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INTRODUCTION 
Trop2 is a type-I trans-membrane glycoprotein over-expressed in numerous carcinomas including prostate 

cancer
1-12

. In addition to its elevated levels in epithelial cancers, Trop2 is a marker of stem/progenitor cells in the 

prostate
13

. The overall goal of the proposed project is to uncover the biology behind Trop2 signaling in prostate 
cancer. 

Our previous data demonstrated that Trop2 is highly expressed in human prostate cancer and mouse 

models of prostate cancer driven by epithelial AKT or stromal FGF10. Trop2 has oncogenic potential in vivo 

measured by prostate tissue regeneration assay. To explore the connection between Trop2, transformation and 

stem/progenitor cells in the prostate, we investigated the role of Trop2 in self-renewal. Using in vitro sphere assay  

and  in  vivo  prostate  regeneration  assays,  we   established  that  Trop2  regulates  adult  prostate 

stem/progenitor self-renewal and prostate tubule formation. 

We have also determined that Trop2 is activated by regulated intramembrane proteolysis (RIP), and the 

resulting cleavage products drive self-renewal and proliferation. RIP is a two step process--an initial proteolytic 

cut, taking place at a site outside of the membrane, shedding the extracellular domain (ECD) of Trop2 followed by 

a second cut within the cellular membrane generating free intracellular domain (ICD). We have established that 

TNF- converting enzyme (TACE) mediates the initial proteolysis since inhibition of the enzyme by small 

molecules (TAPI-2) leads to a dramatic increase of full length Trop2. gamma-secretase complex containing PS- 

1 and PS-2 enzymes mediates a second cleavage, assessed by the appearance of an intermediate cleavage 

product (ICP) upon chemical inhibition of gamma-secretase by DAPT (Fig. 3A). The 15 kDa ICP can be detected 

only if the first proteolytic cut by TACE takes place, while the second step of processing is being blocked 

(Fig. 3A). Trop2 ICD and ECD alone were sufficient to increase self-renewal activity measured by sphere 

number and proliferation assessed by sphere size in primary prostate cells in vitro. 

In this proposal, we aim to delineate the functional role of Trop2 in prostate carcinogenesis and self- 

renewal and the molecular mechanism though which Trop2 regulates these processes. Understanding the 

mechanism of Trop2 function may provide insights into novel and more effective therapies. Identification of the 

molecular mechanism and pathways regulated by Trop2 may point the way to novel strategies for inhibiting the 

action of other target proteins. The knowledge gained by completion of the proposed research could be applied in 

the future to create novel drugs that could potentially inhibit Trop2 or Trop2 regulated signaling. 

 
 

BODY 

Proposed Tasks: 
Task 1: Define the functional role of Trop2 in prostate tumorigenesis and stem/progenitor cell self- 

Renewal (Accomplished). 

Task 2: Identify the molecular mechanism through which Trop2 regulates prostate stem/progenitor self- renewal 

activity and transformation (Accomplished). 

 
Task 3:  Determine if Trop2 proteolytic activation is sufficient to transform naïve epithelium (Accomplished). 

 
Progress: 
Task 1: Define the functional role of Trop2 in prostate tumorigenesis and stem/progenitor cell self- 

renewal (Accomplished). 

To establish the functional role of Trop2 in prostate tumorigenesis we addressed whether Trop2 is 

necessary for the transformation process by down-regulating its expression in the prostate epithelia in combination 

with PI3K pathway using activated AKT (myrAKT) in the in vivo regeneration assay. Trop2 expression was 

down-regulated in the dissociated prostate cells via transduction with lentivirus carrying either scrambled and 
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GFP or Trop2 specific miRNA and GFP combined with lentivirus carrying myrAKT and RFP. Transduced 

epithelial cells were combined with UGSM. The grafts composed of prostate cells and UGSM were engrafted 

under the kidney capsule of SCID mice, allowing regeneration of prostate gland-like structures. Eight weeks post-

implantation, grafts will be harvested and evaluated by histological analysis. Histology and presence of scrambled 

and GFP, Trop2 specific miRNA and GFP, myrAKT and RFP are presented (Fig. 1).  

To investigate the functional role of Trop2 in human prostate cancer, we first generated a model of 

aggressive human prostate cancer. Fresh human prostate tissues were obtained from patients and benign tissue is 

mechanically separated from cancer. Naïve human prostate epithelium was transduced with the oncogenes 

commonly altered in human prostate tumors such as Myc and myristoylated/activated AKT (Myc/myrAKT) via 

lentivirus. Infected cells generate large tumors expressing characterized with castration resistance and high level 

of Trop2 (Fig. 2). This model will give us the opportunity to test whether Trop2 is necessary for prostate 

tumorigenesis in human model of advanced prostate cancer.  

 

Task 2: Identify the molecular mechanism through which Trop2 regulates prostate stem/progenitor self- renewal 

activity and transformation (Accomplished). 

Trop2 is cleaved at two distinct sites. Based on Notch cleavage sites
14,15

, we predicted the likely 

TACE cleavage site within the ECD (between alanine 187 and valine 188) and gamma-secretase cleavage site 

within the transmembrane domain (between glycine 285 and valine 286) (Fig. 3A). Each valine was substituted to 

a lysine through site directed mutagenesis (V188K and V286K). We tested if mutation at the gamma-secretase 

cleavage site would result in the appearance of ICP. Similar to previously shown treatment with DAPT 

accumulation of ICP was observed in the V286K mutant but not in the wild type Trop2 (Fig. 3B).   We 

further tested if the V188K mutant is cleaved. Precipitated media from prostate cells expressing TACE cleavage 

mutant (V188K), wild-type Trop2-Myc-tag (mTrop2) or RFP (Control) lentivirus was subjected to western 

blot analysis with antibodies against Myc-tag (ICD) and ECD. Cleaved and shed ECD was detected in the media 

from cells expressing wild-type Trop2 (mTrop2) but not from the cells expressing the V188K cleavage mutant 

(Fig. 3C). 
Similar results were obtained utilizing TACE and gamma-secretase inhibitors. DAPT and TAPI-2 resulted 

in significant decrease of ICD localized in the nucleus (Fig. 3D). Knock-down of PS-1 and PS-2 subunits of 

gamma-secretase resulted in increase of uncleaved membranous Trop2 (Fig. 3E). These results address the 

proposed Task 2. 

 
Cleavage of Trop2 is required for its self-renewal and proliferative activity. Prior to functionally test 

the Trop2 cleavage mutants we established their proper sub-cellular localization (Fig. 4A). PEB cells were 

transduced with the gamma-secretase cleavage mutant (V286K), TACE cleavage mutant (V188K), wild-type 

Trop2-Myc-tag (mTrop2) or RFP (Control) lentivirus. V286K and V188K localize on the cell surface similarly to 

the wild type Trop2 as measured by FACS (Fig. 4A).  Next, we tested if wild type or mutant Trop2 over- 

expression increases the percent of cycling cells in benign epithelial cells. Both cleavage mutants V286K and 

V188K failed to increase proliferation and demonstrated cell cycle profiles similar to the control, while heightened 

Trop2 led to an increase in cycling cells (Fig 4B). We further tested the effect of Trop2 cleavage mutants on 

prostate stem/progenitor self-renewal. Prostate stem/progenitor cells (LSCT
hi

) cells were infected with 

lentivirus expressing RFP (Control), mTrop2, V286K or V188K cleavage mutants and plated in the in vitro sphere 

assay (Fig. 4C). While heightened levels of wild-type Trop2 promoted sphere formation, the cleavage mutants 

V286K and V188K failed to enhance self-renewal (Fig. 4C). Moreover, V286K negatively affected sphere 

formation (Fig. 4C). These results demonstrate that V286K may have a dominant negative effect on endogenous  

Trop2  while  V188K  acts  as  a  loss  of  function  mutant.  Pharmacological  inhibition  of  Trop2 cleavage was 

also tested in the sphere assay. DAPT and TAPI-2 negatively impacted sphere formation in LSCT
hi 

cells by 
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reducing sphere number and size (Fig. 5). These results address the proposed Task 2. 

 
Task 3:  Determine if Trop2 proteolytic activation is sufficient to transform naïve epithelium (Accomplished). 

Heightened expression of ICD and ECD initiates prostatic intraepithelial neoplasia in vivo. We 

hypothesized that the expression of ICD alone will mimic active Trop2, while a cleavage mutant will represent a 

loss of function in vivo. ICD to mimic active Trop2, gamma-secretase cleavage mutant V286K and RFP alone 

were introduced into primary mouse prostate cells via lentiviral infection and subjected to in vivo regeneration 

assay. Infection efficiency was assessed by the presence of RFP color marker carried by each lentiviral vector. 

Enhanced expression of V286 and mICD was confirmed by immunofluorescence or immunohistochemistry 

analysis  in  three  independent  grafts.  Over-expression  of  ICD  giving  rise  to  lesions  that  morphologically 

resemble PIN, a precursor to carcinoma (Fig. 6). V286K regenerated grafts resembled RFP control and showed 

normal  tubule  regeneration,  demonstrating  that  cleavage  and  activation  of  Trop2  is  required  for  its 

transformation activity (Fig. 6). ECD alone was also sufficient to induce neoplastic lesions in the prostate in 

vivo regeneration assay (Fig. 7). These results address the proposed Task 3. 

 

Generationanti-Trop2 ICD antibody. Anti-ICD rabbit polyclonal antibody was generated following the 

Open Biosystems Custom Polyclonal Antibody Production protocol. Briefly, KLH conjugated mouse and human 

ICD peptides were used as antigens to immunize two rabbits (mouse peptide: 

TKRRKSGKYKKVELKELGEMRSEPSL human peptide: TNRRKSGKYKKVEIKELGELRKEPSL). Both 

rabbits were subjected to a primary injection with 0.25 mg antigen performed by Open Biosystems. 14 days later 

rabbits were boosted with 0.10 mg antigen followed by serum collection at Day 28. Second booster was performed 

at day 42, followed by serum collection at day 56. Last booster was performed at day 56 followed by serum 

collection at day 70 and 72. Each bleed from each rabbit was tested on ELISA, IP, IF and IHC for reactivity with 

mouse and human ICD. Immunoglobulin fraction was purified from the rabbit serum through protein A/G 

purification. Purified immunoglobulins were tested by ELISA, IP, IF and IHC for reactivity with mouse and 

human ICD. IF test is shown in Fig. 8.     

 
Trop2 is cleaved in human prostate cancer. We next asked if cleavage of Trop2 is observed in human 

prostate  cancer.  Frozen  serial  sections  (4  micron  thickness)  of  tissues  from  11  prostate  cancer  patients 

containing both benign and cancer regions were subjected to co-immunofluorescence with antibodies against 

the ICD and ECD of human Trop2 or H&E staining (Fig. 9). Stained tissues were analyzed for ICD and ECD 

cellular localization by confocal microscopy. Nuclear ICD was detected only in the cancer specimens, but not in 

the benign counterparts in 6 out of the 11 patient samples analyzed (6/11) (Fig. 9 and Fig.10). ECD was detected 

only in the cytoplasm and on the membrane in all patient samples in both cancer and benign regions (Fig. 9 and 

Fig. 10). We also analyzed the localization of Trop2 ICD in advanced metastatic prostate cancer specimens (Fig. 

11).  These results indicate that cleavage and activation of Trop2 are associated with human prostate cancer. These 

results address the proposed Task 3. 
 

 
KEY RESEARCH ACCOMPLISHMENTS AND MILESTONES: 
  We established that Trop2 is necessary for prostate tumorigenesis  

 We generated a human model of prostate adenocarcinoma expressing high level of Trop2 for future 

preclinical testing of Trop2 inhibition and down-regulation. 

 We have identified the TACE and gamma secretase cleavage sites within Trop2.  

 Cleavage of Trop2 is necessary for its self-renewal and proliferative function. 

  ICD and ECD alone drive hyperplasia in vivo. 

  ICD localizes in the nucleus in advanced human prostate cancer, but not in the benign prostate. 

 The findings outlined here gave us insights into new strategies to inhibit Trop2 signaling in cancer such as 
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inhibition of cleavage and activation of the molecule. 

 

REPORTABLE OUTCOMES: 
Mauscripts:  

1. Stoyanova T, Goldstein AS, Cai H, Drake JM, Huang J  and Witte ON. (2012). Regulated 
proteolysis of Trop2 drives epithelial hyperplasia and stem cell self-renewal via beta-catenin signaling. Genes 

Dev., 26(20):2271-85. PMCID: PMC3475800 

2. Stoyanova T, Cooper
 
AR, Drake

 
JM, Liu X, Armstrong

 
AJ, Zhang

 
H, Kohn

 
DB, Huang

 
J, Witte

 
ON and 

Goldstein AS (2013). Prostate cancer originating in basal cells progresses to adenocarcinoma propagated by 

luminal-like cells. Proc Natl Acad Sci U S A., 110(50):20111-6. PMCID: PMC3864278 

 

 
CONCLUSION: 
We have now shown that Trop2 is a new regulator of stem/progenitor activity and tumorigenesis in the 
prostate. Trop2 controls self-renewal, proliferation and tissue hyperplasia through two cleavage products (ICD 
and ECD) generated by RIP. The intracellular domain of Trop2 is released from the membrane and 
accumulates in the nucleus. Nuclear ICD is found in human prostate cancer but not in the cancer-adjacent benign 
tissue, suggesting a role for Trop2 cleavage in tumorigenesis. Heightened expression of Trop2 intracellular or 
extracellular domains are sufficient to initiate precursor lesions to prostate cancer in vivo. Importantly, we 
demonstrate that Trop2 loss of function cleavage mutants are deficient in inducing self-renewal and tumorigenesis 
in the prostate. These findings suggest that heightened expression of Trop2 is selected for in epithelial cancers to 
enhance the stem-like properties of self-renewal and proliferation. Identifying the factors that regulate self-
renewal will enhance our understanding of the tumorigenic process and lead to the design of novel cancer 
therapies. 
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APPENDICES: 

Supporting Data: 
 
Figure 1. Trop2 is necessary for prostate transformation driven by myrAKT.  

 

Figure 2.  Generation of a human model of prostate adenocarcinoma expressing high levels of Trop2 

 

Figure 3.  Trop2 is cleaved at two distinct sites by TACE and gamma secretase. 

 
Figure 4. Cleavage of Trop2 is necessary for its self-renewal and proliferative function. 

 
Figure 5.  Cleavage of Trop2 is necessary for its self-renewal function. 

 
Figure 6.  ICD alone drive hyperplasia in vivo. 

 
Figure 7.  ECD alone drive hyperplasia in vivo. 

 

Figure 8. Immunofluorescence using anti-Trop2 ICD antibody. 

 
Figure 9.  Nuclear localization of ICD is found in human prostate cancer. 

 
Figure 10.  ICD localizes in the nucleus in human prostate cancer, but not in the benign prostate. 

 

Figure 11. ICD localizes in the nucleus in advanced metastatic human prostate cancer, but not in the 

benign prostate. 
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Figure 1  
 

 
 

Figure 1. Trop2 is necessary for prostate transformation driven by myrAKT. Trop2 expression was down-

regulated in dissociated primary prostate cells via transduction with lentivirus carrying GFP and Trop2 specific 

miRNA or as a control scrambled miRNA followed by the in vivo regeneration assay. Histology of the 

recovered grafts is presented in the left panels. Scale bars represent 50 microns. RFP and GFP represents 

infection efficiency with myrAKT expressing lentivirus or miRNA expressing lentivirus (right panels). 
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Figure 2.  

 
 
Figure 2. Generation of a human model of prostate adenocarcinoma expressing high levels of Trop2. (A) 

Schematic representation of generation of human model of advanced prostate adenocarcinoma initiated from 

primary human epithelial cells. (B) 1x10
5 

primary human epithelial cells were transduced with Myc/myrAKT. 

Infected human epithelial cells were combined transplanted into immunodeficient mice. Recovered tumors for 

each condition are presented. (C) FACS staining showing cell surface expression of Trop2 in the 

Myc/myrAKT model prior and post adndogen ablation (castration). Western blot for Trop2 of benign human 

prostatic hyperplasia (BPH) and secondary Myc/myrAKT tumor recovered from intact (Int) or castrated 

recipients (Cast). 

