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SUMMARY
MYCN amplification and overexpression are common in neuroendocrine prostate cancer (NEPC). However,
the impact of aberrant N-Myc expression in prostate tumorigenesis and the cellular origin of NEPC have not
been established. We define N-Myc and activated AKT1 as oncogenic components sufficient to transform
human prostate epithelial cells to prostate adenocarcinoma and NEPC with phenotypic and molecular fea-
tures of aggressive, late-stage human disease. We directly show that prostate adenocarcinoma and NEPC
can arise from a common epithelial clone. Further, N-Myc is required for tumor maintenance, and destabili-
zation of N-Myc through Aurora A kinase inhibition reduces tumor burden. Our findings establish N-Myc as a
driver of NEPC and a target for therapeutic intervention.
INTRODUCTION

Neuroendocrine prostate cancer (NEPC) makes up less than 2%

of all primary prostate cancers (Helpap et al., 1999). However,

treatment-related NEPC often emerges during androgen depri-

vation therapy for prostate adenocarcinoma, the predominant

subtype of prostate cancer (Beltran et al., 2014). The term

NEPC describes a heterogeneous group of neuroendocrine

tumors defined morphologically that include well-differentiated

carcinoid, adenocarcinoma with neuroendocrine differentiation,
Significance

Our studies underscore the functional significance of theMYCN
binedwithmyristoylatedAKT1 drives the development of prost
lial cells. We present direct evidence that both tumor subtypes
expression is essential to maintain the tumor state, indicating
NEPC. Pharmacologic disruption of N-Myc by the targeted inhi
growth. In summary, we provide insight into the pathogenesis
deadly disease.
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adenocarcinoma with Paneth cell-like neuroendocrine differ-

entiation, mixed neuroendocrine carcinoma-acinar adenocarci-

noma, and the more aggressive large-cell carcinoma and

small-cell carcinoma (Epstein et al., 2014). NEPC is also distin-

guished from prostate adenocarcinoma by the expression of

neuroendocrine differentiation markers and the loss of expres-

sion of the androgen receptor (AR) and prostate-specific antigen

(Wang and Epstein, 2008). Patients with aggressive NEPC have

limited treatment options and succumb to the disease within a

year (Spiess et al., 2007).
oncogene in NEPC. Deregulated expression ofMYCN com-
ate adenocarcinoma andNEPC fromhuman prostate epithe-
can be derived from a common epithelial precursor. N-Myc
that N-Myc may be a therapeutic target in MYCN-amplified
bition of Aurora A kinase causes amarked reduction in tumor
of NEPC and the rationale for a therapeutic strategy in this
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Figure 1. N-Myc and myrAKT1 Initiate NEPC

from Human Prostate Basal Epithelial Cells

(A) Schematic of a human prostate regeneration

and transformation assay (UbC, human ubiquitin

C promoter; CMV, cytomegalovirus promoter;

SIN, self-inactivating). The red square outlines the

Trop2+CD49fhi basal epithelial cell population.

(B) Grafts transduced with N-Myc, myrAKT1, and

N-Myc/myrAKT1 harvested after 8 weeks. Scale

bar, 2 mm.

(C) H&E-stained sections of N-Myc/myrAKT1 tu-

mors derived from individual patient prostatectomy

samples. Scale bar, 100 mm.

(D) Immunoblot of the human NEPC cell lines PC-3

and NCI-H660 and an N-Myc/myrAKT1 tumor with

antibodies against N-Myc, p-AKT (Ser473), and

p84 as a loading control.

(E) H&E and immunohistochemical stains of an

N-Myc/myrAKT1 tumor for CK8 and p63. Scale bar,

100 mm.

See also Figure S1 and Table S1.
Aggressive NEPC represents a lethal endpoint in the progres-

sion of prostate cancer fromprostate adenocarcinoma to castra-

tion-resistant prostate cancer (CRPC) to NEPC. Neuroendocrine

transdifferentiation is an adaptive mechanism of resistance to

androgen withdrawal observed in vitro and in vivo (Lin et al.,

2014; Shen et al., 1997). The phenotypic conversion to NEPC

is associated with recurrent genetic lesions including mutation

or deletion of RB1 and TP53 as well as the overexpression and

genomic amplification of MYCN and AURKA (Beltran et al.,

2011; Tan et al., 2014). NEPCs also harbor genetic abnormalities

present in prostate adenocarcinomas such as ETS rearrange-

ments and PTEN mutations (Beltran et al., 2011; Tan et al.,

2014), indicating that these cancer types may arise from a com-

mon clonal origin.

Prior work has identified multipotent stem and progenitor

cells within the basal epithelial compartment of the mouse

and human prostate that give rise to basal, luminal, and neuro-

endocrine cells (Goldstein et al., 2008, 2010). Others have

shown through lineage tracing studies that both basal and

luminal cells in the mouse prostate can be cell types of origin

of cancer (Choi et al., 2012; Wang et al., 2009). Importantly,

we have demonstrated that naive basal cells in the human pros-

tate can serve as targets of direct transformation. The overex-

pression of ERG and constitutively active myristoylated AKT1

(myrAKT1) initiated prostate cancer from human prostate basal

cells (Goldstein et al., 2010). Loss of the tumor suppressor

PTEN is found in 70% of prostate cancers and leads to the acti-

vation of AKT1, a common early event in prostate cancer tumor-

igenesis (Gray et al., 1998; Wu et al., 1998). Further studies

showed that the deregulated expression of c-Myc and myrAKT1

in human basal cells generated prostate adenocarcinoma and

squamous cell carcinoma from a common precursor (Stoya-

nova et al., 2013). The c-Myc/myrAKT1 human prostate cancer
C

model highlights the potential for biphe-

notypic tumors to arise from divergent dif-

ferentiation during tumorigenesis.

