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INTRODUCTION

Background: Neuroendocrine prostate cancer (NEPC) is a common, deadly endpoint for men
with late-stage metastatic prostate cancer. Up to 20% of men with lethal metastatic prostate
cancers demonstrate evidence of NEPC [1, 2]. NEPC can be distinguished from conventional
prostate cancer or prostate adenocarcinoma (PrAd) by histologic features, neuroendocrine
marker expression, loss of either androgen receptor (AR) or downstream AR signaling, Poly-
comb repressive complex expression, and global methylation patterns [3-5]. Genomic studies of
NEPC have also identified frequent amplification of MYCN and loss of both TP53 and RB1 [5,
6]. NEPC represents a cancer differentiation state distinct from PrAd and we hypothesize that
the cell surface phenotype of these prostate cancer subtypes should reflect these differences.
Furthermore, these differences in cell surface antigen expression may provide an opportunity for
prostate cancer subtype-specific therapeutic targeting. The purpose of the research is to estab-
lish new NEPC models, to characterize the differential cell surface antigen profile of NEPC rela-
tive to PrAd, and to develop antibody reagents targeting novel antigens in NEPC. We believe
that these studies may facilitate the development of targeted treatments for men with NEPC, for
which there are no currently available FDA-approved therapeutics.
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ACCOMPLISHMENTS

To summarize the research accomplishments to date, the tasks described in the proposed
Statement of Work are itemized here with a brief update for each task.

SA 1: Establish a diverse panel of NEPC cell lines from human prostate epithelial transfor-
mation (months 1-12)

Task 1: Use the human prostate organoid transformation assay with the oncogenes MYCN
and activated AKT1 to generate new NEPC cell lines (months 1-12) Completed during
the previous reporting period.

Task 2: Evaluate the effect of p53 loss and Rb loss in combination with the oncogenes MYCN
and activated AKT1 in initiation of NEPC (months 1-24) In progress. Colleagues and |
have evaluated the combination of c-Myc, activated AKT1, mutant p53 R175H, and a
short-hairpin targeting Rb1 (shRb1) in the human prostate epithelial assay which gen-
erates penetrant small cell NEPC phenotype (Appendix 1, Fig. 1A-D). Initiation of small
cell NEPC within this system is dependent on disruption of p53 and Rb as the absence
of mutant p53 R175H and shRb1 initiate tumors with prostate adenocarcinoma histol-
ogy (Appendix 1, Fig. 1D). We have cloned a 3'-generation lentiviral vector that co-
expresses MYCN and BCL2 and verified protein expression after transfection of HEK
293T cells (Fig. 1A). Batches of VSV-G pseudotyped FU-MYCN-P2A-BCL2-CRW, FU-
myrAKT1-CGW, and FU-TP53DN-shRB1-CYW lentiviruses have been produced and
their infectious titers determined on HEK 293T cells (Fig. 1B). We are awaiting local
IRB review and approval prior to initiating these experiments which require the use of
de-identified, viable prostate tissue biospecimens obtained through the University of
Washington (UW) Genitourinary Cancer Specimen Repository from patients undergo-
ing prostatectomy at the UW Medical Center.
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Fig. 1. Validation and production of polycistronic lentiviruses for proposed human prostate epithelial
transformation studies. (A) Western blot analysis of lysates from HEK 293T cells transfected with various con-
structs including FU-MYCN-P2A-BCL2-CW using antibodies to validate overexpression of the specified proteins.
(B) Top, basic schematics of the lentiviral vectors. LTR=long terminal repeat; UBC=Ubiquitin C; CMV=cytomegal-
ovirus; WHV8=Woodchuck hepatitis virus 8 posttranscriptional regulatory element. Bottom, volumes and infec-
tious titers on HEK 293T cells (infectious units per milliliter) of the specified lentiviruses from two independent
production batches.

SA 2: Validate candidate cell surface markers on NEPC using proteomic approaches

Task 1: High-throughput cell surface proteomic analysis of prostate cancer cell lines (months
1-14) Completed during the previous reporting period.