A                     C 

 

 

B                                                                                                          

 

 



 

Figure 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

Figure  3.  Trop2  is  cleaved  at  two  distinct  sites  by  TACE  and  gamma  secretase.  (A)  Schematic 

representation of generation of intermediate cleavage product (ICP) upon inhibition of gamma secretase. (B) 

PEB cells were infected with lentivirus expressing RFP (Control), mTrop2-Myc-tag and RFP (mTrop2) or 

V286K-Myc-tag (V286) mutant. Cells were subjected to western blot with antibodies against Myc-tag or the 

ECD of Trop2. Red arrow shows ICP appearance in V286K demonstrating not fully processed Trop2 and the 

blue arrow indicates full length Trop2 (FLTrop2). (C) Serum free media from TRAMP-C2 cells transduced 

with RFP lentivirus (Control), mTrop2-Myc-tag (mTrop2) or V188K-Myc-tag (V188K) was precipitated 

followed by western blot. Only the ECD of Trop2 was detected in the precipitated media from cells expressing 

wild-type Trop2, but not from cells expressing V188K. (D) TRAMP-C2 expressing mTrop2 with a C-teminal 

Myc-tag to follow the ICD were treated with DMSO (Vehicle), DAPT or TAPI-2. 24hours post treatment cells 

were  fixed  and  stained  with  anti-Myc-tag  or  anti-ECD  antibody  and  DAPI  and  subjected  to  confocal 

microscopy. Scale bar represents 10 microns. (E) PEB cells expressing mTrop2-RFP were transfected with 

control, PS-1, PS-2 or both PS-1 and PS-2 siRNA and stained with anti-Trop2 ECD antibody followed by 

FACS analysis. Fold change of mean fluorescent intensity compared to control siRNA is shown.



 

Figure 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Cleavage of Trop2 is necessary for its self-renewal and proliferative function. (A) FACS 

analysis of PEB cells transduced with lentivirus carrying RFP (Control), mTrop2, V188K or V286K and 

stained with anti-Trop2 ECD antibody for analysis by FACS. (B) Cell cycle analysis of PEB cells transduced 

with lentivirus carrying RFP (Control), mTrop2, V188K or V286K and stained with PI. (C) LSCT
hi 

cells were 

isolated by FACS. Equal number of cells were infected with RFP (Control), mTrop2, V286K or V188K 

mutants expressing lentivirus and plated in sphere assay in triplicates. Representative pictures of spheres 

expressing mTrop2, V286K or V188K mutants are shown. Scale bars represent 100 microns. Sphere number and 

diameter in microns were quantified after generations 1 (Gen 1) and 2 (Gen 2). Sphere number in each 

sample is presented as percentage normalized to the RFP infected spheres (Control) (left graphs). Data are 

represented as mean +/- SEM. 



 

 

Figure 5 

 
 

Figure 5. Cleavage of Trop2 is necessary for its self-renewal function. Equal numbers of progenitor cells 

(LSCT
hi

) were plated in triplicate and treated with DMSO, DAPT, TAPI-2 or the combination of DAPT and 

TAPI-2 every 48h hours. Upper panels show images of spheres grown in the indicated conditions. Scale bars 

represent 100 microns. Sphere number and sphere size was reduced upon treatment with DAPT and TAPI-2 

(bottom graphs). Sphere size was measured at Gen 1. 



 

 

Figure 6 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. ICD alone drive hyperplasia in vivo. Dissociated primary prostate cells were transduced with RFP 

(Control), mICD or V286K expressing lentivirus. Infected prostate cells were combined with UGSM and subjected 

to the in vivo regeneration assay. Eight weeks later grafts were recovered, fixed in formalin and sectioned for 

histological analysis. Left panels represents immunofluorescence (IF) showing infected tubules, middle panel 

shows immunofluorescence with anti-Trop2 ECD or immunohistochemistry (IHC) with anti-ICD or anti-AKT 

respectively. Right two panels show the histology of the recovered grafts. One out of three independent 

experiments is shown. Scale bars represent 200 or 50 (right panels) microns. 



 

Figure 7 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.  ECD alone drive hyperplasia in vivo. Dissociated primary prostate cells were transduced with 

lentivirus carrying RFP (Control) or ECD-Fc. Infected prostate cells were combined with UGSM and subjected to 

the in vivo regeneration assay. Eight weeks later, tissues were removed and gland histology was examined. Left 

panels represent immunofluorescence (IF) showing infected tubules, middle panels show immunofluorescence 

with anti-Trop2 ECD. Right two panels show the histology of the recovered grafts. One out of two independent 

experiments is shown. Scale bars represent 100 or 50 (right panels) microns. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 8  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.  Immunofluorescence using anti-Trop2 ICD antibody. TRAMP-C2 cells were infected with 

lentivirus expressing mouse Trop2 ICD (mICD). Cells were fixed and subjected to immunofluorescence using 

anti-ICD or a control (IgG) antibody. Confocal microscopy images are presented. Scale bars represent 10 microns.



 

 
 

Figure 9 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Nuclear localization of ICD is found in human prostate cancer. Immunofluorescence with anti- 

ECD, anti-ICD antibodies and DAPI of tissues from human prostate cancer patients. One out of eleven patient 

samples is shown. A benign region is presented in the left two columns and a cancer region is shown in the 

right two columns. Histology is shown in the upper two panels by H&E staining. Scale bars represent 100 

microns. ICD nuclear localization can be detected only in cancer, but not in the benign prostate (green). ECD is 

found in the cytoplasm and on the membrane in the benign and cancer regions (Red). DAPI demonstrates nuclear 

staining (blue). Merged images are presented in the bottom panels. Scale bars in the immunofluorescence images 

represent 10 microns to visualize ICD and ECD localization. 



 

Figure 10 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. ICD localizes in the nucleus in human prostate cancer, but not in the benign prostate. 

Table shows patient samples analyzed in Figure 4. Pathologic stage is based on the 7
th 

Edition AJCC Cancer 

Staging Manual. The presence of nuclear ICD is shown in the last two columns. 
 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 



 

Figure 11 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Nuclear localization of ICD is found in advanced metastatic human prostate cancer. Serial 

frozen sections of benign prostate and brain metastatic CRPC (Dura Met) were either stained with hematoxylin 

and eosin (H&E) (upper panels) or co-stained with anti-Trop2 ICD intracellular domain (in red) and DAPI 

(blue). Histology is presented in the upper panels. Scale bars show 100 and 30 microns. Single color or merged 

images of Trop2 ICD and DAPI co-staining were shown as indicated. Scale bars represent 20 and 10 microns. 
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Regulated proteolysis of Trop2 drives
epithelial hyperplasia and stem cell
self-renewal via b-catenin signaling
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The cell surface protein Trop2 is expressed on immature stem/progenitor-like cells and is overexpressed in many
epithelial cancers. However the biological function of Trop2 in tissue maintenance and tumorigenesis remains
unclear. In this study, we demonstrate that Trop2 is a regulator of self-renewal, proliferation, and transformation.
Trop2 controls these processes through a mechanism of regulated intramembrane proteolysis that leads to
cleavage of Trop2, creating two products: the extracellular domain and the intracellular domain. The intracellular
domain of Trop2 is released from the membrane and accumulates in the nucleus. Heightened expression of the
Trop2 intracellular domain promotes stem/progenitor self-renewal through signaling via b-catenin and is
sufficient to initiate precursor lesions to prostate cancer in vivo. Importantly, we demonstrate that loss of
b-catenin or Trop2 loss-of-function cleavage mutants abrogates Trop2-driven self-renewal and hyperplasia in the
prostate. These findings suggest that heightened expression of Trop2 is selected for in epithelial cancers to
enhance the stem-like properties of self-renewal and proliferation. Defining the mechanism of Trop2 function in
self-renewal and transformation is essential to identify new therapeutic strategies to block Trop2 activation in
cancer.

[Keywords: Trop2; self-renewal; transformation; regulated intramembrane proteolysis; b-catenin]
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Trop2 is a type I transmembrane glycoprotein highly
expressed in various epithelial cancers, such as advanced
squamous cell carcinoma of the oral cavity and colorectal,
pancreatic, gastric, and ovarian cancer, and its high levels
correlate with poor prognosis and survival (Nakashima
et al. 2004; Ohmachi et al. 2006; Fong et al. 2008a,b;
Kobel et al. 2008; Fang et al. 2009; Muhlmann et al.
2009). Monoclonal antibodies targeting Trop2 exhibit
potent anti-cancer activity through cytotoxicity in mul-
tiple xenograft models of cancer, including prostate,
pancreatic, breast, colon, endometrial, and lung cancer
(Young et al. 2008; Govindan et al. 2009; Alberti 2012).

Knockdown of Trop2 abrogates the growth of colon
cancer cell lines and inhibits tumor initiation and pro-
gression in mice (Wang et al. 2008; Trerotola et al. 2012a).
Recently, Trop2 was demonstrated to play dual functions
in tumorigenesis—as a tumor suppressor and an onco-
gene (Wang et al. 2008, 2011).

Cancer cells share multiple characteristics with adult
tissue stem cells, such as self-renewal and proliferative
capacity. Many factors that regulate stem/progenitor
function and development have been found altered in
prostate cancer. Activation of the PI3K pathway pro-
motes self-renewal and has a prominent role in prostate
malignancy (Yoshimoto et al. 2006; Mulholland et al.
2009). The Polycomb protein Bmi-1 regulates both self-
renewal and tumorigenesis in the murine prostate, and
its increased expression correlates with unfavorable out-
come (van Leenders et al. 2007; Lukacs et al. 2010). Other
pathways, such as Wnt and Notch, control the balance
between stem/progenitor self-renewal and differentiation
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and are also frequently dysregulated in prostate cancer
(Shou et al. 2001; Chen et al. 2004; Wang et al. 2006).

Several groups have demonstrated that Trop2 is a
marker of stem/progenitor cells in adult tissues. Trop2 is
not expressed in the normal liver but appears on the
undifferentiated oval cells shortly after their activation
due to liver injury (Okabe et al. 2009). Trop2 also enriches
for endometrial-regenerating cells in a dissociated cell
tissue recombination assay (Memarzadeh et al. 2010).
In the human and mouse prostate, the Trop2-expressing
subpopulation of basal cells (Trop2hi) possesses stem
cell capacities such as self-renewal, tissue regeneration,
and multilineage differentiation (Goldstein et al. 2008,
2010).

Despite its broad expression in cancer, little is known
about Trop2-mediated signaling. A recent study demon-
strated that Trop2 inhibits cell adhesion by promoting the
interaction between b-1 integrin and RACK1 in prostate
cancer cell lines (Trerotola et al. 2012b). Trop2 has been
reported to control the interaction with the extracellular
matrix during kidney development (Tsukahara et al.
2011). Finally, Trop2 is demonstrated to regulate Ca2+

signaling, and its cytoplasmic tail is phosphorylated by
protein kinase C (PKC) in vitro (Basu et al. 1995; Ripani
et al. 1998). The downstream signals transmitted upon
phosphorylation of Trop2 remain to be defined.

Regulated intramembrane proteolysis (RIP) is a mecha-
nism of processing and activation of transmembrane pro-
teins, including adhesion molecules such as N-cadherin
and E-cadherin (Brown et al. 2000; Maretzky et al. 2005;
Lal and Caplan 2011; Solanas et al. 2011). Members of the
Notch family of receptors, involved in cell fate decisions,
are also regulated by RIP (De Strooper et al. 1999). RIP has
been recently associated with cancer. Activating mu-
tations of Notch 1 resulting in its cleavage are found
in 56% of patients suffering from T-ALL (T-cell acute
lymphoblastic leukemia) and are also associated with
various solid tumors (Weng et al. 2004; Lobry et al. 2011;
Ranganathan et al. 2011). A recent study revealed that
EpCAM, an adhesion protein that shares 50% homology
with Trop2, functions in cellular transformation via RIP
cleavage mechanisms (Maetzel et al. 2009). High levels of
activated EpCAM are detected in breast, prostate, head
and neck, and esophageal cancers and has been associated
with poor prognosis in thyroid cancer (Ralhan et al.
2010a,b).

Although Trop2 expression is elevated in various car-
cinomas and serves as a marker of stem/progenitor cells,
the functional role of Trop2 in self-renewal, its relation to
transformation, and the molecular mechanisms by which
Trop2 transmits signals to regulate these processes re-
main unclear. In the present study, we demonstrate that
Trop2 controls stem/progenitor self-renewal and tissue
regeneration in the prostate. Trop2 is activated by RIP,
and its cleavage is carried out by the TNF-a-converting
enzyme (TACE) followed by g-secretase cleavage within
the transmembrane domain, resulting in shedding of the
extracellular domain (ECD) and accumulation of the
intracellular domain (ICD) to the nucleus. Nuclear ICD
is found in human prostate cancer but not in the cancer-

adjacent benign tissue, suggesting a role for Trop2 cleavage
in tumorigenesis. The ICD alone promotes self-renewal,
initiates prostatic intraepithelial neoplasia (PIN), and is
involved in a signaling cascade dependent on b-catenin.
Nuclear b-catenin colocalizes with nuclear ICD in human
prostate cancer. Moreover, loss of b-catenin abolishes
Trop2-driven self-renewal and transformation activity.
Blocking cleavage of Trop2 by mutating its cleavage sites
abrogates its self-renewal and transformation capacity,
demonstrating that RIP is required for Trop2 activity.
Defining the functional role of Trop2 in self-renewal and
transformation and delineating the molecular mecha-
nism of Trop2 action may promote development of new
therapeutic strategies to inhibit Trop2 signaling in a wide
range of epithelial tumors.

Results

Trop2 regulates self-renewal of stem/progenitor cells
and tissue regeneration in the adult prostate

Stem/progenitor cells can be expanded in an in vitro sphere
assay in which sphere number over multiple passages
measures self-renewal activity, and sphere size is a reflec-
tion of progenitor proliferation capacity (Reynolds and
Weiss 1996; Dontu et al. 2003a,b, 2004; Xin et al. 2007;
Lukacs et al. 2010). By using cell surface markers CD49f,
Sca-1, and Trop2, we previously demonstrated the ability
to enrich for luminal (CD49flo, Sca-1�) and basal (LSC or
CD49fhi, Sca1+) cells and to further subdivide the basal
cells into Trop2lo (LSCTlo) and stem/progenitor enriched
Trop2hi fractions (LSCThi) (Supplemental Fig. S1A; Lawson
et al. 2007; Goldstein et al. 2008). To investigate the func-
tional role of Trop2 in stem/progenitor cell self-renewal,
we constructed lentiviral vectors expressing a potent
Trop2 microRNA (miRNA) mimic (miRNA Trop2) to
diminish the levels of Trop2 or a nontargeting scrambled
miRNA (miRNA scrambled) carrying the green fluores-
cent protein (GFP) for visualization of transduced cells
(Supplemental Fig. S1B). The progenitor-enriched popu-
lation LSCThi was transduced with miRNA Trop2 or
miRNA scrambled, plated in the sphere assay, and further
passaged to second-generation spheres to measure self-
renewal (Gen 2) (Fig. 1A). Trop2 knockdown resulted in
a fourfold reduction in self-renewal activity, as measured
by sphere number upon passaging (Gen 2) (Fig. 1A). The
progenitor proliferation capacity assessed by the sphere
size was also significantly reduced upon knockdown of
Trop2, as demonstrated by the twofold reduction in sphere
diameter (Fig. 1A).

Dissociated prostate cells are able to regenerate prostatic
tubules when combined with urogenital sinus mesen-
chyme (UGSM) and implanted under the kidney capsule
of severe combined immunodeficiency (SCID) mice (Cunha
and Lung 1978; Xin et al. 2003). Previous interrogation
of different epithelial subpopulations revealed that only
LSCThi basal stem/progenitor cells possess regenerative
activity and can give rise to a prostate-like structure in
the in vivo regeneration assay (Goldstein et al. 2008). To
assess the role of Trop2 in prostate tubule formation and
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regeneration in vivo, dissociated primary prostate cells
(2.5 3 105) were transduced with miRNA Trop2 or
miRNA scrambled lentivirus at an equivalent multiplic-
ity of infection (MOI = 50) (Fig. 1B). Transduced prostate
cells were combined with UGSM cells (2.5 3 105) and
subjected to an in vivo regeneration assay (Fig. 1B). Upon
histological analysis of the recovered grafts, we observed
that Trop2 knockdown grafts contained fourfold fewer
infected tubules when compared with the control (Fig.
1B). Tubules derived from Trop2 knockdown epithelium
were also smaller, with an average diameter of 100 mm, in
contrast to the control grafts, with an average diameter of
260 mm (Fig. 1B). Trop2 loss attenuates prostate regener-
ation in vivo and sphere formation in vitro, demonstrat-
ing that Trop2 not only is a marker for stem/progenitor
cells, but also functionally regulates adult tissue self-
renewal and prostate regeneration.