The Myc family of proto-oncogenes

(MYC, MYCL, and MYCN) encodes a
group of multi-functional transcription factors whose deregula-

tion plays a role in the initiation and maintenance of most human

cancers (Dang, 2012). MYC is commonly overexpressed and

amplified in prostate cancer (Fleming et al., 1986; Jenkins

et al., 1997). A recent study has demonstrated recurrent, focal

amplification of MYCL in 27% of localized prostate cancers

(Boutros et al., 2015). MYCN has been shown to be overex-

pressed and amplified in approximately 40% of NEPCs but

only 5% of prostate adenocarcinomas (Beltran et al., 2011).

Numerous studies have implicated N-Myc as a critical oncopro-

tein required for the development of neural and neuroendocrine

tumors (Beltran, 2014). Here, we sought to evaluate the func-

tional role of N-Myc in the initiation and maintenance of human

NEPC.

RESULTS

N-Myc andmyrAKT1 Overexpression in Human Prostate
Basal Cells Initiates NEPC and Prostate
Adenocarcinoma
To investigate whether N-Myc can initiate prostate cancer from

human prostate epithelial cells, we used a tissue regeneration

model of prostate cancer developed by our group (Figure 1A)

(Goldstein et al., 2010; Stoyanova et al., 2013). Benign regions

of prostate tissue from patients undergoing prostatectomy

were dissociated to single cells. Basal epithelial cells were

purified based on cell surface markers (CD45�Trop2+CD49fhi).
AKT1 was introduced as a sensitizing oncogenic event as it is

frequently activated in prostate cancers including NEPCs (Fig-

ure 1D) and the overexpression of myrAKT1 initiates pre-malig-

nant prostatic intraepithelial neoplasia in our human prostate

transformation assay (Stoyanova et al., 2013). Enforced expres-

sion of N-Myc and activated AKT1 in the epithelial cells was
ancer Cell 29, 536–547, April 11, 2016 537
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Figure 2. Prostate Tumors Initiated by N-Myc

andmyrAKT1 Lack AR Expression and Exhibit

Neuroendocrine Markers

(A–C) Photomicrographs of N-Myc/myrAKT1 tumor

sections containing regions of neuroendocrine car-

cinoma with H&E stains and immunohistochemical

staining for AR and NCAM1, CHGA and SYP, and

TTF-1 and FOXA2. Scale bar, 100 mm.

(D) Summary of the immunohistochemical staining

for neuroendocrine markers in the regenerated tu-

mors derived from five independent patient prostate

samples. Positive staining represents visible staining

in at least 5% of the tumor cells.

(E) Immunoblot of the AR-positive human prostate

cancer cell line LNCaP, five different N-Myc/myr-

AKT1 (NA) tumors, and the AR-null human prostate

cancer cell line DU145 with antibodies against AR,

N-Myc, AKT, and GAPDH as a loading control.
achieved by lentiviral transduction. Transduced epithelial cells

were mixed with mouse urogenital sinus mesenchyme (UGSM)

and implanted subcutaneously in NOD-SCID-IL2Rgnull (NSG)

mice supplemented with testosterone.

The overexpression of N-Myc andmyrAKT1 in sets of prostate

basal cells from five human prostatectomy specimens (Table S1)

produced tumors (Figure 1B) after 6–10 weeks with no evidence

of metastatic disease. Histology of the N-Myc/myrAKT1 tumors

revealed regions of high-grade adenocarcinoma and infrequent

squamous cell carcinoma like the human c-Myc/myrAKT1

tumors described previously (Stoyanova et al., 2013). Some

regions exhibited high nuclear-to-cytoplasmic ratio, frequent

mitotic figures, and apoptotic features consistent with NEPC,

including areas of small-cell prostate carcinoma (SCPC) (Figures

1C and S1A) (Wang and Epstein, 2008). Other regions of

the tumors were consistent with mixed neuroendocrine carci-

noma-acinar adenocarcinoma (Figure 2B). The tumors ex-

pressed N-Myc and activated AKT1 (Figure 1D), and their human

origin was confirmed by immunostaining for human leukocyte

antigen (HLA) class I ABC (Figure S1C). N-Myc/myrAKT1 tumors

also expressed the luminal marker cytokeratin 8 (CK8) but lacked

the basal marker p63 (Figure 1E), indicating loss of the basal cell

layer that is a hallmark of prostate cancer.

To evaluate whether luminal prostate epithelial cells could also

be transformed by N-Myc and myrAKT1, we isolated luminal

cells from four benign human prostates based on cell surface

markers (CD45�Trop2+CD49flow) and transduced them in a
538 Cancer Cell 29, 536–547, April 11, 2016
comparable manner. Similar to prior

studies (Goldstein et al., 2010; Stoyanova

et al., 2013), human luminal cells did not

produce tumors after oncogenic challenge

(data not shown).

While the diagnosis of NEPC is usually

madeby the recognitionof classic histologic

features, assessment of neuroendocrine

marker expression by immunohistochem-

istry (IHC) is often performed to confirm the

clinical diagnosis (Epstein et al., 2014). The

neuroendocrine carcinoma in the N-Myc/

myrAKT1 tumors demonstrated expression
of neural cell adhesion molecule 1 (NCAM1), chromogranin A

(CHGA), synaptophysin (SYP), thyroid transcription factor-1

(TTF-1), and forkhead box A2 (FOXA2) (Mirosevich et al., 2006;

Yao et al., 2006). We detected immunostaining of these proteins

in the regions of neuroendocrine carcinoma but not of adenocar-

cinoma in the N-Myc/myrAKT1 tumors (Figures 2A–2C). While all

tumors showed morphologic evidence of NEPC, the expression

pattern of the neuroendocrine markers was heterogeneous with

only one tumor expressing all five markers (Figure 2D). This het-

erogeneity in expression of markers is similar to what is appreci-

ated in human NEPC specimens (Yao et al., 2006).