Task 2: Validation of candidate cell surface proteins using low-throughput proteomic tech-
nigues (months 6-18) In progress. Multi-level validation of candidate NEPC cell surface
marker expression by immunoblotting and immunohistochemistry of NEPC cell lines,
xenografts, and archived tumors continues. Part of these results were published last
year in Lee JK, et al. PNAS, 2018 with a specific focus on carcinoembryonic antigen
related cell adhesion molecule 5 (CEACAMS5) which was in validation studies to be ex-
pressed in approximately 60% of NEPC tumors analyzed. Cooperative studies with Dr.
Pete Nelson’s laboratory at Fred Hutch also identified L1 cell adhesion molecule
(LLCAM) as another promising cell surface antigen whose expression is enriched in
NEPC (Fig. 2A-B). Further characterization of LICAM expression in patient-derived
xenograft models and archived clinical specimens is ongoing and is consistent with our
initial analysis.

Task 3: Prioritization of candidate NEPC cell surface proteins for therapeutic development
(months 6-18) In progress. We have attempted to prioritize candidate antigens based
partly on the criteria of limited systemic expression in normal tissues. However, this is
highly prohibitive as we have found that surface antigens enriched in NEPC are ex-
pressed to some degree in normal tissues as well. Our leading target cell surface anti-
gens in NEPC are CEACAMS and L1CAM at this juncture. We and others have shown
CEACAMS expression in the epithelial lining of the gastrointestinal tract [7]. LLCAM
expression is upregulated in multiple metastatic cancers [8-11] and associated with the
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process of epithelial-to-mesenchymal transition [12] but is also widely expressed in
normal neuronal tissues. While seemingly problematic, a therapeutic antibody that rec-
ognizes the glycosylation-dependent CE7 epitope of LICAM has demonstrated tumor
selectivity [13]. Another consideration is that antibodies and antibody-drug conjugates
(ADC) targeting broadly expressed antigens have been found to be tolerable in hu-
mans with poor correlation between dose-limiting toxicities and tissue sites of antigen
expression [14].
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Fig. 2. LLCAM as a potential cell surface antigen enriched in NEPC. (A) Data from Lee JK, et al. PNAS, 2018
showing the proteomic rank and transcriptomic rank of NCAM1, CEACAMS5, and L1CAM enrichment in NEPC
cell lines relative to prostate adenocarcinoma (PrAd) cell lines. (B) Western blot analysis of LLCAM expression
detected by the glycosylation-dependent CE7 antibody in PrAd and NEPC cell lines.

SA 3: Develop novel antibody reagents targeting cell surface antigens in NEPC (months 18-48)

Task 1: Human scFv phage display library screening to identify antibody reagents (months 18-
32) In progress. CEACAMS5 and L1CAM are glycosyl phosphatidyl inositol (GPI)-an-
chored membrane proteins for which therapeutic antibodies have previously been de-
veloped. The use of these or variants of these antibodies would represent a signifi-
cantly accelerated starting point to evaluate the therapeutic targeting of these cell sur-
face antigens in NEPC without requiring new antibody reagent discovery. In the case
of CEACAMS5, we have engaged in a sponsored research agreement with Immuno-
medics, Inc. to use their investigational anti-CEACAMS5 antibody labetuzumab
govitecan to evaluate therapeutic efficacy in preclinical models of NEPC. Labetuzumab
is a fully human monoclonal antibody with nanomolar affinity for CEACAM5 and
labetuzumab govitecan has been investigated in a phase I/l study in patients with re-
fractory/relapsed metastatic colorectal cancer [15]. Labetuzumab govitecan treatment
was safe, tolerable, and associated with a median survival that exceeded matched,
historic controls by approximately 4 months. With regard to LLCAM, the murine CE7
antibody that binds the glycosylation-dependent CE7 epitope of LLCAM in neuroblas-
toma was first reported over three decades ago [16]. Since then, a mouse/human chi-
meric CE7 antibody has been developed [17] and the single chain variable fragment
(scFv) of CE7 has been incorporated into chimeric antigen receptors (CARS) that are
under clinical investigation for the treatment of relapsed/refractory neuroblastoma at
Seattle Children’s Hospital [18]. We are currently reviewing a commercial antibody hu-
manization strategy from Creative Biolabs, Inc. to perform 1) full humanization of the
chCE7 antibody by structural modeling and optimization of complementarity-determin-
ing region (CDR) grafting into a human antibody acceptor framework and 2) expres-
sion and validation of humanized antibodies for binding to target NEPC cell lines that
have been genetically engineered to control for expression of LICAM.




Task 2: Validation of the specificity and performance of human monoclonal antibodies derived
from phage display screening (months 18-34) Not yet started.