The functional role of Trop2 in self-renewal was also
assessed by measuring sphere formation upon Trop2
overexpression. LSCTlo and LSCThi basal cells were
infected with either mouse Trop2- and RFP-expressing
(mTrop2) or RFP-expressing (Control) lentivirus (Fig.
1C; Supplemental Fig. S1D). Heightened Trop2 pro-
moted a threefold expansion of Gen 2 cells (Fig. 1C).
Consistent with our previous report, LSCTlo cells lack
sphere-forming activity (Goldstein et al. 2008). Ectopic
expression of Trop2 was not sufficient to induce sphere
growth in LSCTlo cells (Fig. 1C), suggesting that Trop2lo

cells may lack signaling components important for
Trop2 activity. Previous studies demonstrating that
b-catenin promotes the expansion of prostate spheres
(Lukacs et al. 2010; Shahi et al. 2011) led us to test the
status of b-catenin in LSCTlo versus LSCThi basal cells.
Confocal microscopy revealed significantly lower levels

Figure 1. Trop2 regulates self-renewal in
the prostate. (A) Prostate progenitor cells
(LSCThi) were isolated by fluorescence-acti-
vated cell sorting (FACS). An equal number
of LSCThi cells was infected with a lentivi-
rus expressing scrambled miRNA and GFP
(miRNA Scrambled) or a lentivirus express-
ing Trop2 miRNA and GFP (miRNA Trop2),
followed by the in vitro sphere assay. Each
sample in the experiment was plated in
triplicate. Three independent experiments
were performed. The left panels show rep-
resentative sphere pictures and nearly 100%
infection efficiency, assessed by GFP-positive
spheres. Bar, 100 mm. Sphere number and
diameter, referred to as sphere size in mi-
crons, were counted at generation 1 (Gen 1).
Spheres were dissociated into single cells,
and an equal number of cells was plated for
passaging to generation 2 (Gen 2). Sphere
number is presented as percentage normal-
ized to miRNA Scrambled. Data are repre-
sented as mean of the triplicates 6 SEM.
Statistical analysis is shown. (ns) Nonsig-
nificant. The level of Trop2 knockdown is
shown by Western blot in spheres at Gen 1
prior to replating for Gen 2. Trop2 is highly
glycosylated and appears as an irregular
band between 35 and 50 kD (Supplemental
Fig. S1C). (B) Trop2 expression was down-
regulated in dissociated primary prostate
cells via transduction with miRNA Scram-
bled or miRNA Trop2 lentivirus expressing
GFP followed by the in vivo regeneration
assay. One out of three representative re-
covered grafts for each condition is shown.
Bars: left panels, 800 mm; right panels, 100 mm.
The number of GFP tubules per section for

each graft was counted in miRNA Scrambled or miRNA Trop2 grafts and plotted as mean 6 SEM. Diameter of 30 GFP-positive tubules
was measured in microns. (C) An equal number of LSCThi or LSCTlo cells was transduced with a RFP-expressing (control) or mouse
Trop2- and RFP-expressing (mTrop2) lentivirus and plated in triplicate for each sample in an in vitro sphere assay. Three independent
experiments were performed. The left panels represent spheres from LSCThi transduced with either RFP (control) or mTrop2 and RFP
(mTrop2). Bars, 100 mm. LSCThi sphere number was counted at Gen 1 and Gen 2, while LSCTlo sphere number was counted only at
Gen 1, since no growth was observed. Sphere number is presented as percentage normalized to RFP transduced spheres and presented as
mean of the triplicates 6 SEM.
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of b-catenin in LSCTlo in comparison with LSCThi

(Supplemental Fig. S2).

Trop2 is processed by proteolytic cleavage, generating
the ICD and ECD

We noted Trop2 localization in the nucleus in a small
fraction of cells. To quantitatively measure Trop2 lo-
calization, a mouse prostate epithelial basal (PEB) cell
line (Salm et al. 2000) that expresses endogenous Trop2
was used. PEB cells were infected with lentivirus express-
ing RFP or RFP and Trop2 modified with a C-terminal
Myc tag to follow Trop2 ICD. Confocal microscopy
revealed that the ICD is found on the membrane in
100% of the cells and within the nucleus in 15% of the
cells, while Trop2 ECD can be detected only on the
plasma membrane and in the cytoplasm (Fig. 2A). We
performed further analysis to determine whether Trop2
ECD is shed from the cellular membrane in PEB and
another prostate epithelial cell line, TRAMP-C2, cells
(Foster et al. 1997). Trop2 ECD, but not ICD, was detected
in precipitated medium from cells expressing Trop2 (Fig.
2B). Taken together, these data support a model where
Trop2 is cleaved, resulting in shedding of the ECD and
accumulation of the ICD in the nucleus (Fig. 2A,B).

Trop2 cleavage products independently stimulate
self-renewal and proliferation

Given that Trop2 is cleaved, releasing two fragments
(ECD and ICD), we asked whether these different do-
mains serve alternative functional roles in the prostate.
Lentivirus carrying either the ICD or the secreted ECD
fused to the Fc region of human IgG1 to ensure proper
secretion and stability (Trop2-ECD-Fc fusion) was gener-
ated (Supplemental Fig. S1D). ICD expression is demon-
strated by immunofluorescence (Supplemental Fig. S3A).
Dissociated primary mouse prostate cells were infected
with either control lentivirus expressing RFP (control) or
lentivirus expressing mouse Trop2 ICD and RFP (mICD)
and were plated in the sphere assay. The ICD was suf-
ficient to increase sphere formation and stem/progenitor
proliferation, measured by sphere number and size, even
prior to replating in Gen 1, suggesting that the ICD is the
functionally dominant portion of the molecule (Fig. 2C).
Further passaging showed continued enhancement of
self-renewal activity, as measured by sphere number in
Gen 2 (Fig. 2C).

Next, we tested the role of the ECD in self-renewal and
proliferation. 293T cell lines were transduced with either
a control lentivirus expressing RFP or a lentivirus express-
ing both ECD-Fc and RFP to generate secreted ECD that
we confirmed by Western blot (Fig. 2D). LSCThi cells
were plated in the sphere assay and treated with either
conditioned medium from the control 293T (CM) or
conditioned medium containing ECD-Fc (CM+ECD)
(Fig. 2D). Secreted ECD caused an increase in sphere
size but not in sphere number, suggesting that the ECD
increases the proliferation of prostate stem/progenitor
cells (Fig. 2D). The activation of RIP is induced by ligand
binding to its receptor (Schroeter et al. 1998; Mumm

et al. 2000). Trop2 is an orphan receptor without a
known ligand. We investigated the effects of the ECD
on Trop2 processing. Upon treatment of prostate cells
with secreted ECD by 293T cells, we observed the
appearance of small-molecular-weight fragments at a
size of 6 kD, suggesting that Trop2 is cleaved (Supple-
mental Fig. S3B). Further studies will be necessary to
rule out whether the ECD induces Trop2 cleavage by
direct homophilic interaction or through distinct bind-
ing partners.

Trop2 is cleaved by RIP

Detection of the ECD and ICD at different cellular com-
partments and their independent function in self-renewal
and proliferation led us to investigate the mechanisms
through which Trop2 is being cleaved. TACE is a member
of the ADAM family of proteases that mediates the initial
proteolysis and ectodomain shedding of several trans-
membrane proteins during RIP, followed by intramem-
brane proteolysis carried out by the g-secretase complex.
To test whether TACE and g-secretase play a role in Trop2
processing, PEB cells expressing Trop2-Myc tag were
treated with the TACE inhibitor (TAPI-2) or g-secretase
inhibitor (DAPT). Treatment with TAPI-2 resulted in a
significant increase in the levels of uncleaved full-length
Trop2 (Fig. 3A; Supplemental Fig. S4A). Treatment of PEB
cells with DAPT caused a significant increase in the full-
length Trop2 as well as the appearance of an intermediate
cleavage product (ICP) (Fig. 3A, Supplemental Fig. S4A).
The ICP of ;15 kD in size can be generated if Trop2 is not
fully processed, but the first TACE cut still takes place
(Fig. 3A). Treatment with DAPT and TAPI-2 also resulted
in significant decrease of ICD localized in the nucleus
(Fig. 3B). While RIP has been implicated in the activation
of several transmembrane proteins, for the first time, we
demonstrate that Trop2 is cleaved and its processing
involves RIP.

Presenilin 1 (PS-1) and PS-2 are catalytic subunits of the
g-secretase complex. Full-length Trop2 increases upon
silencing of PS-1 and to a lesser extent upon silencing of
PS-2 by siRNA (Fig. 3C; Supplemental Fig. S4B,C). Upon
knockdown of either PS-1 or PS-2, we observed accumu-
lation of Trop2 ICP similar to DAPT treatment (Fig. 3C).
Knockdown of both PS-1 and PS-2 has an additive effect
on Trop2 processing, as we observed a greater accumula-
tion of ICP (Fig. 3C). An increase in Trop2 on the cell
surface was detected upon PS-1 knockdown and to a lesser
extent upon PS-2 knockdown, as measured by fluores-
cence-activated cell sorting (FACS) analysis (Supplemen-
tal Fig. S4C). These observations suggest that PS-1 is the
major protease involved in Trop2 processing.

Trop2 and EpCAM have distinct expression patterns
in the adult mouse prostate

Related proteins can often carry out different functions in
distinct cell populations. Since we found that Trop2 is
processed through RIP, we investigated the expression
patterns of Trop2 and EpCAM, a related molecule pre-
viously demonstrated to be regulated by RIP (Maetzel
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et al. 2009). The spatial patterns of Trop2 and EpCAM
in the mouse prostate revealed dramatic differences in
their cellular localization. While Trop2 expression was
restricted to the progenitor-enriched region most proxi-
mal to the urethra, as previously reported (Goldstein et al.
2008), EpCAM was expressed evenly in all epithelial cells

(Supplemental Fig. S5A). FACS analysis demonstrated
that Trop2 is expressed primarily in a subpopulation of
Sca-1+CD49fhi basal cells and is rarely expressed on
luminal cells, while EpCAM was expressed in all CD49flo

luminal and CD49fhi basal epithelial cells (Supplemental
Fig. S5B). We hypothesize that EpCAM and Trop2 regulate

Figure 2. Trop2 ECD and ICD localize at distinct sites within the cell. Trop2 regulates stem/progenitor self-renewal through ICD and
ECD cleavage products. (A) Confocal microscopy of PEB cells stained with anti-Myc tag or anti-ECD antibody and DAPI. The right two
panels represent PEB cells infected with lentivirus expressing RFP (PEB) as a negative control to determine whether anti-Myc tag
antibody recognizes any endogenous myc. Staining of PEB cells expressing mTrop2 with a C-terminal Myc tag to follow the ICD with
the indicated antibodies is presented in the left four panels. Bar, 10 mm. One out of three independent experiments is shown. Graphs
represent the percentage of cells with nuclear ICD or ECD (left graph) and cytoplasmic and membrane ICD or ECD (right graph). (B)
Serum-free medium from TRAMP-C2 cells transduced with RFP lentivirus (control) or mTrop2-Myc tag (mTrop2) was precipitated
(precipitated media), followed by Western blot using commercial anti-ECD antibody or anti-Myc tag recognizing the ICD or Erk2 as
a marker for cell lysate. Cell lysates from TRAMP-C2 cells expressing mTrop2-Myc tag (mTrop2) and CM produced by 293T expressing
secreted Trop2-ECD-Fc (CM+ECD) were used as positive controls. Only the ECD of Trop2 was detected in the precipitated media.
Highly glycosylated Trop2 is shown between 35 and 50 kD. Four independent experiments were performed. (C) An equal number
progenitor cells (LSCThi) was transduced with a control RFP-expressing (control) or Trop2 ICD-expressing (mICD) lentivirus and plated
in triplicates in the sphere assay. Representative pictures are presented in the left panels. Bars, 100 mm. Seven days later, we observed an
increase in sphere size and number as early as Gen 1 (graphs presented on the right). Orange panels represent RFP-infected spheres
(control), and red panels show mICD-infected spheres. The ICD alone enhance self-renewal, as measured by sphere number in Gen 2.
Sphere number in each sample is presented as the percentage normalized to the RFP-infected spheres (control). Data are represented as
mean 6 SEM. (Right graph) Sphere size is presented in diameter in microns. Three independent experiments were performed. (D)
Generation of 293T cells line expressing secreted ECD. (Left) Conditioned medium produced by 293T expressing RFP (CM) or Trop2-
ECD-Fc and RFP (CM+ECD) was subjected to Western blot analysis with anti-ECD antibody. Equal numbers of progenitor cells
(LSCThi) were plated in triplicate and treated with conditioned medium from control 293T cells infected with RFP (CM) or 293T cells
stably expressing and secreting Trop2-ECD-Fc and RFP (CM+ECD). Images show spheres grown in the presence of CM or CM+ECD.
Bars, 100 mm. No difference in sphere number was observed (left graph), while there was a significant increase in sphere size upon
treatment with CM+ECD at Gen 1 (right graph). Dark-blue bars represent spheres treated with CM, and light-blue bars represents
spheres treated with CM+ECD. Three independent experiments were performed.
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Figure 3. Trop2 is cleaved by RIP. Trop2 cleavage mutants are deficient in inducing self-renewal in vitro. (A) PEB-Trop2-Myc tag
cells were treated with either DMSO (vehicle), DAPT, or TAPI-2, followed by Western blot. The red arrow indicates accumulated
ICP. The ICD cannot be detected without immunoprecipitation (IP). The blue arrow indicates full-length mTrop2 (FLTrop2). Full-
length Trop2 appears between 35 and 50 kD. One out of three independent experiments is shown. Schematic representation of the
generation of 15-kD ICP upon treatment with DAPT is shown on the right. (B) TRAMP-C2 expressing mTrop2 with a C-terminal
Myc tag to follow the ICD were treated with DMSO (vehicle), DAPT, or TAPI-2. Twenty-four hours post-treatment, cells were
fixed and stained with anti-Myc tag or anti-ECD antibody and DAPI and subjected to confocal microscopy. Bar, 10 mm. One out of
two independent experiments is shown. The graph represents the percentage of cells with nuclear ICD. (C) PEB expressing Trop2-
Myc tag cells were transfected with nontargeting (Cont), PS-1, PS-2, or both PS-1 and PS-2 siRNA, followed by Western blot with
the indicated antibodies. Similar to DAPT treatment, knockdown of presenilins caused ICP appearance, as indicated by the red
arrow. The blue arrow shows full-length Trop2 (FLTrop2). One out of three independent experiments is shown. (D) PEB cells were
infected with lentivirus expressing RFP (control), mTrop2-Myc tag and RFP (mTrop2), or V286K-Myc tag (V286) mutant. Cells
were lysed and subjected to Western blot with antibodies against Myc tag or the ECD of Trop2. The red arrow shows ICP
appearance in V286K, demonstrating not fully processed Trop2. One out of three independent experiments is shown. (E) Serum-
free medium from TRAMP-C2 cells transduced with RFP lentivirus (control), mTrop2-Myc tag (mTrop2), or V188K-Myc tag
(V188K) was precipitated, followed by Western blot using commercial anti-ECD antibody or anti-Myc tag recognizing the ICD.
Only the ECD of Trop2 was detected in the precipitated media from cells expressing wild-type Trop2, but not from cells expressing
V188K. Two independent experiments were performed. (F) LSCThi cells were isolated by FACS, and an equal number of cells was
infected with RFP (control), mTrop2, V286K, or V188K mutants expressing lentivirus and plated in triplicate. Sphere number and
diameter in microns were quantified after Gen 1 and Gen 2. (Left graphs) Sphere number in each sample is presented as the
percentage normalized to the RFP-infected spheres (control). Data are represented as mean 6 SEM. Sphere size measured by sphere
diameter in microns is presented in the right graphs. Purple bars represent RFP (control), blue bars indicate mTrop2, yellow bars
represent V286K mutant, and green bars indicate V188K mutant-infected spheres. Each sample in the experiment was plated in
triplicate. Three independent experiments were performed.

Stoyanova et al.

2276 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on October 31, 2014 - Published by genesdev.cshlp.orgDownloaded from 



distinct processes in defined cell populations even though
both proteins are regulated by RIP.