N-Myc/myrAKT1 Tumors Are Castration Resistant
An invariant feature of late-stage human prostate cancer in-

cluding NEPC is castration-resistant proliferation. The N-Myc/

myrAKT1 tumors exhibited absent AR expression by IHC (Fig-

ure 2A), by immunoblotting (Figure 2E), and by gene expression

(Figure 4D). We assessed the functional dependence of N-Myc/

myrAKT1 tumor growth on androgens by subcutaneously inject-

ing theCD49flow tumor cells in intact or castrate animals. Passage

of CD49flow cells (Stoyanova et al., 2013) from N-Myc/myrAKT1

tumors gave rise to tumors demonstratingmixed neuroendocrine

carcinoma and adenocarcinoma (Figure S1B). No difference in

the growth kinetics of the tumors was observed in intact and

castrate hosts (Figure 3A), indicating that the N-Myc/myrAKT1

tumors are castration resistant. In contrast, the androgen-de-

pendent human prostate cancer cell line LNCaP formed tumors
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(A) LNCaP and transplanted N-Myc/myrAKT1 (NA)

tumor volumes ± SD (n = 4 for each condition) in

intact and surgically castrate mice over time.

(B) Average percentage of neuroendocrine carci-

noma identified by smart image segmentation ± SEM

in sections of primary, secondary, and tertiary

N-Myc/myrAKT1 prostate tumors. p values were

calculated from a one-way ANOVA.

(C) Bioluminescent imaging of mice 21 days after tail

vein injection with the LNCaP-Luc or N-Myc/myr-

AKT1-Luc cell lines (signal intensity is represented by

radiance, p/s/cm2/sr).

(D) Gross tumor deposits marked by closed arrows

localized to the sacrum and liver in N-Myc/myrAKT1-

Luc-injected mice. Scale bar, 2 mm.

(E) Bioluminescent imaging of mice 74 days after

orthotopic injection with the LNCaP-Luc or N-Myc/

myrAKT1-Luc cell lines.

(F) Gross metastatic tumors marked by closed ar-

rows involving the liver, mesenteric lymph nodes

(LNs), and kidney of N-Myc/myrAKT1-Luc mice.

Scale bar, 1 cm.

(G) H&E-stained sections of metastatic N-Myc/myr-

AKT1-Luc tumors in the pelvis and liver. M, marrow

space; B, bone; L, liver; and T, tumor. Scale bar,

100 mm.

(H) H&E-stained sections of metastatic N-Myc/myr-

AKT1-Luc tumors in a mesenteric LN and kidney. K,

kidney; T, tumor. Scale bar, 100 mm.

See also Figure S2.
in intact animals but showed no growth in castrate animals

(Figure 3A).

The histology of the N-Myc/myrAKT1 tumors passaged in cas-

trate mice also showed mixed neuroendocrine carcinoma and

adenocarcinoma on a background of necrosis (Figure S1B). To

quantify the relative percentage of each cancer subtype by

area in the tumors, we implemented smart image segmentation

to differentiate neuroendocrine carcinoma and adenocarcinoma

on H&E-stained sections (Figures S2A–S2C). We noted a pro-

gressive enrichment of the neuroendocrine carcinoma within

the tumor with successive passage in castrate mice, from 9%

in the primary tumor to 28% in the tertiary tumor (Figure 3B).

These results suggest a statistically significant but subtle

competitive advantage of NEPC upon serial propagation in cas-

trate conditions.

N-Myc/myrAKT1 Tumors Are Invasive and Metastatic
To gauge the metastatic potential of the N-Myc/myrAKT1 tu-

mors, we first used a tail vein assay to model the invasion-
metastasis cascade (Valastyan and Wein-

berg, 2011). As a source of tumor cells,

we dissociated an N-Myc/myrAKT1 tumor

to single cells and propagated them in

HITES media (Carney et al., 1981).

N-Myc/myrAKT1 tumor cells and the non-

metastatic human prostate cancer cell

line LNCaP were transduced with a lenti-
virus expressing firefly luciferase (Luc) to produce the N-Myc/

myrAKT1-Luc and LNCaP-Luc sublines. Tumor cells were

injected into the tail veins of NSG mice. Bioluminescence

was detected in the hindlimbs and pelvis in two of three

N-Myc/myrAKT1-Luc mice on day 21, whereas signal was ab-

sent in LNCaP-Luc mice (Figure 3C). Necropsy of the mice

showed tumors involving limb bones, sacrum, and liver (Fig-

ure 3D). We did not appreciate macrometastatic disease in

the lungs despite bioluminescent imaging showing localization

of N-Myc/myrAKT1-Luc cells to the lungs immediately after

tail vein injection (Figure S2D). However, microscopic review

of lung sections revealed numerous foci of micrometastatic dis-

ease (Figure S2E).

To confirm these findings, we performed an orthotopic injec-

tion assay of metastasis, which necessitates local invasion and

intravasation, in addition to metastatic processes required for

the tail vein assay. N-Myc/myrAKT1-Luc or LNCaP-Luc tumor

cells were implanted into the left lateral lobes of the prostates

of NSG mice. Mice were sacrificed on day 74 because of
Cancer Cell 29, 536–547, April 11, 2016 539



abdominal distention of the N-Myc/myrAKT1-Luc mice. Imaging

prior to euthanasia revealed multiple areas of bioluminescence

in three of three N-Myc/myrAKT1-Luc mice while signal was

confined to the prostate in LNCaP-Luc mice (Figure 3E). Nec-

ropsy of the N-Myc/myrAKT1-Luc mice showed extensive dis-

ease in lymph nodes and vital organs including liver and kidney

(Figure 3F).

The tumors from the metastasis models exhibited a mixed

phenotype of neuroendocrine carcinoma and adenocarcinoma

identical to the parental tumor (Figures 3G and 3H). They also

retained expression of the linked fluorescent markers from the

N-Myc and myrAKT1 proviruses, HLA Class I ABC, and the

neuroendocrine marker FOXA2 (Figures S2F–S2G). Collectively,

these findings indicate that N-Myc/myrAKT1 tumor cells are

highly aggressive and proficient in themulti-step process ofmet-

astatic dissemination.

