ embryos was thicker and was more angulated
stained slides were also stained with Alcian Blue. Hematoxylin waghan the femalp63/~UGS [compare Fig. 1H,L (male) versus
used for counter staining. Apoptotic cells were detected 'by 3Fig. 10 (female)]. The presence of mesonephric (Wolffian)
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E17.5 UGS
_pe3tS  pe3d

Fig. 1.Ontogeny of p63 in urogenital sinus
(UGS) and phenotype b3~ UGS.

(A-D) Ontogeny of p63 in embryonic UGS.
CA, cloaca; HG, hind gut; MND,
mesonephric duct; NT, neural tube. Cross
section (A) and saggital section (B-D) of
mouse embryos. Scale bar: 5.

(E-O) Marker expression was examined in
malep63*+ UGS (E-H,M) and male

(I-L,N) and female (Op63-UGSs at
E17.5. MD, Miillerian duct; WD, Wolffian
duct. Gross morphology of thg37- UGS
was normal and showed normal sexual
dimorphism at E17.5 (compare O [female]
with I-L [male]). p637~urogenital sinus
epithelium (UGE) expressed differentiation
markers identical to that @63+ UGE
[uroplakin (G,K), involucrin (H,L) and
androgen receptor (AR) (M,N)] with the
exception that p63 (E,l) and K14 (F,J) were
absent im63-~UGE. In both mal@63+*
andp637-UGSs, notice epithelial
outgrowths into stroma in the area where
prostates normally form (black and white
arrows).

duct derivatives indicated sufficient androgen levels for seindicated by formation of epithelial evaginations in the regions
differentiation inp637-male embryos (Fig. 11). THg3"*and  where prostate normally forms (Fig. 1I-L,N, arrows). As
p63~UGE showed essentially identical expression patterns afxpected, similar epithelial evaginations were absent in
differentiation markers for UGE such as uroplakin (Wu et al.females (Fig. 10). Whereas normal prostatic buds are solid
1994) (Fig. 1G,K), involucrin (Walts et al., 1985) (Fig. 1H,L), cords of stratified epithelium, the epithelial cells in the in-folds
K19 (Wang et al., 2001) (not shown) and AR (Fig. 1M,N)were simple columnar and had definitive lumen.
(Cooke et al.,, 1991). Therefore, p63 is dispensable for
expression of several normal differentiation markers for UGEPhenotype of p63-'- prostate
However,p637/-UGE was columnar (Fig. 1N) and negative for p637/—andp63+ UGSs were dissected from E16-18 embryos,
K14 (Fig. 1J) indicating that p63 was essential for squamousansplanted and grown under renal capsule of adult male nude
differentiation, as suggested earlier (Mills et al., 1999; Yang anice. p637~ UGS developed ductal structures resembling
al., 1999). normal prostate (compare Fig. 2A and 2B). Development of
Androgen induces development of prostate, and androgge63”- prostate was androgen-dependent, becp@8¢- UGS
action is mediated by AR in urogenital sinus mesenchymgrafted into castrated male (Fig. 2C) or female (not shown)
(Cunha and Lung, 1979). AR was highly expressed irosts formed large cysts and never developed ducts. In general,
mesenchyme o637/~ UGS (Fig. 1N). The columng63’~  ducts ofp637- prostate were less dilated thpé3"* prostate,
UGE appeared to be responding to androgen-dependemit otherwise, the ductal morphology @637~ prostate
mesenchymal signal to induce prostatic development amppeared normal. Ducts p63-~ prostate were surrounded by
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Fig. 2. p63--prostate lacks basal cells. B@3"* (A) andp63--(B) urogenital sinus (UGS) formed prostate when grafted into intact male

hosts. Whep637- UGS was grafted into castrated male hosts, the UGS developed into a large cyst without ducts (C). The prostatic ducts were
surrounded by smooth muscle cells expressing smooth muscle actin (SMA) (D,E). Morphologically definable basal cells (biadkt)row

were not observed 63~ prostate (G,l)p63-~ prostate contained goblet cells (G,l, white arrows) (see also Fig. 3). Elongated/flat nuclei of
stromal cells should not be confused with basal cells. Expression of basal cell markers was exq®8¥edJdrL,N,P) ang637- (K,M,0,Q)

prostates. p63 (J,K), K14 (L,M), transglutaminase Il (TGII,N,0) and maspin (P,Q) were detectedo@ly*iprostate. All basal cell markers

were absent ip63-prostate (K,M,0,Q). RT-PCR for K14 (R) confirmed results of IHC. K14 mRNA was detected in host prostate