Trop2 is cleaved at two distinct sites

While EpCAM cleavage sites still remain unknown,
Notch1 processing sites have been well characterized
(Schroeter et al. 1998; Mumm et al. 2000). Based on Notch
cleavage sites (Schroeter et al. 1998; Mumm et al. 2000),
we predicted the likely TACE cleavage site within the
ECD (between Ala187 and Val188) and g-secretase cleav-
age site within the transmembrane domain (between
Gly285 and Val286). Each valine was substituted to a
lysine (V188K and V286K). PEB cells were transduced
with the g-secretase cleavage mutant (V286K), TACE
cleavage mutant (V188K), wild-type Trop2-Myc tag
(mTrop2), or RFP (control) lentivirus. V286K and V188K
localize on the cell surface similarly to the wild-type
Trop2, as measured by FACS (Supplemental Fig. S6A). We
tested whether mutation at the g-secretase cleavage site
would result in the appearance of ICP. Similar to treat-
ment with DAPT, accumulation of ICP was observed in
the V286K mutant but not in the wild-type Trop2 (Fig.
3D). We further tested whether the V188K mutant is
cleaved. Precipitated medium from prostate cells express-
ing TACE cleavage mutant (V188K), wild-type Trop2-Myc
tag (mTrop2), or RFP (control) lentivirus was subjected to
Western blot analysis with antibodies against Myc tag
(ICD) and the ECD. Cleaved and shed ECD was detected
in the medium from cells expressing wild-type Trop2
(mTrop2) but not from the cells expressing the V188K
cleavage mutant (Fig. 3E).

Cleavage of Trop2 is required for its self-renewal
and proliferative activity

To address whether Trop2 processing by RIP is necessary
to carry out its self-renewal function, we tested the
V286K and V188K mutants in the sphere assay (Fig. 3F;
Supplemental Fig S6B). LSCThi cells were infected with
lentivirus expressing RFP (control), mTrop2, V286K, or
V188K cleavage mutants and plated in the in vitro sphere
assay (Fig. 3F, Supplemental Fig S6B). While heightened
levels of wild-type Trop2 promoted sphere formation, the
cleavage mutants V286K and V188K failed to enhance
self-renewal (Fig. 3F; Supplemental Fig S6B). Moreover,
V286K negatively affected sphere formation (Fig. 3F;
Supplemental Fig S6B). These results demonstrate that
V286K may have a dominant-negative effect on endoge-
nous Trop2, while V188K acts as a loss-of-function mutant.
Pharmacological inhibition of Trop2 cleavage was also
tested in the sphere assay. DAPT and TAPI-2 nega-
tively impacted sphere formation in LSCThi cells
by reducing sphere number and size (Supplemental
Fig. S7A).

We asked whether Trop2 overexpression increases the
percent of cycling cells in benign epithelial cells, as has
been reported in cancer cells (Cubas et al. 2010). Both
cleavage mutants V286K and V188K failed to increase
proliferation and demonstrated cell cycle profiles similar
to the control, while heightened Trop2 led to an increase

in cycling cells (Supplemental Fig. S7B). Taken together,
the combined genetic and small molecule inhibition
results demonstrate that cleavage of Trop2 is necessary
for its enhanced growth and self-renewal activity in
Trop2hi cells.

Trop2 is cleaved in human prostate cancer

We next asked whether cleavage of Trop2 is observed
in human prostate cancer. Frozen serial sections (4-mm
thickness) of tissues from 11 prostate cancer patients
containing both benign and cancer regions were subjected
to coimmunofluorescence with antibodies against the
ICD and ECD of human Trop2 or H&E staining (Fig. 4;
Supplemental Fig. S8). Stained tissues were analyzed for
ICD and ECD cellular localization by confocal micros-
copy. Nuclear ICD was detected only in the cancer
specimens but not in the benign counterparts in six out
of the 11 patient samples analyzed (Fig. 4; Supplemental
Fig. S8). The ECD was detected only in the cytoplasm and

Figure 4. Nuclear localization of the ICD is found in human
prostate cancer. Immunofluorescence with anti-ECD and anti-
ICD antibodies and DAPI of tissues from human prostate
cancer patients. One out of 11 patient samples is shown. A
benign region is presented in the left two columns, and a
cancer region is shown in the right two columns. Histology is
shown in the top two panels by H&E staining. Bars, 100 mm.
ICD nuclear localization can be detected only in cancer but
not in the benign prostate (green). The ECD is found in the
cytoplasm and on the membrane in the benign and cancer
regions (red). DAPI demonstrates nuclear staining (blue).
Merged images are presented in the bottom panels. In the
immunofluorescence images to visualize ICD and ECD local-
ization, bars represent 10 mm.
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on the membrane in all patient samples in both cancer
and benign regions (Fig. 4; Supplemental Fig. S8). These
results indicate that cleavage and activation of Trop2 are
associated with human prostate cancer.

Heightened expression of the ICD initiates PIN in vivo

To address the link between self-renewal and proliferative
activity of Trop2 and its role in prostate tumorigenesis,
we tested whether heightened Trop2 is sufficient to trans-
form naive epithelium and whether activation through
cleavage is required for its function (Fig. 5A). We hypoth-
esized that the expression of ICD alone will mimic active
Trop2, while a cleavage mutant will represent a loss of
function in vivo. Full-length mTrop2 was compared with
g-secretase cleavage mutant V286K, RFP alone, ICD to
mimic active Trop2, and a potent oncogenic signal such
as activated AKT in the in vivo regeneration assay (Fig.
5B). Infection efficiency was assessed by the presence of
the RFP or GFP color marker carried by each lentiviral
vector. Enhanced expression of V286K, mICD, mTrop2,
or AKT was confirmed by immunofluorescence or immu-
nohistochemistry analysis in three independent grafts.
Trop2 was able to drive hyperplasia, while the ICD was
more potent, giving rise to lesions observed upon activa-
tion of AKT that morphologically resemble PIN, a pre-
cursor to carcinoma (Fig. 5B; Bostwick and Montironi
1995). V286K regenerated grafts resembled the RFP con-
trol and showed normal tubule regeneration, demonstrat-
ing that cleavage and activation of Trop2 is required for
its transformation activity (Fig. 5B). The ECD alone was
also sufficient to induce hyperplasia in the in vivo
prostate regeneration assay (Supplemental Fig. S9).

Trop2 signals through b-catenin

Our findings that LSCThi cells express higher levels of
b-catenin when compared with LSCTlo (Supplemental
Fig. S2) led us to investigate whether Trop2 signals
through b-catenin. A polyclonal antibody against the
ICD was generated in our laboratory to assess whether
the ICD and b-catenin physically interact. Due to higher
levels of endogenous b-catenin in TRAMP-C2 cells,
TRAMP-C2 cells expressing Trop2-Myc tag were used
in immunoprecipitation experiments. The ICD coimmu-
noprecipitates with endogenous b-catenin (Fig. 6A). We
next performed immunoprecipitation with an antibody
against the ECD of Trop2. b-Catenin was not detected in
the ECD immunoprecipitants (Fig. 6B). We set out to in-
vestigate whether Trop2 is involved in b-catenin signal-
ing. Overexpression of Trop2 led to up-regulation of the
b-catenin downstream targets cyclin D1 and c-myc, dem-
onstrating that Trop2 signals through b-catenin (Fig. 6C,D;
Supplemental Fig. S10).

b-Catenin is required for Trop2-driven self-renewal
and hyperplasia

Having demonstrated that b-catenin binds to Trop2 and is
involved in Trop2 signaling, we next investigated local-
ization of the ICD and b-catenin in human prostate

tissues. Nuclear b-catenin was found in the cancer region
of three out of 11 patient samples analyzed, all of which
express nuclear Trop2 ICD (Fig. 7A; Supplemental Fig.
11). Importantly, b-catenin colocalized with Trop2 ICD in
all three patients (Fig. 7A; Supplemental Fig. 11). Nuclear
colocalization was restricted to the cancer region and was
not observed in the benign region (Fig. 7A; Supplemental
Fig. 11).

To determine whether the biological activity of Trop2
is dependent on b-catenin, we investigated the link
between b-catenin and Trop2-driven self-renewal and
hyperplasia. Trop2 was overexpressed in wild-type or
b-catenin-deleted epithelium and tested for self-renewal
potential. LSCThi cells from b-catenin conditional knock-
out mice (loxP/loxP) were infected with either mTrop2-
and RFP-expressing or RFP-expressing lentivirus and
either Cre recombinase- and GFP-expressing (to drive
excision of loxP sites, b-cat�/�) or GFP-expressing (b-cat+/+)
lentivirus and plated in the sphere assay (Fig. 7B; Supple-
mental Fig. S12). Trop2 was able to drive an increase in
sphere formation only in the presence of b-catenin (Fig.
7B; Supplemental Fig. S12). Loss of b-catenin abrogated
the self-renewal driven by heightened Trop2 and showed
baseline self-renewal activity comparable with the control.

To assess whether the activity of Trop2 is dependent on
b-catenin in vivo, Trop2 was overexpressed in wild-type
or b-catenin-deleted epithelium and tested for the abil-
ity to drive hyperplasia in the in vivo regeneration assay.
Dissociated primary prostate cells from b-catenin con-
ditional knockout mice were transduced with mTrop2
and RFP and either Cre recombinase-and GFP-express-
ing (b-cat�/�) or GFP-expressing (b-cat+/+) lentivirus.
Transduced prostate cells were combined with UGSM
cells and subjected to in vivo regeneration. Upon histo-
logical analysis of the recovered grafts, we observed that
Trop2 was able to induce hyperplasia only in the pres-
ence of b-catenin (mTrop2/b-cat+/+) (Fig. 7C). Loss of
b-catenin blocked the hyperplasia induced by height-
ened Trop2 (mTrop2/b-cat�/�) and showed normal pros-
tate tubule regeneration (Fig. 7C). These findings dem-
onstrate that Trop2 function requires the presence of
b-catenin (Fig. 7B,C).

Discussion

Recent evidence suggests that many human cancers arise
from transformed stem cells due to their enhanced self-
renewal capacity (Visvader, 2011). Identifying the factors
that regulate self-renewal will enhance our understand-
ing of the tumorigenic process and lead to the design of
novel cancer therapies. We showed here that Trop2 is
a new regulator of stem/progenitor activity in the pros-
tate. Trop2 controls self-renewal, proliferation, and tissue
hyperplasia through two cleavage products (ICD and
ECD) generated by RIP. We speculate that elevated
expression of Trop2 is selected for in cancer due to its
capacity to enhance self-renewal and proliferation.

We found that Trop2 cleavage is mediated by both PS-1
and PS-2 in the g-secretase complex. Our observations
that knockdown of PS-1 and, to lesser extent, PS-2
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resulted in elevated surface Trop2 suggest that PS-1 is the
predominant enzyme involved in Trop2 processing. In
contrast, EpCAM cleavage by RIP is carried out strictly by
PS-2 (Maetzel et al. 2009).

Analysis of Trop2 and EpCAM localization in the
mouse prostate revealed that these related proteins have

different expression patterns, which may have a biological
consequence. While we demonstrated that Trop2 regu-
lates self-renewal and tissue regeneration, no evidence
has been provided to support a functional role for EpCAM
in adult stem/progenitor cells. The Notch family of
receptors provides one example of highly homologous

Figure 5. Trop2 and the ICD alone drive hyperplasia in vivo. (A) Schematic representation of the in vivo regeneration assay and
lentiviral construct used. (B) Dissociated primary prostate cells were transduced with lentivirus expressing RFP (control), Trop2, mICD,
V286K, or AKT. Infected prostate cells were combined with UGSM and subjected to the in vivo regeneration assay. Eight weeks later,
grafts were recovered, fixed in formalin, and sectioned for histological analysis. The left panels represent immunofluorescence (IF)
showing infected tubules, and the middle panel shows immunofluorescence with anti-Trop2 ECD or immunohistochemistry (IHC)
with anti-ICD or anti-AKT, respectively. The right two panels show the histology of the recovered grafts. One out of three independent
experiments is shown. Bars: right panels, 200 or 50 mm.
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proteins carrying differential functions. Notch1, Notch2,
and Notch3 are expressed in distinct cell populations
within the thymus, are regulated by RIP, and induce
analogous signaling cascades (Felli et al. 1999). Both
Notch1 and Notch2 are expressed in myeloid progenitor
cells, but they are each cleaved in response to different
cytokines, supporting unique downstream signaling pat-
terns (Bigas et al. 1998).

Upon activation by RIP, we determined that Trop2
signals through b-catenin. Trop2 was not able to induce
self-renewal and hyperplasia upon b-catenin loss, dem-
onstrating that the Trop2 self-renewal and transformation
function is dependent on b-catenin activity. Abnormal
b-catenin localization is found in 71% of prostate cancer
patients, and high levels of b-catenin are associated with
metastatic prostate cancer (Yardy and Brewster 2005;
Yardy et al. 2009). Elevated levels of Trop2 are found in
localized and metastatic human prostate cancer com-
pared with benign prostate tissue (T Stoyanova, AS
Goldstein., J Huang, H Zhang, and ON Witte, unpubl.).
We now demonstrate that nuclear b-catenin colocalizes
with the ICD within the nucleus. This colocalization is
restricted to cancer regions and does not occur in the
benign tissues. Nuclear ICD is also observed in prostate

cancer patients with low levels of nuclear b-catenin.
Additional analysis will need to be performed to investi-
gate the relationship between high nuclear b-catenin that
colocalizes with the ICD and the clinical outcome of
prostate cancer patients.

Due to its elevated expression in a broad range of
epithelial cancers, Trop2 is a promising target for thera-
peutic intervention. Antibodies against Trop2 were used
as carriers of radioactive elements or toxins to the tumor
sites and demonstrated great anti-cancer efficacies in
xenograft models of multiple cancers (Shih et al. 1995;
Stein et al. 1997; Govindan et al. 2004; Cardillo et al.
2011). Trop2 antibodies can also be used as direct thera-
peutic effectors. Nonconjugated Trop2 antibodies exhibit
potent anti-cancer activity in cancer xenografts of many
epithelial cancers (Young et al. 2008; Alberti 2012). These
studies suggest that the antibodies interfere with Trop2
signaling, most likely by compromising cancer self-re-
newal and proliferation. Thorough interrogation of the
functional role of Trop2 in stem/progenitor self-renewal
and transformation and of the molecular mechanisms of
Trop2 function defined in our study will be applicable in
developing novel targeted therapies. Activation and sig-
naling driven by Trop2 require RIP, as cleavage mutants

Figure 6. Trop2 signals through b-catenin. (A)
Trop2 ICD binds b-catenin. Cell lysates from
TRAMP-C2 cells expressing either RFP (control) or
the mTrop2-Myc tag and RFP (mTrop2) were sub-
jected to immunoprecipitation using antibodies
against the ICD raised in our laboratory (ICD
immunoprecipitation), followed by Western blot
with anti-Myc tag (ICD) (on the left) or anti-b-catenin
(on the right) antibodies. Trop2 is shown between
35 and 50 kD due to high glycosylation. One out of
three independent experiments is shown. (B) Lysates
from TRAMP-C2 cells transduced with a RFP-
expressing lentivirus (control) or mouse Trop2 and
RFP lentivirus (mTrop2) were subjected to immu-
noprecipitation with polyclonal antibody against
the ECD of Trop2, followed by Western blot with
anti-Myc tag (ICD) or anti-b-catenin antibodies. No
interaction between the ECD and b-catenin was
observed. One out of three independent experi-
ments is presented. (C) Overexpression of Trop2
increases b-catenin target genes. Lysates from PEB
expressing RFP (control) or mouse Trop2 (Trop2)
were subjected to SDS-PAGE followed by Western
blot with anti-Trop2 ECD, anti-cyclin D1, anti-
c-myc, or anti-b-actin antibodies. One out of three
independent experiments is shown. (D) RNA iso-
lated from PEB expressing RFP (control) or mouse
Trop2 (Trop2) was subjected to cDNA synthesis,
and quantitative PCR was performed in triplicate
using mouse-specific cyclin D1 and c-myc primers.
One out of three independent experiments is shown.
Fold change of cyclin D1 and c-myc mRNA levels is
normalized to GAPDH (internal control).
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were deficient in self-renewal and transformation, sug-
gesting that inhibition of regulated processing might
inhibit proliferation and survival in prostate cancer cells
(Fig. 7D). Small molecules able to block Trop2 pro-
teolysis or monoclonal antibodies that interfere with
Trop2 processing and activation could represent a promis-
ing strategy to target not only prostate, but other epithelial
cancers exhibiting elevated levels of Trop2 (Fig. 7D).

Materials and methods

Vector production

Mouse Trop2 was PCR-amplified from pCR-BluntII-TOPO vec-
tor containing the ORF of mouse Trop2 (purchased from Open
Biosystems). Trop2 was modified by adding a Myc tag at the
C-terminal end, and XbaI restriction digest sites were added to
both ends. The amplified Trop2 was subcloned into the XbaI site
of FUCRW downstream from the ubiquitin promoter. Trop2 ICD

was PCR-amplified, and XbaI and EcoR1 sites were added,
followed by subcloning into FUCRW downstream from the
ubiquitin promoter.