Molecular Characterization of N-Myc/myrAKT1 Tumors
We then questioned whether the N-Myc/myrAKT1 tumors de-

monstrated molecular properties of human NEPC. Previously,

Beltran et al. (2011) analyzed seven NEPCs (five SCPCs) and

30 prostate adenocarcinomas by next-generation RNA seq-

uencing (RNA-seq) to illustrate gene networks involving AR

signaling, neuroendocrine processes, and cell-cycle regulation

that distinguish these entities. To evaluate global transcriptome

features in the N-Myc/myrAKT1 tumors, we harvested three

N-Myc/myrAKT1 tumors, isolated regions of neuroendocrine

carcinoma and adenocarcinoma from frozen sections by laser

capture microdissection, and processed the specimens for

RNA-seq analysis (Figure 4A).

Within each of the tumors,we identified fewer than 1,500 genes

differentially expressed (>4-fold) between the neuroendocrine

carcinoma and adenocarcinoma. Gene set enrichment analysis

of differentially expressed genes (>4-fold) in the N-Myc/myrAKT1

tumor derived from patient 1 showed enrichment for neuronal

pathways including targets of NRSF/REST, a master repressor

of neural genes (Chong et al., 1995), in the neuroendocrine carci-

noma (Figure 4B). The adenocarcinoma was enriched in stem

cell-associated pathways involving BMI1, SHH, NANOG, and

WNT. On the other hand, the neuroendocrine carcinoma and

adenocarcinoma components of the N-Myc/myrAKT1 tumors

generated from patients 2 and 4 showed differential expression

(>4-fold) of only 114 and 80 genes.

We generated a weighted 50-gene predictor to identify the

gene expression features that most discriminate NEPCs from

prostate adenocarcinomas in the Beltran et al. (2011) dataset

(Table S2). Gene ontology of this NEPC gene signature identified

biological processes such as secretion, neurotransmitter trans-

port, neuron differentiation, and glial and oligodendrocyte fate.

The predictor was applied to the N-Myc/myrAKT1 tumors to

derive gene signature scores that approximate their likeness to

NEPC. Both the neuroendocrine carcinoma and adenocarci-

noma components of the N-Myc/myrAKT1 tumors scored posi-

tively but intermediate in value to the Beltran et al. (2011) tumors

(Figure 4C).

Like the NEPCs profiled by Beltran et al. (2011), both compo-

nents of the N-Myc/myrAKT1 tumors showed low levels of

expression of the epithelial marker TACSTD2, AR, and the

androgen-regulated genes NKX3-1, KLK3, and TMPRSS2 (Fig-
540 Cancer Cell 29, 536–547, April 11, 2016
ure 4D). Consistent with our IHC results, expression of the neuro-

endocrine markersCHGA, SYP,NCAM1, and ENO2was hetero-

geneous (Figures 2D and 4D).MYCN was highly expressed from

the integrated proviruses in the N-Myc/myrAKT1 tumors. We

also identified elevated levels of the cell-cycle regulation gene

AURKA (Beltran et al., 2011; Mosquera et al., 2013). Our gene

expression analysis also demonstrated that the polycomb

genes CBX2 and EZH2 and other recently identified NEPC

epigenetic regulators (Clermont et al., 2015) are upregulated in

the N-Myc/myrAKT1 tumors and the Beltran et al. (2011) NEPCs

(Figure 4D). These results show that the N-Myc/myrAKT1 tumors

exhibit many of the defining molecular attributes that exemplify

human NEPC.

To determine whether significant genomic abnormalities occur

during progression to NEPC in our model, we performed high-

resolution copy number analysis on three N-Myc/myrAKT1

tumors by array comparative genomic hybridization (aCGH).

Two tumors exhibited no large chromosomal anomalies while

one tumor showed a gain in chromosome 7 (Figure S3 and Table

S3). Copy number alterations were identified in more than one tu-

mor but these mapped to genomic regions of copy number poly-

morphism based on the dbVar and DGVa databases (Table S3).

These findings suggest that N-Myc andmyrAKT1 drive the trans-

formation of human prostate epithelial cells to NEPC without the

need for large-scale genetic abnormalities.

We also performed whole-exome sequencing of the tumors

with an average of �70-fold coverage to evaluate for mutations

acquired during tumorigenesis. We calculated a mutation rate

of 3.5 per megabase which is higher than the 2.0 per megabase

described in heavily treated CRPC (Grasso et al., 2012). This

valuemay be inflated due to the lack of matched benign samples

in our analysis and the dependence on SNP filters. Unique muta-

tions were identified in CCDC168, GLYAT, OR2W3, SMARCA2,

and ZFPM1 in more than one tumor (Table S4). Loss of

SMARCA2, a catalytic subunit of the SWI/SNF chromatin remod-

eling complex, promotes androgen-independent proliferation

in mouse prostate epithelial cells via E2F1 (E2F transcription

factor 1) deregulation (Shen et al., 2008). Our analysis did not

reveal mutations in genes altered at high frequency in advanced

prostate cancer such as AR, TP53, RB1, and FOXA1 (Grasso

et al., 2012).

Human N-Myc/myrAKT1 Prostate Cancer Cells Are
Highly Tumorigenic and Demonstrate Plasticity
The propagation of N-Myc/myrAKT1 tumor cells in vitro led to the

establishment of a cell line named LASCPC-01. These cells grow

rapidly in suspension (doubling time �18 hr) as floating and

attached clusters reminiscent of small-cell lung cancer cell

lines (Figure 5A) (Carney et al., 1981). Immunoblot analysis of

LASCPC-01 cells showed expression of N-Myc and activated

AKT1, AURKA, and the neuroendocrine markers ASCL1 and

NSE (Figure 5B). ASCL1 is a pro-neural transcription factor ex-

pressed in NEPC (Rapa et al., 2008). Conventional karyotyping

of LASCPC-01 cells showed a 46 X,Y male karyotype without

chromosomal abnormalities (Figure 5C). Copy number analysis

of the LASCPC-01 cell line revealed a mosaic gain of 1q23.1-

1q44 (Figure S3 and Table S3).