(coagulating gland + ventral prostate + dorsolateral prostate, lane 1) anp@Bfé@rostatic grafts (lanes 2-4) but notd@3-- prostates

(lanes 5 and 6B-actin was used for control.

smooth muscle cells as in normal prostate (Fig. 2D,E)Fig. 3C). In time-course experiments the mucinous (Alcian
Although its gross morphology was similarg63/* prostate, blue-positive) cells were undetectable f83'~ UGS seven
p637~ prostate lacked morphologically definable basaldays after grafting (an early stage of prostatic development)
epithelial cells (Fig. 2F-I). Insteag63~~ prostate contained (Fig. 3D). Ten to 14 days after grafting, a small number of
goblet cell-like cells (Fig. 1G,l, white arrows). Basal cell Alcian blue-positive cells were detected in the prostatic ductal
markers [p63 (Fig. 2J,K), K14 (Fig. 2L,M), K19 (not shown), epithelium ofp637/~ UGS grafts (Fig. 3E). This observation
transglutaminase 1l (Friedrichs et al., 1995) (Fig. 2N,O)] wereuggests that differentiation of mucinous cells is secondary to
undetectable 637~ prostate epithelium. Maspin, which is the development of prostatic ducts.
expressed in the basal cells of normal prostate (Pierson et al.Expression of luminal cell markers was examined68+/*
2002) (Fig. 2P), was also absenpB~ prostatic epithelium (Fig. 3F,H,J,L) angh637- (Fig. 3G,I,K,M) prostates. AR (Fig.
(Fig. 1Q). Therefore, p63 is essential for development 08F,G), Nkx3.1 (Fig. 3H,l), and the secretory proteins mDLP
prostatic basal cells. The result of IHC was confirmed by RT¢Fig. 3J,K) and mVP (Fig. 3L,M) were expressed in the luminal
PCR for K14 (Fig. 2R). K14 mRNA was detected in hostcells in p63/* and p63~- prostates. AR and Nkx3.1 were
prostate an@63'/* prostate, but not in63--prostate (Fig. 2R). expressed in some mucinous cellsp68- prostate. mDLP-
Ducts ofp637-prostate were lined by columnar luminal and positive (Fig. 3K) and mVP-positive (Fig. 3M) cells were
atypical mucin-producing cells (Fig. 3A-C). These mucinoufound among Alcian blue-positive cells. In some mucinous
cells stained for PAS (not shown) and Alcian blue (pH 2.8fells, mDLP was co-expressed with mucin (Fig. 3K, black
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mucinous cells in p63- prostate activation of c-Src
H&E, - JHBE . [Noagde p63~"

neuroendocrine marker
(synaptophysin)

Fig. 3. Epithelial differentiation irp63-- prostate. Scale bars: Hn. Goblet mucinous cells were detected in qu@-~ prostate (A,C).

(C) The mucinous secretion stained for Alcian blue (pH 2.8). (D) Double staining for p63 and Alcian blue; one week afigtiggafti
mucinous (Alcian blue-positive) cells were undetectabied8~ urogenital sinus (UGS). Double staining for androgen receptor (AR) and
Alcian blue (E) inp637~ UGS grafts; a small number of Alcian blue-positive cells was detected in epithelium of proximal ducts at 10 days
after grafting (E, arrows). Expression of luminal cell markers was examirgaBift (F,H,J,L) andp637~(G,l,K,M) prostates. AR (F,G),
Nkx3.1 (Nkx, H,I), and secretory proteins, mouse dorsolateral prostate (mDLP) (J,K) and mouse ventral prostate (mVP) (L,M) were
expressed in the luminal cells p63"+ andp63-- prostates. mDLP-positive and mVP-positive cells were found among Alcian blue-
positive cells (K,M). mDLP was co-expressed with mucin (K, red and black arrows). Secretory granules contained both midiP and m
in some mucinous cells (K, red arrows). Activity of Src was examin@®3* andp63--prostates (N-Q). In thp63"/* prostate,

