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SUMMARY

The identification of cell types of origin for cancer has
important implications for tumor stratification and
personalized treatment. For prostate cancer, the
cell of origin has been intensively studied, but it has
remained unclear whether basal or luminal epithelial
cells, or both, represent cells of origin under physio-
logical conditions in vivo. Here, we use a novel line-
age-tracing strategy to assess the cell of origin in a
diverse range of mouse models, including Nkx3.1+/�;
Pten+/�, Pten+/�, Hi-Myc, and TRAMP mice, as well
as a hormonal carcinogenesis model. Our results
show that luminal cells are consistently the observed
cell of origin for each model in situ; however, ex-
planted basal cells from these mice can generate
tumors in grafts. Consequently, we propose that
luminal cells are favored as cells of origin in many
contexts, whereas basal cells only give rise to
tumors after differentiation into luminal cells.

INTRODUCTION

The identification of cell types of origin for cancer is significant,

since distinct cell populations within a tissue may give rise to

different cancer subtypes distinguished by their histopatholog-

ical phenotypes and patient outcomes (Blanpain, 2013; Vis-

vader, 2009, 2011; Wang et al., 2013). Numerous studies have

investigated the cell of origin by introducing an oncogenic insult

within a defined cell type to determine whether these cells can

give rise to cancer. However, such approaches are potentially

limited, as the cell type of origin may be dependent on the

specific oncogenic insult and/or the model system. To date, no

studies have systematically addressed which cell types can

serve as cells of origin in multiple contexts of tumor initiation.

In human and mouse prostate epithelium, luminal and basal

cells are the two major cell types, together with rare neuroendo-

crine cells (Shen and Abate-Shen, 2010). Lineage tracing has

shown that luminal and basal cells in the adult mouse prostate

represent distinct populations that are mostly self-sustaining

(Choi et al., 2012; Lu et al., 2013; Wang et al., 2013). Notably,

lineage-marked basal cells rarely generate luminal cells during

adult tissue homeostasis but display plasticity under the influ-

ence of inductive embryonic urogenital mesenchyme in grafting

assays, acquiring facultative progenitor properties and gener-

ating luminal cells (Choi et al., 2012; Lu et al., 2013; Wang

et al., 2013).

For prostate cancer, previous studies have reached differing

conclusions regarding the cell type(s) of origin (Goldstein and

Witte, 2013;Wang and Shen, 2011; Xin, 2013). Although prostate

adenocarcinoma has a luminal phenotype, both basal and

luminal cells have been proposed to represent cells of origin. In

particular, transformed human basal cells can give rise to pros-

tate cancer in renal grafting models (Goldstein et al., 2010;

Stoyanova et al., 2013; Taylor et al., 2012), whereas a luminal

stem cell population identified in the regressed mouse prostate

can act as a cell of origin in vivo (Wang et al., 2009). More

recently, lineage tracing in mice in which the Pten tumor sup-

pressor was specifically deleted in either basal or luminal cells

has shown that both cell types can act as cells of origin (Choi

et al., 2012; Lu et al., 2013; Wang et al., 2013).

However, it remains unclear whether basal or luminal cells, or

both, represent cell types of origin in the context of Pten deletion

occurring throughout the prostate epithelium or whether the cell

of origin might vary depending upon specific oncogenic events.

We have investigated this issue using a novel lineage-tracing

strategy in a diverse range of mouse models that recapitulate

important features of human prostate tumorigenesis. Our results

indicate that luminal cells are consistently favored as cells of

origin for prostate cancer.

RESULTS

To determine the cell of origin for amousemodel of prostate can-

cer, we performed lineagemarking of either basal or luminal cells

in apparently normal tissue to determine whether their progeny

contribute to the tumors that subsequently arise (Figure 1). Since

the lineage-tracing methodology uses inducible Cre recombi-

nase, we analyzed mouse models in which the tumor phenotype

is not driven by Cre. We used the CK5-CreERT2 driver (Rock

et al., 2009) for lineage tracing of basal cells and the PSA-

CreERT2 (Ratnacaram et al., 2008) or CK8-CreERT2 (Van Key-

meulen et al., 2011) drivers for tracing of luminal cells, together

with the R26R-YFP reporter (Srinivas et al., 2001). Tamoxifen
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induction for lineagemarking was performed in young adult male

mice at 7 weeks of age, when the basal and luminal lineages

have been established as largely self-sustaining compartments

(Choi et al., 2012; Ousset et al., 2012; Wang et al., 2013). Contri-

bution of cells marked by the CK5-CreERT2 driver to tumors

would imply that basal cells were the cell of origin, whereas tu-

mor cells marked by the PSA-CreERT2 or CK8-CreERT2 drivers

would indicate a luminal origin (Figure 1). Notably, our approach

dissociates the time of lineage marking from the onset of tumor-

igenesis and allows multiple models to be analyzed using the

same overall strategy.