To evaluate the capacity of N-Myc/myrAKT1 prostate cancer

cells to propagate tumors, we performed a limiting dilution
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Figure 4. Transcriptome Profiling of the N-Myc/myrAKT1 Tumors Demonstrates Similarity to Human NEPC

(A) Schematic of the laser capture microdissection of matched regions of adenocarcinoma and neuroendocrine carcinoma in an N-Myc/myrAKT1 tumor and the

workflow for whole-transcriptome shotgun sequencing.

(B) Gene set enrichment analysis for genes differentially expressed (>4-fold) in the adenocarcinoma or neuroendocrine carcinoma from the N-Myc/myrAKT1

tumor derived from patient 1.

(C) Neuroendocrine prostate cancer signature scores ± SD for Beltran et al. (2011) neuroendocrine prostate cancer (NEPC, n = 7), N-Myc/myrAKT1 adeno-

carcinoma (NA ADCA, n = 3), N-Myc/myrAKT1 neuroendocrine carcinoma (NA NECA, n = 3), and Beltran et al. (2011) adenocarcinoma (ADCA, n = 30).

(D) Heatmap of a selection of genes in NA ADCA, NA NECA, Beltran et al. (2011) NEPC, and Beltran et al. (2011) ADCA samples (contrast = ±25).

See also Figure S3 and Tables S2, S3, and S4.
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Figure 5. Establishment of a Human NEPC

Cell Line LASCPC-01 with Cancer Stem Cell-

like Features

(A) Photomicrograph of the LASCPC-01 cell line

growing in suspension. Scale bar, 100 mm.

(B) Immunoblot analysis of the parental N-Myc/

myrAKT1 tumor from which LASCPC-01 was

derived and the LASCPC-01 cell line with antibodies

against N-Myc, p-AKT (Ser473), AURKA, ASCL1,

NSE, and GAPDH as a loading control.

(C) Conventional karyotyping of the LASCPC-01 cell.

(D) Gross tumors generated from the subcutaneous

xenotransplantation of serially diluted LASCPC-01

cells after 5 weeks. Scale bar, 5 mm.

(E) Representative H&E-stained section of LASCPC-

01 xenograft tumors with regions of neuroendocrine

carcinoma (NECA) and adenocarcinoma (ADCA).

Black scale bar, 200 mm; white scale bar, 100 mm.

(F) Top panel: photomicrographs of LASCPC-01

cells in culture after single-cell sorting, deposition,

and culture. Scale bar, 50 mm. Bottom panel: gross

tumors from the subcutaneous xenotransplantation

of 11 clonal LASCPC-01 sublines after 4 weeks.

Scale bar, 5 mm.

(G) Representative H&E-stained section of a xeno-

graft tumor derived from a clonal LASCPC-01 sub-

line. Scale bar, 100 mm.

See also Figure S4.
xenograft assay (Figure 5D). We estimated that 1 in 6.5 cells

(95%confidence interval [CI], 2.8–14.9) exhibited tumor regener-

ative capacity (Hu and Smyth, 2009). In all tumors, including

those from singly xenografted N-Myc/myrAKT1 tumor cells, we

discovered mixed neuroendocrine carcinoma and adenocarci-

noma similar to the parental N-Myc/myrAKT1 tumor (Figures

5E, S1A, and S4A). This finding suggested that a single N-Myc/

myrAKT1 tumor clone could give rise to neuroendocrine carci-

noma and adenocarcinoma.

To confirm this observation, we performed single-cell sort-

ing to expand individual N-Myc/myrAKT1 tumor cell clones

from the LASCPC-01 cell line (Figure 5F). Eleven clonal sub-

lines of LASCPC-01 were subcutaneously xenografted in

NSG mice and generated tumors in 4 weeks (Figure 5F).

Histologic examination showed that all clonal subline xeno-

graft tumors exhibited both neuroendocrine carcinoma and

adenocarcinoma phenotypes (Figures 5G and S4B). These

results indicate that N-Myc and myrAKT1 cooperate to pro-

duce cancer cells marked by high tumor-propagating poten-

tial and the capacity to generate biphenotypic prostate

tumors.
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N-Myc Expression Is Essential for
Tumor Maintenance in N-Myc/
myrAKT1 Tumors
We next questioned whether N-Myc ex-

pression is required for tumor mainte-

nance. Studies in MYC-driven mouse

models of osteogenic sarcoma, lymphoma,

and hepatocellular carcinoma have shown

that inactivation of c-Myc reverses tumori-

genesis through the induction of prolifera-

tive arrest, differentiation, cellular senes-
cence, and apoptosis (Jain et al., 2002; Wu et al., 2007). To

address the question of N-Myc dependence, we used a lentivirus

with doxycycline-inducible N-Myc expression and a lentivirus

with constitutive myrAKT1 expression (Figure 6A) in our tissue

regeneration model of prostate cancer (Figure 1A). Eight weeks

after implantation of the graft in an NSG mouse supplemented

with a doxycycline diet, we harvested an inducible N-Myc/

myrAKT1 tumor with the same histologic features of mixed

NEPC as the constitutive N-Myc/myrAKT1 tumors (Figures 6B

and S1A).

While dissociated cells from the inducible N-Myc/myrAKT1 tu-

mor propagated tumors in mice fed doxycycline, they did not

form tumors in mice that were not fed doxycycline (Figure 6C).