activation of Src was detected in neurons (P, red arrows) and a subset of basal cells (P, black arrows) but not in k). dall
p63--prostate, Src activity was detected mainly in Alcian blue-positive cells, but some non-mucinous luminal cells were algo strong|
positive for active Src (Q, white arrows). Downstream effecters in the Src-Ras-MAP kinase signal transduction pathway (MEK1/2 a
ERK1/2) were also activated (phosphorylated) in neurons (not shown) and basal cells (R,S, ap6@/$) pnostate and in (mucinous

and non-mucinous) luminal cells p63-- prostate (T). Even though MAP kinase signaling was aqhi§8;~ prostate epithelium was
proliferation-quiescent one month after grafting. Phosphorylation of histone H3 (pH3, U,V) was not detected in areas where
phosphorylation of MEK was detectedpf3* (U) or p63-~ (V). Both p63*/+ andp63~- contained rare neuroendocrine cells as assessed
by expression of synaptophysin (W,X).
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arrows), and the large secretory granules contained both muaiglls, reduction in the content of the ducts, and reduced ductal
and mDLP (Fig. 3K, red arrows). The ontogeny of mucinousize (Fig. 4C). As a result, the entp@3"/* prostatic graft was
cells and the luminal cell marker expression pattern stronglseduced in size with approximately 60% reduction in the
suggested a luminal cell origin of the mucinous cells. Secretomyriginal weight (Fig. 4G). Even though castration reduced its
markers of mBUG and mSV were undetectable68/+ and  size, ductal structure remained and retained its complexity in
P63~ UGS grafts as expected (not shown). p63'* prostate (Fig. 4C,H). In the shrunken ducts, p63-positive
Activation of Ras-MAPK pathway by Src has beenbasal cells were enriched (Fig. 4M).g63"- prostatic grafts,
demonstrated to play key roles in overproduction of mucin ircastration elicited a much more severe reduction in the number
respiratory tract epithelium (Li et al., 1998). Activation of Rasof ducts, and in all cases the entire graft became cystic
and ERK1/2 has been implicated in the mucin production ifcompare Fig. 4B with 4D, arrow indicates large cystic ducts).
intestinal epithelium (Lee et al., 2002). Recently, a transgeniélthough the wet weight was maintained following castration,
mouse modelRb-RASmouse) demonstrated that expression othe complexity of duct reduced dramatically one month after
constitutively active mutant H-Ras (H-RA&3) in prostatic  castration (Fig. 4H). In some areag68-~prostate, there was
epithelium transforms luminal cells into mucinous cells (Schera complete loss of luminal cells leaving pools of mucinous
et al.,, 2004). Therefore, we examined activation of Srenaterial in the stroma (Fig. 4D,N,*). The mucinous pools and
(Fig. 3N-Q) and MEK1/2 (Fig. 3R,T). In th@63"/* prostate, cysts filled with Alcian blue-positive material were observed
activated Src was detected in neurons (Fig. 3P, red arrows) aimdall p63-- prostate grafts subjected to androgen depletion by
in a subset of basal cells (Fig. 3P, back arrows) but not icastration (18/18). The mucinous pools in the stroma were
luminal cells (Fig. 3N,P) after one month of growth in intactconnected to residual ducts or cysts lined at least in part by
male hosts. In contrast, 637~ prostate, Src activity was epithelial cells (not shown). Dead cells were also observed in
detected in luminal epithelium (Fig. 30,Q). Active Src wasthe mucinous pools (Fig. 4N, black arrows), suggesting that the
detected mainly in Alcian blue-positive cells, but somemucin was originally circumscribed by epithelium. In the
non-mucinous luminal cells were also strongly positive forsurviving ducts ofp637- prostate, both luminal and atypical
active Src (Fig. 3Q, white arrows). 637~ prostate, focal mucinous cells were present. Mucinous cells were stained for
upregulation of Ras was also detected in the luminal cellalcian blue in the castrated host (Fig. 4D,N).
which appeared to be in the process of trans-differentiation into One month after castration, a 25 mg testosterone (T)-pellet
mucinous cells (not shown). In th&3"/* prostate, downstream was implanted into some of the hosts. After one month
effecters in the Src-Ras-MAPK signal transduction (MEK1/2of continuous T-treatment, both63* and p637- prostate
and ERK1/2) were activated (phosphorylated) in the same cettgenerated (Fig. 4E,F). 63"+ prostate, ducts were filled
types as Src activation; in neurons (not shown) and a subseith secretions (Fig. 4E) and the wet weight significantly
of basal cells (Fig. 3R,S). Ip637~ prostate, MEK1/2 was (P=0.05) exceeded the original weight (Fig. 4G). Ducts of
phosphorylated and translocated into nucleus in both mucinop$37/~ prostate also regenerated and exhibited increased
and non-mucinous luminal cells (Fig. 3T). Even though MAPcomplexity of ductal structure (Fig. 4F,H), but the wet weight
kinase signaling was activgs63~ prostate was quiescent remained the same (Fig. 4G).
in regard to proliferation one month after grafting. The expression of proliferation makers clearly demonstrated
Phosphorylation of histone H3 was equally lowpB8* and  the ability of p63/* and p637- prostate to regenerate. In the