To generate V188K and V286K Trop2 mutants, mouse Trop2
was subcloned in pBSKSII vector. Stratagene’s QuikChange site-
directed mutagenesis kit was used to introduce a single-amino-
acid change with the following oligonucleotides: V188K (CTT
CCTATCCGCGAAACACTATGAGGAGCCCACC and GGTG
GGCTCCTCATAGTGTTTCGCGGATAGGAAG) and V286K
(TAGCGGTAGTGGCTGGTAAGGTGGTCTTGGTGGT and
ACCACCAAGACCACCTTACCAGCCACTACCGCTA). V188K
and V286K Trop2 mutants were subcloned into the FUCRW XbaI
and EcoR1 sites downstream from the ubiquitin promoter.

The BLOCK-iT PolII miRNAi expression vector kit was used
for generation of miRNA scrambled-GFP and miRNATrop2-GFP
with the following oligonucleotides: miRNA scrambled-GFP
(TGCTGAAATGTACTGCGCGTGGAGACGTTTTGGCCACT
GACTGACGTCTCCACGCAGTACATTTCAGG) and miRNA
Trop2-GFP (TGCTGAACTCAATGAGGATGTGGTGGGTTTT
GGCCACTGACTGACCCACCACACTCATTGAGTTCAGG).

Figure 7. Trop2 regulates self-renewal and
transformation though b-catenin. (A) Immu-
nofluorescence of tissues from human pros-
tate cancer patients with anti-ICD and anti-
b-catenin antibodies and DAPI. One out of
11 patient samples is shown. A cancer re-
gion is presented in the top panels, and
a benign region is shown in the bottom

panels. The ICD (green) colocalizes with
b-catenin (pink) in the nucleus only in
cancer but not in the benign prostate. DAPI
demonstrates nuclear staining (blue). Merged
images are presented in the bottom panels.
Bars, 10 mm. (B) Trop2-mediated enhanced
self-renewal requires b-catenin. Isolated
progenitor cells (LSCThi) from b-catenin
conditional knockout mice (loxP/loxP) were
infected with either mTrop2- and RFP-
expressing lentivirus or control RFP (RFP)
and either Cre recombinase- and GFP-
expressing lentivirus (to drive excision of
loxP sites, b-cat�/�) or control GFP-express-
ing lentivirus (b-cat+/+). Infected cells were
plated in triplicate in the sphere-forming
assay, and sphere numbers were quantified
7 d post-plating for Gen 1 and further
passaged to Gen 2. (Left graphs) Sphere
number in each sample is presented as the
percentage normalized to the RFP control.
Data are represented as mean 6 SEM. One
out of three independent experiments is
shown. (C) Dissociated primary prostate
cells from b-catenin conditional knockout
mice were transduced with either mTrop2-
and RFP-expressing lentivirus and either
Cre recombinase (mTrop2/b-cat�/�) or GFP
(mTrop2/b-cat+/+) and combined with UGSM
and subjected to the in vivo regeneration

assay. Eight weeks later, grafts were recovered, fixed in formalin, and sectioned for histological analysis. The left four panels represent
histology (H&E staining). The right panels show immunohistochemistry (IHC) with anti-b-catenin or immunofluorescence with anti-
Trop2 ECD and DAPI. Bars: right panels, 100 or 50 mm. (D) Trop2 is activated through RIP by the TACE and g-secretase complex. RIP of
Trop2 results in shedding of the ECD and release of the ICD to the nucleus. The ICD promotes self-renewal through b-catenin. The
models suggest that the ICD promotes transformation through its self-renewal activity.
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Viral packaging

Third-generation lentiviral vectors FUCGW and FUCRW, de-
rived from FUGW (Lois et al. 2002; Xin et al. 2006), were used for
the construction of the mouse Trop2, ICD, ECD-Fc, V286K, and
V188K cleavage mutant overexpression.

Mouse strains

C57BL/6 and CB17Scid/Scid mouse strains were purchased from
The Jackson Laboratory. Mice were housed in the Univer-
sity of California at Los Angeles (UCLA) animal facilities
under the regulation of the Division of Laboratory Animal
Medicine.

Prostate regeneration assays

Housing, maintenance, and all surgical procedures were un-
dertaken in compliance with the regulations of the Division of
Laboratory Animal Medicine of UCLA. All experimental pro-
cedures were approved by the Division of Laboratory Animal
Medicine of UCLA. The details of the regeneration process
have been explained previously (Lukacs et al. 2010).

Prostate cell dissociation, cell sorting, and in vitro sphere

assay

Isolation of prostate epithelial cells, antibody staining, and FACS
for LSCTlo, LSCThi, and luminal cells were performed as pre-
viously described (Goldstein et al. 2008; Lukacs et al. 2010). Five
thousand to 50,000 sorted LSCThi or LSCTlo prostate cells were
used for sphere assay following the previously published protocol
(Lukacs et al. 2010).

Prostate patient samples

Patient samples were obtained from the UCLA Translational
Pathology Core Laboratory (TPCL), which is authorized by the
UCLA Institutional Review Board (IRB) to distribute annonymized
tissue to researchers. All tissues were from prostatectomy spec-
imens that contained prostate cancer as well as benign prostate.
Fresh prostates were serially sectioned into five to seven slices,
depending on their sizes. Levels 2 and 4 were submitted to the
TPCL. Each level was divided into four quadrants, and a rapid-
frozen section diagnosis was performed. Cancer and benign areas
were clearly marked on the frozen section slides, and the frozen
tissue was stored in �80°C freeze. Additional sections were cut
from the tissue for H&E staining and immunofluorescence
studies.

Western blot and immunoprecipitation

For Western blot assay, cells were washed twice with 13 PBS and
lysed in RIPA buffer contacting 50 mM Tris-HCl (pH 8.0), 150
mM NaCl, 0.1% SDS, 0.5% SD, 1% NP-40, 1 mM EDTA,
cocktail protease inhibitors (Roche), and phosphatase inhibitor
1 and 2 (Sigma). Extracts (10–50 mg) were subjected to sodium
dodecyl sulfate–10% polyacrylamide gel electrophoresis, fol-
lowed by blotting to nitrocellulose with the indicated antibodies.
For immunoprecipitation, cells were lysed by suspension in 2 vol
of buffer containing 0.4 M NaCl, 20 mM Tris-HCl (pH 7.5), 0.1%
NP-40, 5% (v/v) glycerol and cocktail protease inhibitors
(Roche), and phosphatase inhibitor 1 and 2 (Sigma). Extracts
(500 mg) were subjected to immunoprecipitation with 1 mg of
anti-ICD, anti-ECD or with isotype-matched immunoglobulin
(IgG) followed by Western blot.

Immunofluorescence

For cytospins and immunofluorescence, 1 3 105 cells were spun
on slides and fixed in ice-cold acetone, followed by staining with
the indicated antibodies. Antibodies and dilutions are provided
in the Supplemental Material. Slides were counterstained with
DAPI and visualized with confocal fluorescence microscopy.

Immunohistochemistry

Indicated tissues were fixed in 10% buffer formalin and paraffin-
embedded. Four-micron sections were deparaffinized in xylene
and rehydrated in 100%, 95%, and 70% ethanol. Antigen re-
trieval was performed with citrate buffer (pH 6.0) for 20 min at
95°C. Sections were further blocked using mouse-on-mouse
blocking reagents (Vector Laboratories, BMK-2202). The sections
were incubated with the indicated antibodies overnight. Slides
were washed with 13 PBS and incubated with anti-mouse HRP
or anti-rabbit HRP antibodies (DAKO) for 1 h, developed with
HRP substrate (DAKO), and counterstained with hematoxylin.

Antibodies

Western blot analysis and immunoprecipitation experiments
were performed using the following antibodies: anti-Trop2
ECD (R&D Systems, FAB1122A, FAB1122F, and BAF1122),
anti-Myc tag (Cell Signaling, no. 2276S and no. 2278), anti Erk-2
(Santa Cruz Biotechnology, sc-154), anti-a-tubulin (Santa Cruz
Biotechnology, sc-5286), anti-PS-1 (Cell Signaling, no. 5643S),
anti-PS-2 (Cell Signaling, no. 2192), anti-cyclinD1 (Cell Signaling,
no. 2926), anti-b-catenin (Transduction Laboratories, 610454),
anti-EpCAM (Abcam, ab68892), and anti-EpCAM C terminus
(Epitomics, 1144-1).

siRNA

On-Target Plus smart pool siRNA targeting mouse PS-1 and PS-2
and nontargeting siRNA control were purchased from Dharmacon
as previously described (Zhao et al. 2010): PS-1 siRNA (CC
AAAGGCCCACUUCGUAU, GAAGGAUAGCUCCGAGUAA,
GGAGCAUUCUAACGAGUGA, and CCGGAAGGACGGUC
AGCUA) and PS-2 siRNA (CCUCAAGUAUGGGGCGAAA,
CUAUCAAGUCUGUGCGUUU, AAGAGGACCCGGACCGC
UA, and CAGCUUGCCUGUCGGAGCA).

Inhibitors

DAPT (10 mM) (Sigma Aldrich, D5942) or 40 mM TAPI-2 (Enzo
Life Sciences, BML-PI135-0001) were used.

Statistical analysis

All experiments were performed with at least three different
primary cultures or animals in independent experiments. Signif-
icance was evaluated by Student’s t-test. Data are presented as
mean 6 SEM.

ICD antibody generation

Anti-ICD rabbit polyclonal antibody was generated by Open
Biosystems, following the Custom Polyclonal Antibody Pro-
duction protocol. Briefly, KLH-conjugated mouse and human
ICD peptides were used as antigens (mouse, TKRRKSGKYKK
VELKELGEMRSEPSL; human, TNRRKSGKYKKVEIKELGELR
KEPSL). Immunoglobulin fraction was purified from the rabbit
serum through protein A/G purification. Purified immunoglobulins
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were tested by ELISA, immunoprecipitation, immunofluores-
cence, and immunohistochemistry for reactivity with the mouse
and human ICD.
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Figure S1. Schematic representation of sphere assay and constructs used.  (A) Schematic of the 

in vitro sphere assay with a representative fluorescence-activated cell sorting (FACS) plot used 

for purification of LSCThi and LSCTlo primary mouse prostate cells. (B) 293T cells were 

transfected with mouse Trop2 (mTrop2) and scrambled miRNA or different Trop2 miRNA 

expressing constructs (1-4). Trop2 miRNA #2 was chosen for further experiments. (C) Prostate 

epithelial cells transduced with mTrop2 were either treated with PNGase F or left untreated 

(control). Trop2 is highly glycosylated and appears as an irregular band between 35 and 50 kDa. 

Treatment with PNgase F removes N-linked glycans from Trop2. (D) Schematic representation 

of lentiviral constructs used for ectopic expression of Trop2, ICD, ECD and cleavage mutants 

V286K, V188K.  



 

4 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. LSCTlo cells express lower level of -catenin. LSCThi and LSCTlo primary mouse 

prostate cells were isolated by FACS. Cells were stained with anti--catenin or anti-Trop2 

antibodies and Propidium Iodine (PI) followed by confocal microscopy. White arrows point to 

LSCTlo cells with low expression of -catenin. Scale bars represent 10 microns. Mean 

fluorescence intensity of -catenin and Trop2 staining in LSCThi and LSCTlo cells is plotted. 
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Figure S3. Trop2 ECD induces cleavage of Trop2. TRAMP-C2 cells were infected with 

lentivirus expressing mouse Trop2 ICD (mICD). Cells were fixed and subjected to 

immunofluorescence using anti-ICD or a control (IgG) antibody. Confocal microscopy images 

are presented. Scale bars represent 10 microns. (B) PEB-Trop2-Myc-tag cells were either 

treated with conditioned media from 293T infected with a control RFP lentivirus (CM) or from 

293T cells stably expressing and secreting Trop2-ECD-Fc and RFP (CM+ECD) at two different 

concentrations. Cell lysates from PEB cells (Cell lysate) and the conditioned media from 293T 

infected with a control RFP lentivirus (CM) or from 293T cells stably expressing and secreting 

Trop2-ECD-Fc and RFP (CM+ECD) (Media) were subjected to SDS Page followed by western 

blot with anti-Myc-tag or anti-Trop2 ECD antibody. 
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Figure S4. Down-regulation of PS-1 leads to increased surface Trop2 expression. (A) Intensity 

of Trop2 full length signal in Figure 3A was quantified and normalized to Erk2 using Image J 

software. The quantification values were normalized to the Vehicle control. (B) Intensity of 

Trop2 full length signal in Figure 3B was quantified and normalized to -tubulin using Image J 

software. The quantification values were normalized to the Control si. (C) PEB cells transduced 

with mTrop2-RFP were transfected with control, PS-1, PS-2 or both PS-1 and PS-2 siRNA and 

stained with anti-Trop2 ECD antibody followed by FACS analysis. Fold change of mean 

fluorescent intensity compared to control siRNA is shown. 
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Figure S5. Trop2 and EpCAM are differentially expressed in the mouse prostate. (A) 

Immunohistochemistry of a representative 12 week old mouse prostate stained with antibodies 

against the extracellular domain of Trop2 indicated as Trop2 (ECD) or EpCAM. Arrows indicate 

tubules with high or low levels of Trop2 and corresponding EpCAM staining. Scale bars 

represent 1 mm (left panels) or 100 microns (right panels). (B)  FACS analysis of Trop2 and 

EpCAM surface levels in basal and luminal primary prostate cells. Luminal cells were gated on 

CD49f lo and Sca-1- and are marked in green. Basal cells (LSC) were gated on CD49f hi and 

Sca1+ and are marked in pink. 
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Figure S6. Trop2 cleavage mutants localize to the cell surface but are deficient in inducing self-

renewal in vitro. (A) FACS analysis of PEB cells transduced with lentivirus carrying RFP 

(Control), mTrop2, V188K or V286K and stained with anti-Trop2 ECD antibody for analysis by 

FACS. mTrop2, V188K and V286K localize to the cellular membrane. (B) Representative 

pictures of spheres expressing mTrop2, V286K or V188K mutants from Figure 3F. Scale bars 

represent 100 microns. Bottom panels show RFP expression, indicating the infection efficiency. 
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Figure S7. Cleavage of Trop2 is necessary for its self-renewal and proliferative function. (A) 

Equal numbers of progenitor cells (LSCThi) were plated in triplicate and treated with DMSO, 

DAPT, TAPI-2 or the combination of DAPT and TAPI-2 every 48h hours. Upper panels show 

images of spheres grown in the indicated conditions. Scale bars represent 100 microns. Sphere 

number and sphere size was reduced upon treatment with DAPT and TAPI-2 (bottom graphs). 

Sphere size was measured at Gen 1. (B) Cell cycle analysis of PEB cells transduced with 

lentivirus carrying RFP (Control), mTrop2, V188K or V286K and stained with PI. Both mutants 

V188K and V286K fail to increase cycling PEB cells. 
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Figure S8. Nuclear localization of ICD is found in human prostate cancer. Table shows patient 

samples analyzed in Figure 4. Pathologic stage is based on the 7th Edition AJCC Cancer Staging 

Manual. The presence (Yes) or absence (No) of nuclear ICD is shown in the last two columns.     
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Figure S9.  ECD alone drive hyperplasia in vivo. Schematic representation of the in vivo 

regeneration assay and lentiviral constructs used is presented. Dissociated primary prostate cells 

were transduced with lentivirus carrying RFP (Control) or ECD-Fc. Infected prostate cells were 

combined with UGSM and subjected to the in vivo regeneration assay. Eight weeks later, tissues 

were removed and gland histology was examined. Left panels represent immunofluorescence 

(IF) showing infected tubules, middle panels show IHC with anti-Trop2 ECD. Right two panels 

show the histology of the recovered grafts. One out of two independent experiments is shown. 

Scale bars represent 100 or 50 (right panels) microns. 
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Figure S10.  Over-expression of Trop2 increases -catenin target genes (A) Intensity of cyclin 

D1 signal in Figure 6C was quantified and normalized to -actin using Image J software. (B) 

Intensity of c-myc signal in Figure 6C was quantified and normalized to -actin using Image J 

software. In both cases, the quantification values were normalized to the Control. 
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Figure S11. Trop2 co-localizes with -catenin in human prostate cancer. Complete 

immunofluorescence panel presented in Figure 7A is shown. Human prostate cancer patient 

samples were stained with anti-ICD, ECD and anti--catenin antibodies and DAPI. ICD (green) 

co-localizes with --catenin (pink) in the nucleus only in cancer, but not in the benign prostate. 

DAPI demonstrates nuclear staining (blue). Merged images are presented in the bottom panels. 