In mice that were initially supplemented with doxycycline and

allowed to establish inducible N-Myc/myrAKT1 tumors, doxycy-

cline withdrawal led to a rapid and significant regression of the

tumors within 96 hr (Figure 6C). Immunoblot analysis of these tu-

mors after doxycycline withdrawal revealed a dramatic decrease

in N-Myc protein levels (Figure 6D). Further, histologic evaluation

of the tumors 72 hr after doxycycline withdrawal showed signif-

icant necrosis with a remarkable decline in cellularity (Figure 6E).
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Figure 6. N-Myc Expression Is Required for

Tumor Maintenance in the N-Myc/myrAKT1

Tumors

(A) Lentiviral constructs used for doxycycline-

inducible expression of N-Myc and constitutive

expression of myrAKT1 (TRE, tetracycline res-

ponse element; rtTA, reverse tetracycline-controlled

transactivator).

(B) H&E-stained section of an inducible N-Myc/

myrAKT1 tumor. Scale bar, 100 mm.

(C) Average tumor volume of passaged inducible

N-Myc/myrAKT1 tumors ± SD over time under

conditions of no doxycycline (No dox, n = 13),

continuous doxycycline (Dox continuous, n = 11),

and doxycycline withdrawal on day 21 after initial

doxycycline (Dox on/off, n = 11). p values were

calculated from a paired t test.

(D) Immunoblot analysis of inducible N-Myc/myr-

AKT1 tumors after continuous doxycycline or initial

doxycycline followed bywithdrawal using antibodies

against N-Myc and GAPDH as a loading control.

(E) Representative H&E-stained sections of inducible

N-Myc/myrAKT1 tumors after continuous doxycy-

cline and after doxycycline withdrawal. Scale bar,

100 mm.
These results demonstrate that N-Myc is necessary for tumor

maintenance in our human transformation model of NEPC and

suggest that N-Myc is an important therapeutic target in

MYCN-amplified NEPC.

Pharmacologic Inhibition of N-Myc Dependence in
NEPC
AURKA expression in the N-Myc/myrAKT1 tumors (Figure 4D)

and LASCPC-01 cell line (Figure 5B) is consistent with the

concept of a feedforward loop between N-Myc and AURKA

identified in childhood neuroblastoma (Otto et al., 2009).

N-Myc induces the expression of AURKA, and AURKA regulates

the stability of N-Myc through a kinase-independent protein

interaction with N-Myc and the Fbxw7 ubiquitin ligase that pre-

vents N-Myc proteolysis. Treatment of MYCN-amplified neuro-

blastoma cell lines with the Aurora A kinase inhibitor MLN8237

reduced N-Myc protein levels by up to 60% and suppressed

growth (Brockmann et al., 2013). MLN8237 is now being evalu-

ated in a clinical trial for NEPC (Beltran et al., 2011). Recently,

a class of conformation-disrupting (CD) AURKA inhibitors was

designed and optimized to potently destabilize N-Myc (Gustaf-

son et al., 2014). The lead compound, CD532, directly interacts

with AURKA and induces a global conformational shift, disrupt-

ing the AURKA/N-Myc protein complex and promoting the

degradation of N-Myc by the ubiquitin-proteasome pathway.

Further, the cytotoxic activity of CD532 was evaluated in human

cancer cell lines, and sensitivity to CD532 strongly correlated

with amplification and expression of MYCN. Human prostate

cancer cell lines were not tested.

We therefore sought to test CD532 in our N-Myc/myrAKT1

prostate cancer model to evaluate its therapeutic potential in
NEPC. After 3 hr of treatment with

CD532, LASCPC-01 cells showed a

dose-dependent decline in N-Myc protein
levels, inhibition of Aurora A kinase activity (phosphorylation

of histone H3), and induction of cleaved PARP (Figure 7A).

Diminished N-Myc protein expression was identified in

LASCPC-01 cells treated with CD532 at doses of 250 nM

and greater. On the other hand, treatment with the pan-Aurora

kinase inhibitor VX-680 and MLN8237 did not reduce N-Myc

protein levels over the same time frame (Figure 7B) and

across a range of doses and time points (Figure S5A),

showing differences in the ability of these AURKA inhibitors

to destabilize N-Myc and inhibit Aurora A kinase activity.

CD532 induced a log reduction in LASCPC-01 cell viability

at 3 hr (Figure 7C) coincident with a rapid decline in N-Myc

protein levels and accompanied by increased cleaved cas-

pase-3 (Figure 7D). Cell-cycle analysis also confirmed a

significantly increased sub-G1 population consistent with

cell death (Figure 7E). Treatment with MLN8237 or cabazi-

taxel, a taxane approved for the treatment of metastatic

CRPC, showed minimal early effects relative to DMSO treat-

ment (Figures 7C and 7E).

The half-maximal effective concentration (EC50) of CD532 in

LASCPC-01 cells was 99.4 nM (95% CI, 81.7–120.8 nM) at

48 hr (Figure 7F). In contrast, the EC50 values of the LNCaP

and DU145 human prostate cancer cell lines were approximately

20-fold higher (Figure S5B). These findings suggest that the

inhibitory effect of CD532 is more specific for N-Myc-driven

prostate cancer. To show that the ubiquitin-proteasome

pathway is critical for N-Myc destabilization by CD532,

LASCPC-01 cells were treated with a dose range of CD532

and the proteasomal inhibitor MG-132. MG-132 stabilized

N-Myc but did not affect the inhibition of Aurora A kinase activity

(Figure S5C).
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Figure 7. Therapeutic Targeting of N-Myc

Dependence in the N-Myc/myrAKT1 Model

of NEPC

(A) Immunoblot analysis of LASCPC-01 cells

treated with a dose range of CD532 with antibodies

against N-Myc, AURKA, phosphorylated histone

H3 (p-H3), histone H3, cleaved PARP (cPARP), and

GAPDH as a loading control.

(B) Immunoblot of LASCPC-01 treated with DMSO

or 500 nM CD532, MLN8237, or VX-680 for 3 hr

with antibodies against, N-Myc, AURKA, p-H3, H3,

cPARP, and GAPDH as a loading control.