p63-- prostate in intact male hosts (Fig. 3U,V). castrated hosts, pH3, phospho-MEK1/2 (pMEK) and Cdk4
) . were very low to undetectable in bgte3+ (Fig. 5A) and

Neuroendocrine cells developed independent of p63-- (Fig. 5B) prostates. Therefore, phosphorylation of MEK

basal cells in the epithelium op63-prostate in the intact hosts (Fig. 3T)

Bothp63/* andp63--prostates contained rare neuroendocrinds androgen-dependent. Five days after 25 mg T-pellet
cells as assessed by expression of synaptophysin (Fig. 3W,Xmplantation, all three proliferation markers were upregulated
There was no distinctive difference betwepf3‘* and in both p63* (Fig. 5C) andp63”- (Fig. 5D) prostates. In

p637~ prostates in the distribution and concentration ofp63'* prostate, the lumen of existing ducts became enlarged,

synaptophysin-positive cells. and the luminal epithelial cells increased in height as expected
] (compare Fig. 5A with Fig. 5C). In th@63"~ prostate, most
Effect of castration and testosterone-treatment ducts disappeared after the castration. Therefore, regeneration

One month after the graftingp63"* and p637~ UGSs of p637 prostate started as outgrowths of tightly packed ducts
developed prostate with complex ductal structure (Fig. 4A,B)irom the large cysts, similar to the early prostatic development
The p63/* prostate was negative for Alcian blue (Fig. 4A), (Fig. 5D). Epithelial labeling indices for pH3 clearly showed
whereas ducts qi637~ prostate were filled with Alcian blue- regeneration of prostatic tissue in bqie3”* and p637-
positive mucin (Fig. 4B). The wet weight of prostate isprostates. Epithelial pH3 labeling index was low (<1%) in the
determined mostly by the water content. Theref@@3”*  intact and castrated host in b@®3"* andp63--prostates. T-
prostate, which had more dilated ducts, was significantlpellet treatment significantly increased pH3 labeling index in
heavier thanp63-- prostatic gland (Fig. 4G). In the intact bothp63"* andp637- prostates (Fig. 5E,*). One month after
hosts, apoptotic cells were almost undetectable in@8H*  T-pellet treatment to the castrated hog63"* and p63-/-