Task 3: Therapeutic evaluation of monoclonal antibodies against candidate cell surface targets
(months 30-40) Not yet started.

Task 4: Mouse studies with therapeutic monoclonal antibodies in NEPC (months 40-48) Not

yet started.

Key Research Accomplishments:

- Generation and validation of lentiviral reagents for proposed human prostate epithelial
transformation assays to generate novel models of NEPC.

- Putative NEPC cell surface antigens have been identified through a multi-level strategy
involving integration of transcriptome and cell surface proteome data and low-throughput
validation. Examples of these include CEACAMS5 and L1CAM which have not been pre-
viously considered as significant prostate cancer antigens.

Opportunities for Training and Professional Development:

This reporting period includes a large portion of my first year as an independent investigator in
the Prostate Cancer Program in the Human Biology Division at Fred Hutch. My laboratory now
includes two post-doctoral fellows, a graduate student, and two technicians that | oversee and
mentor. Establishing a laboratory has provided many ongoing learning experiences related to
leadership, organization, personnel management, and resource utilization. | have developed a
local mentoring network at Fred Hutch through the establishment of a junior faculty mentoring
committee consisting of Drs. Pete Nelson, Valeri Vasioukhin, and Bob Eisenman. | have also
maintained broader networks through my involvement with the Prostate Cancer Foundation and
the Pacific Northwest Prostate Cancer SPORE. | stepped down as a co-leader of the Prostate
Cancer Foundation Young Investigator Tumorigenesis Working Group but recently took on the
role of co-leader of the Microenvironment and Immunology Working Group. The scientific pro-
gression of this project has importantly allowed me to develop productive interactions with in-
dustry (Immunomedics, Inc.) that will fast-track the evaluation of antibody therapies in NEPC.

Dissemination of Results:

Recent results pertaining to these studies have been disseminated to the regional prostate can-
cer research community through a talk at the Pacific Northwest Prostate Cancer SPORE semi-
nar series on April 4, 2019 held at Fred Hutch but also broadcast to the Oregon Health Sciences
University and the Vancouver Prostate Centre of the University of British Columbia.

Plan for the Next Reporting Period:

In the next reporting period, we will have received IRB approval to perform human prostate or-
ganoid transformation studies evaluating the effect of TP53 and RB1 loss in combination with
the oncogenes MYCN and activated AKT1 in initiation of NEPC from Specific Aim 1, Task 2. We
will complete low-throughout proteomic validation studies and focus on the development/evalua-
tion of targeted antibody reagents revolving around CEACAMS and L1CAM. We will continue



studies related to defining the activity of labetuzumab govitecan in preclinical NEPC models and
proceed with humanization of the chCE7 antibody targeting LLICAM.

IMPACT

The impact of our discovery and validation of CEACAMS5 expression in NEPC has prompted
multiple additional areas of investigation. We have previously engineered a CEACAMS5 chimeric
antigen receptor T cell immunotherapy that demonstrates antigen-specific NEPC killing [7].
These studies led to a Prostate Cancer Foundation Team Science Challenge Award (PI's: Drs.
Owen Witte, John Lee, Stephen Forman, and Saul Priceman) to investigate the safety and effi-
cacy of CEACAMS5 CAR T cell immunotherapy for NEPC in clinically relevant immune-compe-
tent mouse models. In addition, we have established a sponsored research agreement with Im-
munomedics, Inc. to evaluate the anti-CEACAM5 ADC named labetuzumab govitecan in cell
line and patient-derived xenograft models of NEPC. If the results from these studies are compel-
ling, this would represent a discrete path to the rapid translation of our findings into the clinic as
we would propose an investigator-initiated clinical trial of labetuzumab govitecan in CEACAM5-
positive NEPC.

The finding of L1ICAM expression in NEPC has also led to significant interactions with prominent
pediatric oncologists at Seattle Children’s Hospital including Drs. Michael Jensen, Julie Park,
and Navin Pinto as they have focused on clinical targeting of LLCAM in neuroblastoma using
CAR T cell immunotherapy for over a decade. As they have generated and vetted the preclinical
safety, specificity, and potency of these agents, we have proposed to pursue preclinical and
clinical studies evaluating LLCAM CAR T cell therapy in NEPC. This idea has formed the basis
for a Prostate Cancer Foundation Team Science Challenge Award application (PI's: Drs. John
Lee, Pete Nelson, Michael Jensen, Julie Park, and Vicki Wu) that we recently submitted.