Scale bars represent 10 microns. 
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Figure S12.  Trop2 regulates self-renewal though -catenin. Representative pictures of spheres 

shown in Figure 7B. Scale bars represent 100 microns. 
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The relationship between the cells that initiate cancer and the
cancer stem-like cells that propagate tumors has been poorly
defined. In a human prostate tissue transformation model, basal
cells expressing the oncogenes Myc and myristoylated AKT can
initiate heterogeneous tumors. Tumors contain features of acinar-
type adenocarcinoma with elevated eIF4E-driven protein trans-
lation and squamous cell carcinoma marked by activated beta-
catenin. Lentiviral integration site analysis revealed that alternative
histological phenotypes can be clonally derived from a common cell
of origin. In advanced disease, adenocarcinoma can be propagated
by self-renewing tumor cells with an androgen receptor-low imma-
ture luminal phenotype in the absence of basal-like cells. These data
indicate that advanced prostate adenocarcinoma initiated in basal
cells can be maintained by luminal-like tumor-propagating cells.
Determining the cells that maintain human prostate adenocarcinoma
and the signaling pathways characterizing these tumor-propagating
cells is critical for developing effective therapeutic strategies against
this population.

Tumors that arise from a given tissue in the body exhibit
heterogeneity with respect to their molecular alterations,

biological behavior, and response to therapy (1). Such variation
presents a serious challenge for clinical cancer management. In
many organ sites, tumors have been classified into subtypes
based on their molecular and histological features (2). Subtypes
of cancer can reflect distinct states of differentiation within a
given tissue, leading Visvader and coworkers to propose that
different epithelial tumor subtypes can arise from transformation
of distinct cells of origin with different developmental potential
(3). Functional studies in the mouse mammary gland and mouse
lung support this model (4, 5). However, there is limited func-
tional evidence for such a mechanism in human epithelial cancer.
Several recent studies using mouse models have revealed that

the same phenotypic cell that initiates cancer can be responsible
for tumor maintenance or propagation. Lgr5+ intestinal stem
cells can initiate and maintain murine intestinal adenomas (6, 7).
In mouse models of skin cancer, hair follicle bulge stem cells can
serve as target cells for transformation (8) and CD34+ cells re-
sembling their normal bulge stem cell counterpart are capable of
propagating the disease as a cancer stem cell population (9).
Mouse models of breast cancer demonstrate that tumors can
arise from the transformation of luminal cells (4), and recent
studies using human tumor samples indicate that breast cancer
can also be propagated by luminal-like cells (10). In most human
epithelial cancers it has not been determined whether the cell
types that give rise to cancer are also capable of maintaining
advanced disease.
The predominant histological subtype of prostate cancer is

acinar-type adenocarcinoma (11), with features of luminal se-
cretory cells, rare neuroendocrine cells, and an absence of basal
cells. A number of less common histological variants are found in
prostate cancer, including small cell carcinoma and squamous
cell carcinoma. Both of these variants are associated with poor

prognosis, aggressive disease, and resistance to hormonal ther-
apy (androgen deprivation and/or androgen receptor blockade)
(11). Small-cell carcinoma is characterized by proliferating neu-
roendocrine cells and loss of p53 (12). Squamous cancers have
features of basal cells and can occur either in the context of ad-
enocarcinoma or alone as squamous cell carcinoma (11, 13, 14).
Based on their different phenotypes and response to hormonal
therapy, different histological variants of prostate cancer are pre-
dicted to arise from distinct cells of origin (13).
The relationship between the cells that initiate and maintain

human prostate adenocarcinoma is not known. Naïve human
prostate basal cells can initiate acinar-type adenocarcinoma in
response to oncogenic stimulation (15). Consistent with these
findings, basal cells from the BPH-1 human prostate cell line can
initiate human prostate cancer in response to combined estrogen
and testosterone treatment (16). These collective data suggest
that human prostate tumors may set aside a subset of basal cells
within the tumor to ensure continuous production of malignant
luminal-like cancer cells.
Human prostate cancer cells with a basal phenotype have been

reported to produce luminal cancer progeny in vitro (17). Using
cell lines that were originally derived from human prostate tumors,
it was shown that basal cell marker CD44 enriched for tumor-
propagating cells in the absence of differentiated luminal cell
markers (18). A recent study demonstrates that advanced
chemotherapy-resistant prostate cancer is maintained by cells
lacking basal or luminal cytokeratins (19). No study has defined
the role of basal or luminal-like cells isolated directly from pri-
mary human prostate cancer in tumor propagation.
In the present study, we use a tissue-regeneration model of

human prostate cancer to determine whether the cells at the
origin of prostate cancer are continually required to maintain the
disease as tumor-propagating cells. Benign cell populations iso-
lated from primary human prostate tissue were first tested for

Significance

This study determined that two histological phenotypes of
cancer can arise from a common target cell. Whereas luminal
cells are not efficient cells of origin, luminal-like tumor cells
isolated from human prostate adenocarcinoma can serially
propagate advanced disease.
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their susceptibility to transformation by defined oncogenes. In
the resulting tumors, cancer cell populations were further trans-
planted to define the cells capable of propagating the disease.
Tumors driven by expression of oncogenes Myc and myristoy-
lated/activated AKT (myrAKT) initiating in basal cells exhibit
features of both adenocarcinoma and squamous cell carcinoma
with different signaling pathways characteristic of each histo-
logical pattern. eIF4E-driven protein translation pathway is el-
evated in adenocarcinoma, whereas activation of beta-catenin is
associated with squamous differentiation in experimental and
clinical human prostate cancer. Using lentiviral integration site
analysis, we determined that alternative histological phenotypes
of prostate cancer can arise from a clonal cell of origin. Adeno-
carcinoma can be serially propagated by cells with a luminal
phenotype. Our results indicate that cancer initiated in basal cells
can evolve to adenocarcinoma maintained by luminal-like cells.

Results
Basal Cells Initiate Heterogeneous Human Prostate Cancer. Two of
the most common alterations identified in human prostate tumors
are increased expression of Myc (20) and activation of AKT,
typically via loss of PTEN (21). Coexpression of Myc and phos-
phorylated AKT are rarely observed in primary localized prostate
cancer, but are commonly found in advanced metastatic prostate
tumors (Fig. 1A). The oncogenes Myc, myrAKT, or both Myc and
myrAKT were introduced via lentivirus into highly enriched pop-
ulations of human prostate basal (CD45−Trop2+CD49fhiCD26−)
and luminal (CD45−Trop2+CD49floCD26+) cells isolated by FACS.
Basal and luminal epithelial cells were purified from preparations
of dissociated, freshly isolated prostate tissue from six patients

undergoing radical prostatectomy. Transduced human prostate
epithelial cells were combined with inductive murine urogenital si-
nus mesenchyme (UGSM) with Matrigel and implanted s.c. into
immune-deficient NOD-SCID-IL2Rγnull mice (Fig. S1A). Consis-
tent with previous findings (15), infection of human prostate lumi-
nal-enriched cells did not result in any detectable epithelial
structures after 12 wk in vivo, regardless of whether cells were
transduced with a single oncogene or the combination of Myc and
myrAKT. Even implantation of 100,000 luminal cells was in-
sufficient to generate primary tumors (Fig. S1B).
When expressed in naïve human prostate basal-enriched cells,

Myc or myrAKT alone gave rise to benign glands or low-grade
prostatic intraepithelial neoplasia lesions with distinct p63+
basal and androgen receptor-positive (AR+) luminal layers (Fig.
1 B and C). The two oncogenes dramatically synergized in hu-
man prostate basal cells to consistently generate large tumors in
as little as 6 wk (Fig. 1B). Transduced basal cells were implanted
in limiting numbers (105, 5 × 104, 104, and 103) in vivo to de-
termine the number of target cells required to respond to on-
cogenic stimulation. As few as 10,000 basal cells were sufficient
to initiate tumors in 12 wk (Fig. S1B). Metastasis was not ob-
served in tumor-bearing mice, indicating that further genetic
alterations or a longer time period may be required to observe
metastatic lesions.
Regenerated tumors contained both acinar-type adenocarci-

noma and squamous features (Fig. 2A). Adenocarcinoma regions
were defined by high levels of expression of the luminal markers
Keratin 8 (K8) and CD26, heterogeneous expression of AR,
scattered chromogranin A+ neuroendocrine-like (NE) cells and
an absence of basal markers Keratin 14 (K14), p63, and Keratin
5 (K5) (Fig. 2B). Conversely, squamous regions expressed basal
cell markers K14, p63, and K5 and lacked cells expressing K8,
CD26, AR, or chromogranin A. All tumors were confirmed to
express oncogenes Myc and myrAKT and have a human origin
based on staining with a pan-HLA antibody (Fig. 2B and Fig.
S2). This heterogeneous tumor provides a model to investigate
the relationship between different histological phenotypes within
an individual cancer. In clinical prostate cancer, the squamous
phenotype is rare in primary tumors. Squamous differentiation is
predominantly observed in aggressive metastatic tumors that are
resistant to androgen-deprivation therapy (22).

Distinct Histological Phenotypes Share a Clonal Origin. Human pros-
tate cancer often presents as a multifocal disease where distinct
cancerous lesions are present within an individual patient’s tissue.
Multiple tumor foci can regularly be identified within regenerated
tumors using the in vivo tissue-regeneration assay (15). We iden-
tified certain regions containing cells with adjacent squamous
(K14/p63/K5) and luminal (K8/CD26) phenotypes in close prox-
imity without defined borders (Fig. 3 A and B). These mixed
regions made up an average of six foci per tumor, covering ∼18%
of the total tumor area (Fig. S3). These regions containing both
histological phenotypes originate either from the merging of two
neighboring glands of distinct histological phenotypes or from
a single gland capable of multilineage differentiation. The most
definitive method to distinguish these possible outcomes is lenti-
viral integration site analysis (23).
Tumors were initiated from naïve human prostate basal cells

transduced with lentivirus, resulting in the integration of viral DNA
into the genome of the target cell and all of its progeny. If both
adenocarcinoma and squamous phenotypes within an individual
region arise from the same transformed basal cell, they should share
a set of common lentiviral integration sites. However, if distinct
histological phenotypes in an individual region arise from distinct
cells of origin, they should not share any common integration sites.
Laser capture microdissection was performed on neighboring

adenocarcinoma and squamous phenotypes within an individual
lesion (region X) and DNA was isolated separately from

Fig. 1. Myc and myrAKT are coexpressed in advanced prostate cancer and
synergize to initiate human prostate cancer. (A) Localized (black line) and
metastatic (red line) human prostate cancer specimens were subjected to
Western blot analysis with antibodies against phosphorylated AKT (pAKT),
Myc, and Erk as a loading control. (B) Naïve benign basal or luminal cells
were transduced with Myc, myrAKT, or both Myc and myrAKT at varying cell
doses. Representative tumors initiated from basal cells expressing Myc,
myrAKT, or both after 8 wk of regeneration. (Scale bar, 1 cm.) (C) Histology
of representative lesions initiated from basal cells expressing Myc, myrAKT,
or both stained for H&E, AR, and p63. (Scale bars, 100 μm.)
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adenocarcinoma and squamous cells for lentiviral integration site
analysis (Fig. 3B). DNA was also isolated from an individual
lesion containing only the adenocarcinoma phenotype (region
Y). In a distinct tumor, DNA was collected from neighboring
adenocarcinoma and squamous phenotypes in close proximity
(region Z). PCR primers specific for the viral DNA were used to
extend into the genomic DNA (Fig. 3C). Illumina sequencing was
performed and reads were aligned to the genome to map integra-
tion sites (Fig. 3C). Neighboring adenocarcinoma and squamous
cells (region X) shared common integration sites (Fig. 3 D and E),
showing that they are derived from a clonal origin. In contrast,
tissue taken from a distinct adenocarcinoma lesion (region Y) had
entirely unique integration sites (Fig. 3 D and E). Common in-
tegration sites were also shared between neighboring adenocar-
cinoma and squamous phenotypes taken from a separate tumor
(Region Z, Fig. 3 D and E). No overlapping integration sites
were observed between different regions, as would be expected.
Beta-catenin signaling has been implicated in squamous dif-

ferentiation and tumorigenesis in the prostate, mammary gland,
and skin (9, 24, 25). In human regenerated prostate tumors, the
expression of total and activated forms of beta-catenin was eval-
uated in both adenocarcinoma and squamous tissues. In contrast
to total beta-catenin, which is expressed in both histological var-
iants, active beta-catenin is highly expressed in squamous areas
(Fig. S4). Elevated Wnt signaling in the prostate microenviron-
ment can transform adjacent naïve benign epithelium (26). Wnt
ligands are elevated in prostate cancer stromal cells following
treatment, leading to beta-catenin activation in the adjacent tumor
cells (27). This is consistent with the presence of squamous dif-
ferentiation in prostate cancer, which is rare in primary tumors but
more commonly observed in late-stage prostate cancer following
treatment (14, 22). High levels of activated beta-catenin could

also be detected in clinical metastatic castration-resistant pros-
tate cancer with squamous differentiation (Fig. S4).

Luminal-Like Cancer Cells Serially Propagate Adenocarcinoma in the
Absence of Basal-Like Cells. Previous studies have established optimal
conditions for tumorigenicity of dissociated human tumor cell
preparations (28). Regenerated primary human prostate tumor
cells initiated from the transformation of five distinct benign
patient samples were dissociated to single cells. Human tumor
cells were identified by FACS based on staining of a pan-HLA
antibody (Fig. 4A). Luminal-like tumor cells were then isolated
on the basis of low expression of CD49f and transplanted into
secondary NSG mice.
Upon transplantation, isolated CD49flo tumor cells were capa-

ble of generating secondary tumors in recipient mice. Immuno-
histochemical staining on tumor-derived tissue sections identified
a phenotype consistent with luminal/acinar-type adenocarcinoma
(29) with a predominance of K8+ CD26+ luminal-like cells and an
absence of K14+ p63+ basal-like cells (Fig. 4B). CD49flo tumor
cells failed to regenerate the squamous phenotype. Secondary
tumors derived from CD49flo cancer cells were almost entirely
composed of a CD49flo Keratin 18+ luminal-like phenotype as
analyzed by flow cytometry (Fig. 5A) and expressed oncogenes
Myc and myrAKT (Fig. S5). As few as 100 CD49flo cells taken from
secondary tumors could generate tertiary tumors with a strictly
adenocarcinoma phenotype (Fig. 5B). These data suggest that
CD49flo tumor cells can self-renew in a unipotent manner in vivo.

Fig. 2. Heterogeneous human prostate tumors containing squamous and
acinar-type adenocarcinoma phenotypes. (A) H&E stains demonstrate het-
erogeneous tumors generated from the transformation of naïve benign basal
cells from six distinct individuals. Dotted lines represent the borders of adeno-
carcinoma and squamous phenotypes. (Scale bars, 100 μm.) (B) Representative
adenocarcinoma and squamous regions are identified based on staining for H&E
and antibodies against luminal markers K8, CD26, and AR, the neuroendocrine
marker chromogranin A, and basal/squamous markers K14, p63, and K5, and
oncogenes Myc and myrAKT/pAKT. (Scale bars, 100 μm.)

Fig. 3. Distinct histological variants in heterogeneous tumors can share
a clonal origin. (A) Schematic of two different heterogeneous tumors con-
taining adenocarcinoma, squamous, or both phenotypes. Regions X, Y, and Z.
(B) Representative regions X, Y, and Z are shown with serial tissue sections
stained with K8 to highlight adenocarcinoma and either p63 or K5 to high-
light squamous regions. Dotted lines indicate region excised using laser
capture microdissection. (Scale bars, 100 μm.) (C) Schematic of lentiviral in-
tegration site analysis. LTR, long terminal repeat (viral DNA). (D) Venn dia-
grams depict shared lentiviral integration sites in DNA isolated and amplified
from neighboring adenocarcinoma (red) and squamous (green) phenotypes
(region X), distinct adenocarcinoma gland (region Y), and additional neigh-
boring adenocarcinoma and squamous phenotypes (region Z). (E) Table lists all
unique integration sites (IS) with genomic location identifiers (chromosome,
orientation, and nucleotide position) representing at least 1% of total reads
(indicated by +) in each sample. Rows in yellow represent shared IS between
distinct histological phenotypes in the same region, rows in red indicate IS
unique to adenocarcinoma, and green represent IS unique to squamous.
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CD49fhi tumor cells were also tested in transplantation assays.
We found that CD49fhi tumor cells could regenerate secondary
lesions exhibiting a mixture of squamous (K14+ p63+) and ad-
enocarcinoma (K8+ CD26+) areas (Fig. S6) that both expressed
Myc and myrAKT (Fig. S7). These data suggest the presence of
multipotent cells in the CD49fhi fraction capable of propagating
both squamous and adenocarcinoma phenotypes.
In numerous tissues, high expression of Myc is associated with

a block in differentiation and reprogramming to pluripotency
(30). In prostate epithelium, Myc overexpression has been shown
to reduce levels of AR (31) and its target prostate-specific an-
tigen (PSA) (32). We hypothesized that high levels of Myc in
Myc/myrAKT-driven tumors might cause a block in differentia-
tion, resulting in reduced levels of AR and PSA. In primary
regenerated tumors, we found low and heterogeneous expression
of AR with only rare PSA+ glands (Fig. 1C and Fig. S8). Levels
of AR and PSA were low in secondary and tertiary tumors upon
serial transplantation (Fig. 5C and Fig. S8). These results are
consistent with recent studies demonstrating that low or negative
levels of AR and PSA are associated with tumor-propagating
cells in prostate cancer xenografts (18, 19, 33, 34). Low levels of
AR and PSA are also characteristic of DU145 (35) and PC3 (36)
aggressive metastatic prostate cancer cells. In fact, expression of
PSA, characteristic of clinical acinar-type adenocarcinoma, is
inversely correlated with patient survival (18).