and p637- prostate (Fig. 4l,J). In response to androgerprostates were fully regenerated and the pH3 labeling index
deprivation epithelial apoptosis was detected in botp®3%*  returned to the basal level (Fig. 5E, +T one month).
andp63- prostates three days after the castration of the host Basal cells seem to play a minimum role in the regulation
(Fig. 4J,K). One month after the castratipg3'/* prostatic ~ of luminal epithelial proliferation, because the labeling index
regression was complete with marked reduction in luminalor pH3 was identical betweq®3"* andp63-~prostate in the
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all-hormone treatment groups. The regenerated dup83f  into simple columnar uterine epithelium (Kurita et al., 2004).
prostates contained luminal cells positive for mucin, AR (FigUnlike the case of Miillerian ducp63”’~ UGE expressed
5F) and mDLP (Fig. 5G) or mVP (Fig. 5H), but not for mSV proper differentiation markers for normal embryonic UGE
or mBUG (not shown), indicating prostatic differentiation.  (uroplakin, involucrin, K19 and AR) even though it failed to
undergo squamous differentiation. Development of UGE into
. . prostatic epithelia is regulated by androgens through AR in
Discussion stromal cells (Cunha and Lung, 1978). In response to stromal
Studies withp637— mice have shown that p63 is essential forsignal(s), wild-type UGE proliferates, develops ducts and
differentiation of epidermis (Mills et al., 1999; Yang et al., differentiates into luminal and basal prostatic epithelial cells.
1999). In the Mullerian (paramesonephric) duct, loss of p6®ur data clearly demonstrated that p63 is essential for
transformed stratified squamous cervicovaginal epitheliundevelopment of prostatic basal cells. The unique phenotype of

Fig. 4. Effect of castration and ductal morpholgy G. wet weight
androgen treatment. Double p63+/+ p63-- 504 c
staining for androgen receptor (A Dlintact

[Ecastrated
[Mcastrated +T

b
b b b
104 |
0

p63+l+ p63--

and Alcian blue op63* (A,C,E)
andp637-(B,D,F) prostates. After
one month of growth in intact mal
hosts p63* andp63--urogenital
sinus (UGS) developed prostate
having a complex ductal structure
(intact, A,B). The ducts gi63/*
prostates (A) were more dilated a
had larger lumens than that of
p63--prostate (B). In grafts grow!
in intact hosts for one month
followed by one month of
castration, the lumen of ducts in

[ B

(-] (=)

I I
o

wet weight (mg)

intact

H. ductal complexity

=087 < =

' £ a Ointact
+ | [Ecastrated
p63* prostate became smaller a E--% W castrated +T

the entire graft was reduced in si:
(C). Inp63-prostate, castration
reduced the number of ducts, anc
the entire graft became cystic (D,
arrows; large cystic ducts). Pools
secretion devoid of epithelium we
always observed (D,N,*). One
month after the T-pellet

b

(u

g

;
o

(=]
@
1

castrated

epithelium/area
2 8 i

o

implantation to castrated hosts, pe3i pes+
ducts inp63* prostate became .
dilated and filled with secretion (E apoptosis
Ducts ofp63--prostate also p63++ p63--

regenerated and exhibited increa:
complexity of ductal structure (F).
(G) Wet weight of prostatic ducts.
Data was analyzed with Fisher’s
PSLD and ANOVA factorial tests.
Data are expressed as mean+s.d
Lowercase letters indicate groups
statistically distinguished. The da
was significantly higher in the
following order, c>a>bR<0.05).
(H) Ductal complexity. Total lengtl
of epithelial basement membrane
(epithelial lengthum) in prostatic
tissue was measured in sections
UGS grafts. The epithelial length
was divided by the area of prosta
tissue um?). Data was analyzed
with Fisher's PSLD and ANOVA factorial tests. Data are expressed as mean+s.d. Lowercase letters indicate groups sistiisgjoahed.
There is no significant difference between a versus b, or a versus c. c is significantly higher than b. a, b and c arly $iggfiécadinan d
(P<0.05). Detection of apoptosis p$3"* (I,K) andp63--(J,L) prostate. In the intact hosts, apoptotic cells were rarely detected (1,J). Three
days after the castration of the host, apoptotic epithelial cells were detected pé6tlandp63-- prostates (K,L, white arrows). Double
staining for p63 and Alcian blue (M,N). The concentration of p63-positive basal cells increased in the shrunke6atitpodstate (M).