CHANGES/PROBLEMS

The project was impacted by my relocation from UCLA to Fred Hutchinson Cancer Research
Center and the non-trivial task of establishing a new laboratory. However, | believe that we will
still be able to achieve the proposed milestones in a timely manner.

One change to the project, as outlined above, relates to pre-existing therapeutic antibodies for
cell surface antigens that we validate in NEPC. While we initially proposed to generate new anti-
body reagents against these antigens, the use of existing or modifications of existing antibody
reagents may also accelerate preclinical investigation and shorten the potential road to clinical
translation.

PRODUCTS

Publication:  Park JW, Lee JK, Sheu KM, Wang L, Balanis NG, Nguyen K, Smith BA, Cheng
C, Tsai BL, Cheng D, Huang J, Kurdistani SK, Graeber TF, Witte ON. Repro-
gramming normal human epithelial tissues to a common, lethal neuroendocrine
cancer lineage. Science. 2018 Oct 5;362(6410):91-95.
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Reprogramming normal human
epithelial tissues to a common, lethal
neuroendocrine cancer lineage
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The use of potent therapies inhibiting critical oncogenic pathways active in epithelial
cancers has led to multiple resistance mechanisms, including the development of highly
aggressive, small cell neuroendocrine carcinoma (SCNC). SCNC patients have a dismal
prognosis due in part to a limited understanding of the molecular mechanisms driving this
malignancy and the lack of effective treatments. Here, we demonstrate that a common set
of defined oncogenic drivers reproducibly reprograms normal human prostate and lung
epithelial cells to small cell prostate cancer (SCPC) and small cell lung cancer (SCLC),
respectively. We identify shared active transcription factor binding regions in the
reprogrammed prostate and lung SCNCs by integrative analyses of epigenetic and
transcriptional landscapes. These results suggest that neuroendocrine cancers arising
from distinct epithelial tissues may share common vulnerabilities that could be exploited
for the development of drugs targeting SCNCs.

uman cancers originating in different or-

gans share commonalities in cancer pheno-

types and molecular features (7). Small cell

neuroendocrine carcinoma (SCNC) is rec-

ognized by its distinctive histological fea-
tures and can arise from almost all epithelial organs,
including the prostate and lung (2, 3). These cancers
show notable lineage plasticity and acquire ther-
apeutic resistance by converting from an epithe-
lial to a neuroendocrine cancer phenotype (4-8).
Large-scale analyses of transcriptome data from
a variety of cancer types have provided substan-
tial evidence (9-11) to support a phenotypic con-
vergence to SCNC during cancer progression.
The underlying molecular mechanisms are not
fully understood.

To explore whether distinct human epithelial
cell types can be transformed into SCNC by shared
oncogenic drivers, we used a human tissue trans-
formation assay (12). Small cell prostate cancer
(SCPC) is a type of neuroendocrine prostate cancer
(NEPC), a class of malignancies that includes the
extremely rare “large cell prostate carcinoma,”
whose exact definition is still emerging (13). Over-
expression of c-Myc or N-Myc in combination with
myristoylated AKT1 (myrAKT1) (a partial mimic of
PTEN loss) drives normal human prostate epithe-
lial cells to poorly differentiated prostate adeno-
carcinoma (PrAd) or SCPC, respectively (12, 14).
To identify additional oncogenic drivers of SCPC,

we investigated the functional effects of dom-
inant negative p53 (TP53DN) (P), myrAKT1 (A),
RBI-short hairpin RNA (shRNA) (R), c-Myc (C),
and BCL2 (B) on the genesis of SCPC on the basis
of their recurrent genetic alterations in prostate
cancers, including SCPC (5, 7, 15, 16). These five
genetic factors are hereafter referred to as PARCB.
Primary basal epithelial cells were isolated from
the prostates of eight human donors and were
lentivirally transduced with the PARCB factors,
briefly cultured in an organoid system (Fig. 1A),
and transplanted into immunodeficient NOD/
SCID-IL2R-yc-KO mice (I7), where they formed
tumors that displayed green, red, and yellow
fluorescent protein (GFP, RFP, and YFP) expres-
sion from the three lentiviruses (Fig. 1B). PARCB
gene expression and the human cellular origin of
the tumors were confirmed by immunostaining
(fig. S1). All PARCB tumors derived from basal
cells demonstrated histological features of human
SCPC, including a high nuclear-to-cytoplasmic
ratio, frequent mitotic and apoptotic figures, and
uniform expression of neuroendocrine differen-
tiation (NED) markers (Fig. 1, C and D).