Luminal-Like Cancer Cells Exhibit Elevated eIF4E-Driven Protein Trans-
lation. Our findings demonstrate that whereas naïve benign lu-
minal cells are not efficient cells of origin for prostate cancer,
CD49flo tumor cells with a luminal phenotype can self-renew and
maintain human prostate adenocarcinoma in the absence of
CD49fhi or K14+ p63+ basal-like cells. Signaling pathways that
are absent in benign luminal cells may become expressed in
malignant luminal cells and contribute to their capacity to self-
renew and initiate tumorigenesis. Two pathways implicated in
prostate tumorigenesis are the MAPK pathway (37) and the
JAK/STAT pathway (38). Myc and myrAKT-driven tumor cells
exhibited low levels of phosphorylated Erk1/2, downstream of
the MAPK pathway, and weak staining for phosphorylated
STAT3, a readout of the JAK/STAT pathway (Fig. S9).

The protein translation factor eIF4E is downstream of the
PI3K pathway and has been shown to cooperate with Myc in
promoting cell growth and tumorigenesis (39). eIF4E is unable
to promote translation when bound by 4EBP1. mTOR-mediated
phosphorylation of 4EBP1 (p4EBP1) relieves this interaction
and allows eIF4E-driven translation initiation. High levels of
eIF4E and p4EBP1 are associated with poor prognosis in prostate
cancer (40) and have been shown to drive tumor invasion (41).
Elevated levels of eIF4E, 4EBP1 and p4EBP1 were found in

luminal-like tumor cells isolated from Myc and myrAKT-driven
tumors but not in benign luminal cells or in neighboring squa-
mous cells (Fig. 6 A and B and Fig. S10). Luminal-like tumor
cells also express MTA1 and Sox2 (Fig. 6 A and B), two targets of
eIF4E translation associated with prostate cancer progression.
The self-renewal regulator Sox2 has been previously demon-
strated to promote the proliferation of prostate cancer cells (42).
eIF4E, p4EBP1, MTA1, and Sox2 were identified in subsets of
benign basal cells but not benign luminal cells (Fig. 6A). These
findings suggest that luminal-like tumor cells may acquire a lim-
ited set of self-renewal and cell-survival factors normally asso-
ciated with stem-like basal cells to promote tumor propagation.
Luminal-like cancer cells were grown in vitro and treated with

pharmacological inhibitors previously demonstrated to interfere
with eIF4E-driven protein translation. mTOR-mediated phosphor-
ylation of 4EBP1 can be prevented by treatment with Rapamycin,
allowing nonphosphorylated 4EBP1 to bind and inhibit eIF4E.
PP242 inhibits both mTORC1 and mTORC2 and has been pre-
viously demonstrated to deplete eIF4E-driven protein translation
(43). Dasatinib is a Src family kinase inhibitor that does not alter
4EBP1 phosphorylation. We tested the effect of eIF4E-driven
protein translation inhibition on luminal-like cancer cells isolated
from Myc and myrAKT-driven tumors. Treatment with rapamy-
cin and PP242, but not with Dasatinib, caused a reduction in
MTA1 and Sox2 protein levels and depleted sphere number and
size in vitro (Fig. 6 C–E).

Fig. 4. Luminal-like cells isolated from primary tumors propagate adeno-
carcinoma. (A) Tumors initiated from CD49fhi cells expressing Myc and
myrAKT are dissociated to single cells and gated based on HLA+ and CD49f.
Isolated HLA+ CD49flo cells are transplanted back into recipient mice and
harvested 6–12 wk later. (Scale bar, 1 cm.) (B) H&E-stained overview of
a representative secondary tumor generated from 10,000 isolated CD49flo

tumor cells. Only the adenocarcinoma phenotype is observed as evidenced
by stains for H&E, K8, CD26, K14, and p63. (Scale bars, 50 μm.)

Fig. 5. Luminal-like tumor-propagating cells maintain human prostate ad-
enocarcinoma in the absence of basal-like cells. (A) Flow cytometry charac-
terization of secondary tumors derived from CD49flo tumor cells. Secondary
tumors derived from CD49flo tumor cells were dissociated to single cells and
stained for surface levels of CD49f or subjected to intracellular flow
cytometry and stained for K18. (B) Table indicates number of tumors formed
per transplantation of CD49flo cells (taken from either primary or secondary
tumors) at varying cell doses. (C) CD49flo secondary tumor cells can generate
tertiary tumors upon transplantation. Representative tertiary tumor sections
are shown, stained for H&E, the pan-human HLA-A/B/C antibody, and
markers of luminal adenocarcinoma (K8 and CD26) and basal cells (K14 and
p63). (Scale bars, 100 μm.)
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Discussion
Epithelial cancers often exhibit significant heterogeneity at the
histological level (1). By engineering expression of oncogenes or
loss of tumor suppressors in specific lineages via cre-lox technology,
it has been reported that different histological variants of mouse
breast and lung cancer can arise from distinct cells of origin (4, 5).
We have used a tissue-regeneration model to determine the origins
of prostate cancer heterogeneity. Based on their distinct pheno-
types and biological behaviors, histological variants of prostate
cancer have been proposed to arise from different cells of origin
(13). Myc- and myrAKT-initiated tumors exhibit features of both
acinar-type adenocarcinoma and squamous cell carcinoma. Using
lentiviral integration site analysis, we demonstrate that alternative
human epithelial cancer phenotypes can arise from a common
clonal target cell. Activated beta-catenin is elevated in areas with
squamous differentiation both in experimental and clinical prostate
cancer, suggesting a role for the beta-catenin pathway either in
promoting or maintaining the squamous phenotype.
Our findings that basal cells are efficient cells of origin for

human prostate cancer are consistent with previous findings
by our group and others (15, 16). These studies on the human

disease have all used a tissue-regeneration approach to model
development concomitant with tumorigenesis. Several different
groups have investigated the origins of murine prostate cancer
using genetically engineered mouse models in which the tumor
suppressor Pten is deleted in a subset of basal or luminal cells
from a young age. Depending on the genetic background of the
mouse and the frequency of Pten deletion by the promoters used,
there is considerable disagreement on whether basal or luminal
cells generate a more proliferative, aggressive tumor that can
model lethal human prostate cancer (44–46). Regardless of the
assay system, studies using both mouse and human tissue confirm
that transformed basal cells can generate malignant luminal
progeny in vivo.
In the present study, we find that human prostate adenocar-

cinoma initiated by transformed basal cells can be propagated
by phenotypically luminal cancer cells (Fig. 7). Such a model
resembles chronic myelogenous leukemia (CML). CML is initi-
ated in transformed hematopoietic stem cells (47, 48). Advanced
disease can be maintained by granulocyte-macrophage progenitor-
like cells that have gained self-renewal (49–51).
Several regulators of growth and self-renewal normally re-

stricted to the stem-like basal cell compartment are likely to be
expressed in malignant luminal cells in human prostate cancer
and cooperate to promote their tumorigenic activity. In Myc- and
myrAKT-driven human prostate tumors, luminal-like cancer
cells exhibit elevated levels of p4EBP1 and eIF4E. Luminal-like
tumor cells express MTA1 and Sox2, two targets of eIF4E-driven
protein translation that are normally expressed in self-renewing
basal cells but not benign luminal cells. These findings suggest
that eIF4E-driven protein translation may contribute to luminal-
like tumor-propagating cell survival and self-renewal. In fact,
activation of eIF4E downstream of Pten deletion in murine
models of prostate cancer may play an important role in luminal
cell transformation (44, 46).

Methods
Full methods, including antibodies, lentiviral vectors, laser capture micro-
dissection, DNA isolation, and nonrestrictive linear amplification-mediated
(nrLAM) PCR are found in SI Methods.

Human Tissue. Acquisition and processing of human tissue, dissociation and
isolation of distinct epithelial subsets, lentiviral transduction, and in vivo
implantation have all been described in detail (52). Patient tissue is provided
in a de-identified manner and is exempt from institutional review board
approval. Immunohistochemistry, Western blotting, and intracellular flow
cytometry were performed as previously described (15).

Sequential Tumor Transplantation. Primary tumors were minced into small
pieces, dissociated in 1 mg/mL type I collagenase (Invitrogen), 1mg/mL Dispase
(Invitrogen) and 50 μg/mL DNase I (Roche) at 37 °C on an Adams Nutator Mixed
(BD Biosciences) for 2–4 h and further digested with 0.05% trypsin/EDTA
(Invitrogen) for 5 min at 37 °C if necessary before sequential passing through
100-, 70-, and 40-μm cell strainers (BD Biosciences). Cells were stained with
antibodies at 4 °C for 15–30 min and tumor cell populations were sorted on
a BD FACS ARIA II into media with 50% (vol/vol) FBS (Omega Scientific). Iso-
lated cells were counted by hemacytometer using trypan blue stain (Invi-
trogen), resuspended in 30 μL Matrigel (BD Biosciences), and implanted
s.c. into NOD-SCID-IL2Rγnull (NSG) mice with or without UGSM cells.

Fig. 6. Luminal-like tumor-propagating cells exhibit elevated eIF4E-driven
protein translation. (A) Immunohistochemical analysis of benign human
prostate and primary tumors initiated by Myc and myrAKT stained for anti-
bodies against eIF4E, 4EBP1, phosphorylated 4EBP1 (Thr37/46), and the eIF4E
target MTA1. (Scale bars, 50 μm.) (B) Western blots of FACS-purified benign
basal and luminal cells compared with luminal-like tumor cells stained with
antibodies aginst eIF4E, phosphorylated 4EBP1 (Thr37/46), 4EBP1, MTA1, Sox2,
the basal marker p63, and loading control Histone H3. (C) Luminal-like cells
isolated from Myc and myrAKT-driven tumors were treated with DMSO,
Dasatinib, Rapamycin, and PP242 for 18 h followed by an additional treatment
1 h before harvesting. Lysates were subjected toWestern blot for phosphorylated
4EBP1 (Thr37/46), Sox2, MTA1, total and phosphorylated Src (Y416), and Erk2 as
a loading control. (D) Luminal-like cells isolated from Myc- and myrAKT-
driven tumors were plated into Matrigel and grown in a sphere assay. Cells
were treated with DMSO, Dasatinib, Rapamycin, and PP242 every 48 h and
sphere number and size was quantified after 10 d in vitro. Sphere number is
presented as a percentage normalized to the DMSO control. (E) Sphere size is
presented as the diameter in microns. Error bars represent SEM. Statistical
analysis was performed using ANOVA and Newman–Keuls multiple compari-
son test. *P < 0.05, ***P < 0.0005. n.s., not statistically significant.

Fig. 7. Model of human prostate cancer initiation and propagation by dis-
tinct phenotypic cell populations.
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Animal Work.All primary, secondary, and tertiary tumorswere transplanted s.c.
into NOD-SCID-IL2Rγnull (NSG) mice. NSG mice were originally purchased from
the Jackson Laboratories and were housed and bred under the care of the
Division of Laboratory Animal Medicine at the University of California, Los
Angeles (UCLA). Surgical castration (orchiectomy) of tumor-bearing mice was
performed according to protocols approved by UCLA’s Animal Research
Committee.

ACKNOWLEDGMENTS. We thank D. Cheng for cell sorting and the Tissue
Procurement Core Laboratories for tissue preparation. Laser capture micro-
dissection was performed at the California NanoSystems Institute Advanced
Light Microscopy/Spectroscopy Shared Resource Facility at University of
California, Los Angeles (UCLA), supported with funding from the Biosciences

Core Facilities program at UCLA. T.S., J.M.D., and J.H. are supported by the
Department of Defense Prostate Cancer Research Program. A.R.C. is sup-
ported by Ruth L. Kirschstein National Research Service Award GM007185.
J.H. is supported by the UCLA Specialized Program of Research Excellence
(SPORE) in prostate cancer (Prinicipal Investigator R. Reiter), a creativity
award from the Prostate Cancer Foundation (PCF) (Principal Investigator
M. Rettig) and National Institutes of Health Grant 1R01CA158627 (Principal
Investigator L. Marks). A.S.G. is supported by the SPORE in Prostate Cancer
(Principal Investigator R. Reiter) and a PCF Young Investigator Award. O.N.W.
is an Investigator of the Howard Hughes Medical Institute and is supported by
the Eli and Edythe Broad Center of Regenerative Medicine and Stem Cell
Research. A.S.G and O.N.W. are supported by a PCF Creativity Award (Princi-
pal Investigator O.N.W.). A.S.G, J.H., and O.N.W. are supported by a PCF
Challenge Award (Principal Investigator O.N.W.).

1. Visvader JE (2011) Cells of origin in cancer. Nature 469(7330):314–322.
2. Perou CM, et al. (2000) Molecular portraits of human breast tumours. Nature

406(6797):747–752.
3. Lim E, et al.; kConFab (2009) Aberrant luminal progenitors as the candidate target

population for basal tumor development in BRCA1 mutation carriers. Nat Med 15(8):
907–913.

4. Molyneux G, et al. (2010) BRCA1 basal-like breast cancers originate from luminal
epithelial progenitors and not from basal stem cells. Cell Stem Cell 7(3):403–417.

5. Sutherland KD, et al. (2011) Cell of origin of small cell lung cancer: Inactivation of
Trp53 and Rb1 in distinct cell types of adult mouse lung. Cancer Cell 19(6):754–764.

6. Barker N, et al. (2009) Crypt stem cells as the cells-of-origin of intestinal cancer. Nature
457(7229):608–611.

7. Schepers AG, et al. (2012) Lineage tracing reveals Lgr5+ stem cell activity in mouse
intestinal adenomas. Science 337(6095):730–735.

8. Lapouge G, et al. (2011) Identifying the cellular origin of squamous skin tumors. Proc
Natl Acad Sci USA 108(18):7431–7436.

9. Malanchi I, et al. (2008) Cutaneous cancer stem cell maintenance is dependent on
beta-catenin signalling. Nature 452(7187):650–653.

10. Kim J, et al. (2012) Tumor initiating but differentiated luminal-like breast cancer cells
are highly invasive in the absence of basal-like activity. Proc Natl Acad Sci USA
109(16):6124–6129.

11. Humphrey PA (2012) Histological variants of prostatic carcinoma and their signifi-
cance. Histopathology 60(1):59–74.

12. Chen H, et al. (2012) Pathogenesis of prostatic small cell carcinoma involves the in-
activation of the P53 pathway. Endocr Relat Cancer 19(3):321–331.

13. Mott LJ (1979) Squamous cell carcinoma of the prostate: Report of 2 cases and review
of the literature. J Urol 121(6):833–835.

14. Parwani AV, et al. (2004) Prostate carcinoma with squamous differentiation: an
analysis of 33 cases. Am J Surg Pathol 28(5):651–657.

15. Goldstein AS, Huang J, Guo C, Garraway IP, Witte ON (2010) Identification of a cell of
origin for human prostate cancer. Science 329(5991):568–571.

16. Taylor RA, et al.; Australian Prostate Cancer Bioresource (2012) Human epithelial
basal cells are cells of origin of prostate cancer, independent of CD133 status. Stem
Cells 30(6):1087–1096.

17. Collins AT, Berry PA, Hyde C, Stower MJ, Maitland NJ (2005) Prospective identification
of tumorigenic prostate cancer stem cells. Cancer Res 65(23):10946–10951.

18. Qin J, et al. (2012) The PSA(-/lo) prostate cancer cell population harbors self-renewing
long-term tumor-propagating cells that resist castration. Cell Stem Cell 10(5):556–569.