(C) LASCPC-01 cell viability ± SD after 3 hr of

treatment with 1 mM CD532, MLN8237, or cab-

azitaxel relative to treatment with DMSO (n = 6 for

each condition).

(D) Immunoblot of LASCPC-01 cells treated with

1 mM CD532 over a time course with antibodies

against N-Myc, cleaved caspase-3, and GAPDH as

a loading control.

(E) Cell-cycle analysis of LASCPC-01 cells after 3 hr

of treatment with DMSO or 1 mMCD532, MLN8237,

or cabazitaxel. Quantification of the sub-G1, G1,

and S/G2/M fractions is shown.

(F) Dose response of CD532 ± SD (normalized to

DMSO treatment only) at 48 hr using the CellTiter-

Glo cell viability assay in LASCPC-01 cells.

(G) Immunoblot analysis of N-Myc/myrAKT1 tu-

mors after treatment with vehicle or CD532 for 24 hr

with antibodies against N-Myc and GAPDH as a

loading control.

(H) Average tumor volume of LASCPC-01 subcu-

taneous xenografts ± SD with vehicle (n = 6) or

CD532 (n = 7) treatment initiated on day 11. p

values were calculated from a paired t test.

See also Figure S5 and Table S5.
We also assessed the human kinome interaction profile of

CD532 using an active site-directed competition binding assay

to characterize off-target interactions (Karaman et al., 2008).

Aside from AURKA, CD532 kinase interactors include cyclin-

dependent kinases like CDK2 and CDK7, KIT, FLT3, PDGFRB,

RET, and FGF receptors (Figure S5D and Table S5). Inhibition

of these targets may potentiate the N-Myc destabilizing effects

of CD532. Relative to clinical kinase inhibitors, CD532 exhibited

a favorable kinase selectivity profile comparable with crizotinib

(Figure S5E).

To examine the in vivo effect of CD532, mice harboring

passaged N-Myc/myrAKT1 tumors derived from two individual

patient samples were treated with either vehicle or CD532

60 mg/kg daily for two doses. To confirm the on-target effect

of CD532, the tumors were harvested and assayed for N-Myc

expression normalized to GAPDH expression. CD532-treated

tumors exhibited a 31.3% mean reduction in N-Myc protein

levels relative to vehicle-treated tumors (Figure 7G). Treatment

of a larger cohort of mice bearing subcutaneous LASCPC-01

xenograft tumors with CD532 25 mg/kg twice per week signifi-

cantly reduced tumor burden over vehicle treatment (Figure 7H).

Our results show that disruption of N-Myc stability through

AURKA inhibition in MYCN-amplified NEPC may be a rational

and promising therapeutic strategy.
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DISCUSSION

Models of NEPC have been limited to human tumor xenografts

with poorly defined genetic drivers and genetically engineered

mouse models (i.e., TRAMP and prostate-specific conditional

knockouts) that inactivate p53 and Rb (Berman-Booty and

Knudsen, 2015). However, the protracted tumor latencies of

these mouse models reflect the need for secondary oncogenic

events to promote prostate tumorigenesis. In these systems,

pinpointing the function of driver oncogenes that are activated

during prostate cancer progression is challenging. We report

that the deregulated expression of N-Myc and myrAKT1 in pri-

mary human prostate epithelial cells is sufficient to produce tu-

mors with the characteristics of end-stage prostate cancer in

the form of mixed NEPC and prostate adenocarcinoma. The

abbreviated tumor latency and repeated observation of this

phenotype in tumors derived from multiple unique human pros-

tate samples indicate that N-Myc and activated AKT1 together

are penetrant drivers of progression to NEPC.

Rapid castration-resistant proliferation and absence of AR

expression are defining properties of the disease. N-Myc over-

expression in the androgen-dependent LNCaP cell line has

been shown to diminish AR expression levels (Beltran et al.,

2011). The N-Myc/myrAKT1 tumors also showed low or absent



AR expression and demonstrated primary androgen indepen-

dence. These findings suggest that the acquisition of MYCN

gene amplification and overexpression during prostate cancer

evolution may allow escape from AR dependence and promote

the emergence of CRPC and NEPC. Reciprocal regulation of

c-Myc and AR expression has been described in prostate cancer

(Gao et al., 2013; Ni et al., 2013), but the relationship between

N-Myc and AR has not been explored.

Metastatic invasion of visceral organs is largely responsible

for the exceedingly poor survival of patients with aggressive

NEPC. N-Myc expression correlates with invasive and metasta-

tic behavior in neuroblastoma, and the N-Myc transcriptional

program in neuroblastoma appears to regulate multiple aspects

of metastasis (Huang and Weiss, 2013). While primary N-Myc/

myrAKT1 tumors in the subcutaneous compartment did not

demonstrate invasion or metastasis, dissociated tumor cells

introduced into the tail veins or prostates of mice readily colo-

nized bone, lymph nodes, and visceral organs. Although the

microenvironment likely accounts for the absence of distant

spread from the subcutaneous xenograft tumors (Stephenson

et al., 1992), secondary genetic events and clonal selection

during culture may have also contributed to the metastatic

phenotype.

The cellular origin of NEPC has not been clearly defined. The

prevailing hypothesis is that prostate adenocarcinomas undergo

transdifferentiation to NEPC, especially under the selective pres-

sure of androgen deprivation (Beltran et al., 2014; Lin et al., 2014;

Shen et al., 1997). This theory is supported by genetic analyses

of human prostate tumors with concurrent neuroendocrine car-

cinoma and adenocarcinoma where common TP53 mutations

and TMPRSS2-ERG rearrangements have been identified in

both cancer types, suggesting a shared clonal origin (Hansel

et al., 2009; Williamson et al., 2011). Our results functionally

demonstrate that NEPC and prostate adenocarcinoma can

both arise from a single N-Myc/myrAKT1 tumor cell clone

derived from a prostate epithelial cell. Further, propagation of

tumor cells in castrate conditions leads to enrichment of the

NEPC over the prostate adenocarcinoma. These findings show

directly an epithelial-to-neuroendocrine transition and prove

that a common clone gives rise to these cancer subtypes in hu-

man prostate cancer, as has been proposed by prior studies

(Beltran et al., 2014; Lin et al., 2014). Our data suggest that a sub-

set of primary prostate adenocarcinoma with MYCN amplifica-

tion and overexpressionmay acquire cancer stem cell properties

that allow them to act as lurking clones capable of repopulating

the tumor with NEPC after treatment. Consistent with this idea,

previous work has shown that concurrent MYCN and AURKA

amplification was identified in 65% of prostate adenocarci-

nomas from patients who later developed NEPC but in only

5% from an unselected population (Mosquera et al., 2013).