In control experiments to examine the specificity of the induc-

ible Cre drivers in a wild-type background, we found that CK5-

CreERT2; R26R-YFP (which we denote CK5-trace) strictly marks

basal cells with 23.6% efficiency, while PSA-CreERT2; R26R-

YFP (PSA-trace) marks luminal cells with 11.5% efficiency and

CK8-CreERT2; R26R-YFP (CK8-trace) marks 4.1% of luminal

cells (Tables S1L, S1N, and S1P), consistent with previous

studies (Ousset et al., 2012; Ratnacaram et al., 2008; Wang

et al., 2013). Importantly, the percentage of lineage-marked cells

in the CK5-trace and PSA-trace mice does not change between

2 months of age, shortly after labeling, and 6 months of age,

when most of our tumor analyses are mostly performed (Fig-

ure S1; Tables S2A and S2B), indicating that the lineage-marked

cell populations are stable in a nontumorigenic background.

We first investigated the cell of origin for the high-grade pros-

tatic intraepithelial neoplasia (PIN) lesions in the Nkx3.1+/�;
Pten+/� (which we denote NP) model that is heterozygous for

null alleles of the Nkx3.1 homeobox gene and of Pten (Kim

et al., 2002). As reported previously, the anterior prostate (AP)

and dorsolateral prostate (DLP) of NP mice appear normal at

2 months of age (Figures 2E and 2J) but frequently display

Figure 1. Experimental Design for Analysis

of Cell of Origin

The inducible CK5-CreERT2 driver can lineage

mark basal cells by YFP expression in different

prostate cancer models prior to overt cancer for-

mation. Similarly, the inducible PSA-CreERT2 and

CK8-CreERT2 drivers can mark luminal cells in

phenotypically normal epithelium. The presence of

YFP+ cell clusters in subsequent PIN/cancer le-

sions indicates that the marked cell type acts as

the cell of origin in the mouse model analyzed.

high-grade PIN/carcinoma lesions at

6 months (Figures 2F and 2K). Quantita-

tion of initial lineagemarking inCK5-trace;

NP mice and PSA-trace; NP mice re-

vealed similar efficiencies as mice with

a wild-type background (Figures 2B,

2C, and 2Y; Tables S1A and S1B).

Notably, in tumor lesions of CK5-trace;

NP mice at 6 months of age, we found

that yellow fluorescent protein (YFP)+

cells in clusters (defined as containing

at least three YFP+ cells) were rarely

observed (0.5%, n = 6 mice) (Figures

2G, 2L, and 2Y; Figures S2A and S2D; Table S1A), while the per-

centage of YFP+ cells in untransformed regions was unaffected

(Figures S3A–S3C; Table S2C). In contrast, 10.8% of the cells

in the tumor lesions of PSA-trace; NP mice (n = 4) and 4.5% of

the cells in tumor lesions of CK8-trace; NP mice (n = 3) were

YFP+ (Figures 2H, 2I, 2M, 2N, and 2Y; Figures S2B, S2C, S2E,

and S2F; Tables S1B, S1C, and S1P). Furthermore, we found

that YFP+ clusters were also rare in PIN lesions of 6-month-old

CK5-trace; Pten+/� mice, whereas the frequency of YFP+ cells

was unchanged in nontumor regions (n = 3) (Figures S3D, S3E,

S4A, S4B, S4D, S4E, and S4G; Tables S1D and S2D). However,

the percentage of YFP+ cells in PIN lesions of PSA-trace; Pten+/�

mice (n = 3) was similar to the percentage initially marked by

the PSA-CreERT2 inducible driver (Figures S4C, S4F, and S4G;

Table S1E).

Next, we examined the transgenic ARR2/probasin-Myc (Hi-

Myc) model, in which expression of c-Myc is driven in both

luminal and basal compartments, leading to invasive adenocar-

cinoma (Ellwood-Yen et al., 2003). Consistent with previous

studies (Ellwood-Yen et al., 2003), the histology of the AP in

Hi-Myc mice was mostly normal at 2 months of age (Figure 2O),

although the DLP and ventral prostate (VP) were hyperplastic

(Figures S4H and S4K). In the PIN/carcinoma lesions in the AP

of CK5-trace; Hi-Myc mice at 6 months, YFP+ cell clusters

were rare, whereas the percentage of YFP+ basal cells in un-

transformed regions was unaffected (n = 5 mice) (Figures 2P,

2Q, and 2Z; Figures S2G, S3F, and S3G; Tables S1F and S2E).

In contrast, 13.1% of the cells within the PIN/carcinoma lesions

of 6-month-old PSA-trace; Hi-Myc mice (n = 6) were YFP+,

similar to the initial percentage (12.6%) of luminal cells marked

at 2 months (Figures 2R and 2Z; Figure S2H; Table S1G).

Similarly, YFP+ cells were present in PIN/carcinoma lesions of
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