19. Domingo-Domenech J, et al. (2012) Suppression of acquired docetaxel resistance in
prostate cancer through depletion of notch- and hedgehog-dependent tumor-initi-
ating cells. Cancer Cell 22(3):373–388.

20. Gurel B, et al. (2008) Nuclear MYC protein overexpression is an early alteration in
human prostate carcinogenesis. Mod Pathol 21(9):1156–1167.

21. Wang S, et al. (2003) Prostate-specific deletion of the murine Pten tumor suppressor
gene leads to metastatic prostate cancer. Cancer Cell 4(3):209–221.

22. Rubin MA, et al. (2005) Effects of long-term finasteride treatment on prostate cancer
morphology and clinical outcome. Urology 66(5):930–934.

23. Paruzynski A, et al. (2010) Genome-wide high-throughput integrome analyses by
nrLAM-PCR and next-generation sequencing. Nat Protoc 5(8):1379–1395.

24. Bierie B, et al. (2003) Activation of beta-catenin in prostate epithelium induces hy-
perplasias and squamous transdifferentiation. Oncogene 22(25):3875–3887.

25. Miyoshi K, et al. (2002) Activation of beta -catenin signaling in differentiated mam-
mary secretory cells induces transdifferentiation into epidermis and squamous met-
aplasias. Proc Natl Acad Sci USA 99(1):219–224.

26. Zong Y, et al. (2012) Stromal epigenetic dysregulation is sufficient to initiate mouse
prostate cancer via paracrine Wnt signaling. Proc Natl Acad Sci USA 109(50):
E3395–E3404.

27. Sun Y, et al. (2012) Treatment-induced damage to the tumor microenvironment
promotes prostate cancer therapy resistance through WNT16B. Nat Med 18(9):
1359–1368.

28. Quintana E, et al. (2008) Efficient tumour formation by single human melanoma cells.
Nature 456(7222):593–598.

29. van Leenders GJ, Aalders TW, Hulsbergen-van de Kaa CA, Ruiter DJ, Schalken JA
(2001) Expression of basal cell keratins in human prostate cancer metastases and cell
lines. J Pathol 195(5):563–570.

30. Leon J, Ferrandiz N, Acosta JC, Delgado MD (2009) Inhibition of cell differentiation: A
critical mechanism for MYC-mediated carcinogenesis? Cell Cycle 8(8):1148–1157.

31. Ju X, et al. (2012) Novel oncogene induced metastatic prostate cancer cell lines define
human prostate cancer progression signatures. Cancer Res 73(2):978–989.

32. Bernard D, Pourtier-Manzanedo A, Gil J, Beach DH (2003) Myc confers androgen-in-
dependent prostate cancer cell growth. J Clin Invest 112(11):1724–1731.

33. Maitland NJ, Frame FM, Polson ES, Lewis JL, Collins AT (2011) Prostate cancer stem
cells: Do they have a basal or luminal phenotype? Horm Cancer 2(1):47–61.

34. Rajasekhar VK, Studer L, Gerald W, Socci ND, Scher HI (2011) Tumour-initiating stem-
like cells in human prostate cancer exhibit increased NF-kappaB signalling. Nat
Commun 2:162.

35. Chlenski A, Nakashiro K, Ketels KV, Korovaitseva GI, Oyasu R (2001) Androgen re-
ceptor expression in androgen-independent prostate cancer cell lines. Prostate 47(1):
66–75.

36. Kaighn ME, Narayan KS, Ohnuki Y, Lechner JF, Jones LW (1979) Establishment and
characterization of a human prostatic carcinoma cell line (PC-3). Invest Urol 17(1):
16–23.

37. Mulholland DJ, et al. (2012) Pten loss and RAS/MAPK activation cooperate to promote
EMT and metastasis initiated from prostate cancer stem/progenitor cells. Cancer Res
72(7):1878–1889.

38. Tam L, et al. (2007) Expression levels of the JAK/STAT pathway in the transition from
hormone-sensitive to hormone-refractory prostate cancer. Br J Cancer 97(3):378–383.

39. Ruggero D, et al. (2004) The translation factor eIF-4E promotes tumor formation and
cooperates with c-Myc in lymphomagenesis. Nat Med 10(5):484–486.

40. Graff JR, et al. (2009) eIF4E activation is commonly elevated in advanced human
prostate cancers and significantly related to reduced patient survival. Cancer Res
69(9):3866–3873.

41. Hsieh AC, et al. (2012) The translational landscape of mTOR signalling steers cancer
initiation and metastasis. Nature 485(7396):55–61.

42. Lin F, et al. (2012) Sox2 targets cyclinE, p27 and survivin to regulate androgen-in-
dependent human prostate cancer cell proliferation and apoptosis. Cell Prolif 45(3):
207–216.

43. Feldman ME, et al. (2009) Active-site inhibitors of mTOR target rapamycin-resistant
outputs of mTORC1 and mTORC2. PLoS Biol 7(2):e38.

44. Lu TL, et al. (2013) Conditionally ablated Pten in prostate basal cells promotes basal-
to-luminal differentiation and causes invasive prostate cancer in mice. Am J Pathol
182(3):975–991.

45. Wang ZA, et al. (2013) Lineage analysis of basal epithelial cells reveals their un-
expected plasticity and supports a cell-of-origin model for prostate cancer hetero-
geneity. Nat Cell Biol 15(3):274–283.

46. Choi N, Zhang B, Zhang L, Ittmann M, Xin L (2012) Adult murine prostate basal and
luminal cells are self-sustained lineages that can both serve as targets for prostate
cancer initiation. Cancer Cell 21(2):253–265.

47. Huntly BJ, et al. (2004) MOZ-TIF2, but not BCR-ABL, confers properties of leukemic
stem cells to committed murine hematopoietic progenitors. Cancer Cell 6(6):587–596.

48. Passegué E, Wagner EF, Weissman IL (2004) JunB deficiency leads to a myeloprolif-
erative disorder arising from hematopoietic stem cells. Cell 119(3):431–443.

49. Krivtsov AV, et al. (2006) Transformation from committed progenitor to leukaemia
stem cell initiated by MLL-AF9. Nature 442(7104):818–822.

50. Jamieson CH, Weissman IL, Passegué E (2004) Chronic versus acute myelogenous
leukemia: A question of self-renewal. Cancer Cell 6(6):531–533.

51. Jamieson CH, et al. (2004) Granulocyte-macrophage progenitors as candidate leuke-
mic stem cells in blast-crisis CML. N Engl J Med 351(7):657–667.

52. Goldstein AS, et al. (2011) Purification and direct transformation of epithelial pro-
genitor cells from primary human prostate. Nat Protoc 6(5):656–667.

20116 | www.pnas.org/cgi/doi/10.1073/pnas.1320565110 Stoyanova et al.



Supporting Information
Stoyanova et al. 10.1073/pnas.1320565110
SI Methods
Antibodies. Antibodies used for flow cytometry included CD49f-
PE, CD45-APCeFluor 780, HLA-A/B/C-biotin, Streptavidin-
APC, and Streptavidin-APC-eFluor 780 (eBiosciences); CD49f-
Alexa Fluor 647 and CD26-FITC (BioLegend); and Trop2-APC
(R&D Systems). Antibodies used for immunohistochemistry and
Western blot included Keratin 8 and Keratin 5 (Covance);
Keratin 14 and HLA-A/B/C (Abcam); p63, Erk1/2, and andro-
gen receptor (AR) (Santa Cruz); CD26/DPP4 (LifeSpan Bio-
sciences); chromogranin A (Dako); Myc, eIF4E, and 4EBP1
(Epitomics); Histone H3, AKT, and p4EBP1 (Thr37/46); pErk1/
2 (T202/Y204), pSTAT3 (Y705), Sox2, MTA1, Src, and pSrc
(Y416) (Cell Signaling); beta-catenin (BD Biosciences); and
active beta-catenin (Millipore).

Lentiviral Vectors. The myristoylated AKT vector was previously
described (1). For cloning of the Myc vector, the pMX-human-
cMYC plasmid was purchased from Addgene (17966), cut with
NotI, and blunted using Pfu polymerase. EcoRI linkers (Gene
Link) were added to the 3′ end (former NotI site) by overnight
blunt-end ligation using T4 DNA ligase (New England Biolabs).
EcoRI was used to cut and release the MYC insert. The insert
was gel-purified and cloned into the EcoRI sites of FU-CRW
lentiviral backbone (2). Insert orientation was checked by ClaI
digest and sequenced for confirmation. The resulting plasmid is
now described as FU-Myc-CRW with the construct design pre-
sented in Fig. S1.

Laser Capture Microdissection, DNA Isolation, and Nonrestrictive Linear
Amplification-Mediated PCR. Paraffin-embedded tissues were pre-
pared on PEN membrane slides (Leica) and stained for H&E
without a coverslip. Tissue corresponding to squamous and ade-
nocarcinoma regions were isolated using the LMD7000 (Leica).
Tissue was collected into a 100-μL nuclease-free PCR tube (Ambion).
DNA was isolated and whole genome amplification was performed
using the REPLI-g FFPE kit (Qiagen). Amplified human genomic

DNA was quantitated against an absolute plasmid standard via
probe-based real-time PCR using primers uc483-F (GCATGCT-
TCATTAACAGTGACC) and uc483-R (TTTAAAATCTGAAT-
GCATGATAAGAATGG) and probe FAM-uc483 (FAM-
AGATCCCCAGCTCATCCGTGATTG-Iowa Black) (3). An es-
timated 100–5,000 genomic equivalents of amplified DNA was used
to perform nonrestrictive linear amplification PCR (4). Briefly, 100
cycles of linear amplification were performed with primer HIV3-
linear (Biotin-AGTAGTGTGTGCCCGTCTGT). Linear reactions
were purified using 1.5 volumes of AMPure XP beads (Beckman
Genomics) and captured onto M-280 Streptavidin Dynabeads (In-
vitrogen Dynal). Captured ssDNA was ligated to read 2 linker
(Phos-AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-
3C Spacer) using CircLigase II (Epicentre) in a 10 μL reaction at
65° for 2 h. PCR was performed on these beads using primer
HIV3right (AATGATACGGCGACCACCGAGATCTACACTG-
ATCCCTCAGACCCTTTTAGTC) and an appropriate indexed
reverse primer (CAAGCAGAAGACGGCATACGAGAT-index-
GTGACTGGAGTTCAGACGTGT). PCR products were mixed
and quantified by probe-based quantitative PCR and appropriate
amounts were used to load Illumina v3 flow cells. Paired-end 50bp
sequencing was performed on an IlluminaHiSEq. 2000 instrument
using a custom read 1 primer (CCCTCAGACCCTTTTAGTCA-
GTGTGGAAAATCTCTAGCA). Reads were aligned to the hg19
build of the human genome with Bowtie (5) and alignments were
condensed and annotated using custom Perl and Python scripts to
locate vector integrations. Integration sites were considered present
and significant in a sample if they represented at least 1% of total
sequence read alignments.

Inhibitors. HLA+ CD49flo luminal-like cells were isolated from
Myc and myrAKT-driven human prostate tumors by FACS. For
drug treatment, Dasatinib (20 nM), Rapamycin (20 μM), and
PP242 (10 μM or 1 μM) (all from Selleck Chemicals) or DMSO
control (Sigma) were used.

1. Xin L, Lawson DA, Witte ON (2005) The Sca-1 cell surface marker enriches for
a prostate-regenerating cell subpopulation that can initiate prostate tumorigenesis.
Proc Natl Acad Sci USA 102(19):6942–6947.

2. Memarzadeh S, et al. (2007) Enhanced paracrine FGF10 expression promotes formation
of multifocal prostate adenocarcinoma and an increase in epithelial androgen
receptor. Cancer Cell 12(6):572–585.

3. Cooper AR, et al. (2011) Highly efficient large-scale lentiviral vector concentration by
tandem tangential flow filtration. J Virol Methods 177(1):1–9.

4. Paruzynski A, et al. (2010) Genome-wide high-throughput integrome analyses by
nrLAM-PCR and next-generation sequencing. Nat Protoc 5(8):1379–1395.

5. Langmead B, Trapnell C, Pop M, Salzberg SL (2009) Ultrafast and memory-efficient
alignment of short DNA sequences to the human genome. Genome Biol 10(3):R25.
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Fig. S1. Schematic of naïve human prostate in vivo transformation. (A) CD45-Trop2+ epithelial cells were sorted based on CD49f and CD26 into CD49fhiCD26−

basal-enriched and CD49floCD26+ luminal-enriched subsets, transduced with lentivirus carrying Myc, myristoylated/activated AKT (myrAKT), or both, combined
with urogenital sinus mesenchyme cells and transplanted into NSG mice. (B) The number of grafts recovered that contain epithelial lesions per number of
grafts implanted in recipient mice is indicated. At doses of 100,000 or 50,000 transformed cells, a single graft was implanted from each patient sample
representing five or six individuals. At lower cell doses, duplicate grafts were implanted from two individuals.

Fig. S2. Species-specific staining for HLA-A/B/C antibody. Tissue sections of human regenerated Myc/AKT tumors and mouse prostate tissue (negative control)
were stained with a human-specific pan-HLA antibody to confirm species specificity. (Scale bars, 100 μm; top left overview, 1 mm.)

Fig. S3. Quantification of stand-alone adenocarcinoma, stand-alone squamous, or mixed glands within regenerated tumors. Tissue sections representing Myc-
and myrAKT-initiated tumors were subjected to quantification of the number of glands and percentage of total tumor area harboring stand-alone adeno-
carcinoma, stand-alone squamous, or mixed glands.
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Fig. S4. Elevated expression of active beta-catenin in squamous cells. Representative adenocarcinoma and squamous regions from primary tumors driven by
Myc and myrAKT, and a clinical metastatic castration-resistant prostate cancer (CRPC) sample with squamous differentiation were stained for H&E and an-
tibodies against total and activated beta-catenin. (Scale bars, 50 μm.)

Fig. S5. Characterization of oncogene expression in histological variants present in secondary tumors initiated by CD49flo tumor cells. Secondary tumors were
stained for H&E, Myc, and myrAKT and representative regions are shown. (Scale bars, 50 μm.)

Fig. S6. Tumors initiated from CD49fhi cells expressing Myc and myrAKT were dissociated to single cells, gated based on HLA+, and CD49fhi tumor cells were
transplanted back into recipient mice. H&E-stained overview of a representative secondary tumor from 10,000 isolated CD49fhi tumor cells after 6–12 wk in
vivo. Both squamous and adenocarcinoma phenotypes are represented in secondary tumors as distinguished by stains for H&E, K8, CD26, K14, and p63. (Scale
bars, 50 μm.)
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Fig. S7. Characterization of oncogene expression in histological variants present in secondary tumors initiated by CD49fhi tumor cells. Primary tumors initiated
in naïve benign CD49fhi cells expressing Myc and myrAKT were dissociated to single cells. Isolated CD49fhi tumor cells were transplanted into recipient mice to
establish secondary tumors. Secondary tumors were stained for H&E, Myc, and myrAKT and representative regions are shown. Regardless of the phenotype of
secondary tumors, expression of oncogenes Myc and myrAKT was maintained. (Scale bars, 50 μm.)

Fig. S8. Low or absent expression of prostate-specific antigen (PSA) in primary, secondary, and tertiary regenerated tumors. Immunohistochemical staining
for AR and PSA, a downstream target of AR signaling, in adenocarcinoma regions of regenerated tumors. Primary regenerated tumors, initiated in naïve
benign CD49fhi cells, show low or negative expression of PSA except for rare PSA+ glands (Inset). PSA expression is absent from secondary/tertiary tumors
maintained by CD49flo tumor cells. (Scale bars, 100 μm.)

Fig. S9. Myc- and myrAKT-driven human prostate cancer exhibits low or absent expression pSTAT3 and pErk1/2 (A) Immunohistochemical staining for
pSTAT3Y705 in benign human prostate and adenocarcinoma regions of regenerated Myc and myrAKT-driven tumors (arrows denote positive nuclei). (B) Im-
munohistochemical staining for pErk1/2T202/Y204 in AKT- and K-RASG12V-driven mouse prostate cancer (positive control), benign human prostate and adeno-
carcinoma regions of regenerated Myc and myrAKT-driven tumors. (Scale bars, 50 μm.)
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Fig. S10. Expression of EIF4E/4EBP1 pathway components in adenocarcinoma and squamous cells. Immunohistochemical staining for H&E, eIF4E, total 4EBP1,
and phosphorylated 4EBP1 (p4EBP1) in Myc/myrAKT-driven primary tumors indicates elevated pathway activation in adenocarcinoma cells compared with
neighboring squamous cells. (Scale bars, 100 μm.)
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