Our collective studies do not rule out the possibility that a

benign neuroendocrine cell could also be a target of transforma-

tion giving rise to NEPC. In small-cell lung cancer, neuroendo-

crine cells and non-neuroendocrine epithelial cells have been

found to be targets of transformation in a mouse model system,

albeit with different efficiencies (Sutherland et al., 2011). Evalua-

tion of this hypothesis in the human prostate with direct transfor-

mation studies is technically challenging due to the rarity of

neuroendocrine cells in benign tissues and the lack of homoge-
neously expressed cell surfacemarkers. In addition, wewere un-

able to obtain outgrowths from human prostate luminal epithelial

cells after introducing the oncogenes N-Myc and myrAKT1. This

may reflect a limitation of our in vivo transformation assay as

prior attempts to directly transform human luminal cells using

this system have also been unsuccessful (Goldstein et al.,

2010; Stoyanova et al., 2013). The advent of organoid cultures

that enable the growth of luminal progenitor cells (Karthaus

et al., 2014) may in the near future provide an opportunity to un-

derstand the functional impact of N-Myc overexpression and

PI3K/AKT pathway activation in this population.

For decades, platinum-based chemotherapy has been the

mainstay of treatment for aggressive human NEPC such as

SCPC with dismal outcomes. In our studies, we functionally

demonstrate that N-Myc drives NEPC and continuous expres-

sion of N-Myc is necessary for tumor maintenance. We propose

that N-Myc is an attractive therapeutic target in this disease.

Once considered impossible to target, the Myc family of onco-

proteins can now be inhibited through a number of pharmaco-

logic strategies (Dang, 2012). The positive feedback loop be-

tween N-Myc and Aurora A kinase identified in neuroblastoma

(Otto et al., 2009) and NEPC (Beltran et al., 2011) provides one

such opportunity. Our studies show that CD532 is highly active

in our N-Myc/myrAKT1 tumor cells. CD532 potently inhibits

Aurora A kinase activity and reduces N-Myc protein levels at

sub-micromolar doses in vitro and substantially slows tumor

growth in vivo. Based on these pre-clinical data, we believe

that dual inhibition of N-Myc and Aurora A kinase warrants future

clinical evaluation in patients with NEPC.

Lastly, the importance of N-Myc in the development of NEPC

is highlighted by our prior contrasting finding that c-Myc com-

bined with myrAKT1 in the same system generates adenosqua-

mous carcinoma of the prostate but not NEPC (Stoyanova et al.,

2013). The notion that Myc family members can drive distinct

oncogenic differentiation pathways has been inferred from the

amplification of specific Myc family members in several human

cancers (Beltran, 2014). Compelling functional data in support

of this idea has also come from a mouse model system in which

the overexpression of MYC or MYCN combined with the loss of

TP53 in mouse cerebellar neural progenitor cells produced

distinct tumors akin to two different subgroups of human medul-

loblastoma (Kawauchi et al., 2012). The differential regulation of

Myc transcriptional programs in human cancers and the mecha-

nisms by which N-Myc initiates a neuroendocrine transformation

program in prostate cancer warrant further study.
EXPERIMENTAL PROCEDURES

Human Prostate Transformation Assay

De-identified human prostate tissues were obtained from the UCLA Transla-

tion Pathology Core Laboratory and are exempt from UCLA Institutional

Review Board approval. The processing of human prostate tissue, acquisition

of epithelial subpopulations, lentiviral transduction, recombination with mouse

UGSM, and subcutaneous grafting in NSGmice were performed as previously

described (Goldstein et al., 2010). Subcutaneous implantation of transduced

human prostate epithelial cell and UGSM grafts was performed in accordance

with a protocol approved by the Animal Research Committee at UCLA. Mice

were obtained from The Jackson Laboratory and mouse care and husbandry

were performed according to the regulations of the Division of Laboratory

Animal Medicine at UCLA.
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Lentiviral Constructs

The cloning of lentiviral constructs is described in the Supplemental Experi-

mental Procedures.

Cell Lines

Information on cell lines and culture conditions are provided in the Supple-

mental Experimental Procedures.

Histology, Immunohistochemistry, and Immunoblotting

Protocols and antibodies used for histology, immunohistochemistry, and

immunoblotting of tissues and cell lines are described in the Supplemental

Experimental Procedures.

Castration-Resistance and Metastasis Assays

Protocols for castration-resistance and metastasis assays are provided in the

Supplemental Experimental Procedures.

Whole-Transcriptome Sequencing Analysis

Details regarding laser capture microdissection, RNA isolation, library prepa-

ration, RNA sequencing analysis, and generation of the NEPC gene signature

are described in the Supplemental Experimental Procedures.

Copy Number Variation and Whole-Exome Sequencing Analysis

Protocols for copy number variation and whole-exome sequencing analysis

are presented in the Supplemental Experimental Procedures.

Serial Dilution, Clonal Subline, and N-Myc Dependence Xenograft

Studies

Protocols for serial dilution, clonal subline, and N-Myc dependence xenograft

studies are described in the Supplemental Experimental Procedures.

Small Molecule Inhibitors

The sources of small molecule inhibitors and protocols for in vitro and in vivo

CD532 studies are provided in the Supplemental Experimental Procedures.
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