Pools of Alcian blue-positive material devoid of intact epithelium but containing dying/dead cells (N, black arrow) wetentgrstiserved

in p63--prostate one month following castration (N, *).

50um

castrated + T
intact

castrated




4962 Development 131 (20) Research article

proliferation mark&-rs

p63 p63”

PMEK __ cdk4 i
T T T ot e = E o D
L\.Iv-ﬁ?’ * &\ L o - B ? ol ; ’ v’

; caﬁtrated

Fig. 5. Effect of testosterone. One month after
castration (castrated A and B), proliferation
markers, phospho-histone H3 (pH3; a,d,q,)),
phospho-MEK (pMEK; b,e,h,k) and Cdk4
(c.f,i,l) were very low to undetectable in both
p63* (A) andp63--(B) prostates. Five days
after implantation of a 25 mg T-pellet
(castrated+T; C,D), all three proliferation
| e Ak s ] markers were upregulated in bq®3”* (C)
—= e andp63-- (D) prostates. In thp63-~ prostatic
E. pH3 epithelial labeling index grafts, small bud-like outgrowths were visible
10- (D, red arrows). (E) Labeling index for pH3.
| * Clintact Data was analyzed with Fisher's PSLD and
8 [ castrated ANOVA factorial test. Data was indicated as
O  +T Sdays mean+s.d. The bars with asterisk are
B 4T 1month significantly higher than other®<0.05).
There’s no significant difference among bars
without asterisk. Botip63++ andp63--
prostates were proliferation-quiescent in the
intact and castrated hosts. T-treatment of
castrated hosts increased pH3-positive cells
equally in luminal cells op63+ andp63--
pB3** P63 prostates (+T 5 days). However, luminal cells

) ) " in bothp63+ andp63-~ prostates became
luminal cell markers in regenerated p63™ prostate proliferation-quiescent one month after T-

castrated_ + T

& 1B

pellet implantation (+T one month). One
month after T-pellet implantation, regenerated
p63--prostate expressed markers specific for
prostatic luminal epithelium [androgen
receptor (AR) (F), and secretory proteins,
mouse dorsolateral prostate (mDLP) (G) and
mouse ventral prostate (mVP) (H)].

il ;

p63-- prostate lacking basal cells provides insights into thal., 2004; van Leenders and Schalken, 2001; Wang et al., 2001).
function of basal cells in prostate in vivo. It is evident thatMoreover, our results do not exclude the presence of prostatic
development of prostatic ducts and differentiation of luminaktem cells in the basal cells of normal wild-type prostate.
cells do not require p63-positive basal cells. Likewise, p63- Although basal cells are not required for the differentiation
positive basal cells are not required for differentiation ofof luminal cells, basal cells appear to be essential to maintain
neuroendocrine cells. Moreover, basal cells are not required faprmal luminal cell differentiation. Luminal cells @63~
smooth muscle differentiation of UGS mesenchyme, which iprostate transformed into mucinous cells. Activation of Src,
regulated by prostatic epithelium (Cunha et al., 1996). Ras and MAPK signaling can induce mucinous differentiation
Tsujimura et al. have suggested that luminal epitheliunor overproduction of mucin in epithelial tissues (Lee et al.,
contains a self-renewing population of putative stem cells th&002; Li et al., 1998; Meerzaman et al., 2001; Perrais et al.,
are presumably required for prostatic regeneration (Tsujimur2002), and in th@63~ prostate Src and MEK were activated
et al.,, 2002). Our results also demonstrated regenerativie the luminal cells. The activation of Src and MAPK signaling
capacity of prostate lacking basal cells. Therefore, stem ceallmost certainly plays a key role in mucinous transformation
function (at least regenerative capacity) is not necessarilyf luminal cells inp637~ prostate. Src can be activated by
associated with ‘basal cells’. However, our results do naosignals via adhesion molecules, cytokines or growth factors
exclude possible trans-differentiation of basal to luminal cell§Abram and Courtneidge, 2000; Thomas and Brugge, 1997). It
in the normal adult prostate as suggested previously (Collins notable that in human prostate laminin &3F3y2) is
et al., 2001; Foster et al., 2002; Hudson et al., 2000; Uzgare mtoduced exclusively by basal cells (Calaluce et al., 2001) and
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downregulation of laminin 5 affects membrane stability ofp63~ prostates in response to hormonal manipulation,
integrina634 and gene expression in the prostatic luminal cellsuggesting that p63 and basal cells are not essential for
(Hao et al., 2001). These observations clearly demonstrate thragulation of luminal epithelial proliferation.
loss of basal cells and/or change in cell adhesion molecule Mucinous metaplasia of prostate has been suggested to be a
indeed affect gene expression and phenotype of luminal celfge-neoplastic condition (Scherl et al., 2004). Loss of basal cell
in the prostate. Moreover, in the adult prostate, epitheliab also a common characteristic in prostatic carcinogenesis.
growth and functional differentiation are regulated byThese observations suggest that changes caused by loss of
androgen via stromal paracrine factors. In the normal prostateasal cells may have an impact on carcinogenesis of the
p63-positive basal cells reside on the basement membrane, grdstate. The effect of the loss of basal cells in carcinogenesis
may mediate or modulate interactions between stromal celtsf the prostate is currently under investigation utilizu&$'-
and luminal cells. Therefore, it is likely that loss of basal celldJGS and the hormonal carcinogenesis model with ;T+E
disturbs the interaction between stromal cells and epitheligteatment (Wang et al., 2000).
cells, and causes activation of Src in luminal cells. In the In conclusion, p63 is essential for differentiation of prostatic
normal prostate, Src was active in a subset of basal cells in thasal cells, and basal cells are essential in maintaining normal
proliferation-quiescent adult state, indicating the existence dfifferentiation of luminal cells and integrity of prostatic
Src-activating signals in the normal prostatic epithelium. Thelucts. However, basal cells (therefore p63) are not required
factors activating Src in luminal cells p63-prostate are yet for development and regeneration of prostate. Further
to be identified, even though a wide spectrum of autocrine arekperimentation is required to define the role of p63 in basal
paracrine growth factors have been described in the prostatell differentiation. p63 isoforms are functionally distinct in
(Cunha et al., 1998). regard to cell fate commitment, particularly in epidermal
p63-- prostate expressed proper secretory proteins specifitiffierentiation (Koster et al., 2004; McKeon, 2004). The
for mouse prostate. Therefore, expression of these androgetifferentiation of epidermis appears to be regulated by the
regulated genes in luminal cells does not require basal cellsalance between isoforms containing and lacking the
However, ducts in 63 prostate were less dilated than ducts intransactivation domain. To understand the function of p63 in
thep63'/* prostate, and the ductspé3-—prostate were unable basal cell differentiation in prostate may require detailed
to reduce luminal secretory products in response to castratioanalysis of isoform expression in the developing UGS and the
This phenotype may be secondary to the mucinouadult prostate.
differentiation of luminal cells, otherwise, basal cells may play
a role in regulating secretory activity of luminal cells. We thank Suzana S. Couto and Annemia Donjacour at UCSF for
Basal cells also play key roles in maintaining ductalaluable advice, E. Birgit Lane for the _antl-Kl4 LEOO1 and anti-K8
structure of the prostate in the absence of androgen. In respors é&: twg_ussﬁ: Tn%”u‘?sﬂorazln'gg;;”%g'ST"J‘;‘i';' \';g‘r"liavbztss‘éj;goiseg E’;
to castration, normal prostatic ducts lose luminal se(_:retlpﬁ“H grants CA84294 and CA89520,
content, and a substantial portion of luminal cells die via
apoptosis. The entire process is highly coordinated, and
therefore, normal prostatic ducts are able to shr_ink/whiI(References
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