We next defined the genetic factors required
to initiate SCPC from the PARCB combination
by leave-one-out analysis. No tumors developed
in the absence of either c-Myc or myrAKTI. In
the absence of BCL2, the PARC combination still
produced tumors with histologic characteristics

and NED marker expression consistent with SCPC
(Fig. 1D and fig. S2A), albeit with reduced effi-
ciency (fig. S3). In contrast to BCL2, RBI-shRNA
and TP53DN together or individually were indis-
pensable for SCPC development. Tumors arising
from these conditions—PACB (without RBI-shRNA),
ARCB (without TP53DN), and ACB (without
TP53DN and RBI-shRNA)—displayed histological
features of poorly differentiated PrAd. PACB and
ARCB tumors displayed only focal expression of
NED markers (Fig. 1D). Thus, loss of RBI and in-
activation of p53 are required to convert an epi-
thelial lineage into a neuroendocrine lineage in
SCPC development during human prostate epi-
thelial transformation.

To further investigate the molecular contribu-
tions of the PARCB genetic factors to SCPC, we
established tumor cell lines from fluorescence-
activated cell sorting (FACS)-purified cells of the
ACB, PACB, ARCB, and PARCB tumors (Fig. 2A).
Immunoblot analysis confirmed the expression
of the respective genetic factors in the newly gen-
erated cell lines (fig. S2B). We then performed two
downstream global analyses: mRNA sequencing
(RNA-seq) and assay for transposase-accessible
chromatin sequencing (ATAC-seq). Currently, gene
expression datasets specific for SCPC are lacking.
We used the largest available RNA-seq dataset of
NEPC and PrAd patient samples (8) in our study.
‘We simplified the nomenclature of NEPC as SCPC
to prevent confusion when alternating between
epithelial tissue types.

Our RNA-seq data revealed that the PARCB
cell lines have transcriptomes that are distinct
from those characterizing ACB, PACB, and ARCB
lines (fig. S4A), supporting the histologic and mo-
lecular differences described above. The PARCB
cell lines exhibited enriched expression of genes
that are up-regulated in clinical SCPC specimens
relative to PrAd samples (8, 18), whereas the ACB,
PACB, and ARCB lines did not (fig. S5A). The
PARCSB lines were also highly similar to human
SCPC (fig. S5B) on the basis of a published SCPC
gene expression signature (7).

Global transcriptome analysis revealed that
the PARCB cell lines exhibited strong transcrip-
tional similarity to SCPC patient samples, whereas
the other engineered cell lines clustered with
patient-derived PrAd cell lines (Fig. 2B). They
did not express detectable levels of androgen
receptor (AR) and exhibited the lowest level
of AR signaling activity when compared with
clinical samples (fig. S6). The PARCB cell lines
also exhibited NED markers in vivo and in vitro
(fig. S7).

Open- or closed-chromatin regions can be in-
dicative of transcriptional regulatory elements
and serve as predictors of gene transcription
activity. We measured genome-wide chromatin
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Fig. 1. Defined genes drive human prostate epithelial cells to the
SCPC phenotype. (A) Schematic of human prostate transformation
assay. LTR, long terminal repeats; CMV, cytomegalovirus promoter;
Ubi, ubiquitin promoter. (B) Representative image of PARCB
xenografts displaying GFP, RFP, and YFP expression. BF, bright field.

Scale bar, 1 cm. (€C) Hematoxylin and eosin (H&E)-stained
images of PARCB grafts and human SCPC. Scale bars, 50 um.
(D) H&E staining and immunohistochemistry (IHC) images with
antibodies against the indicated proteins in genetically engineered
tumor models. Scale bars, 50 um.
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Fig. 2. Inactivation of both p53 and RB is required to reprogram tran-
scriptional profiles and chromatin accessibility landscapes of normal
prostate epithelial cells to human SCPC. (A) Schematic for
establishment of tumor cell lines with GFP-, RFP-, and YFP-positive purified
xenograft cells. (B) Partial least-squares regression analysis (PLSR)
separates PrAd and SCPC specimens in the RNA-seq dataset from
Beltran et al. (7). RNA-seq data for engineered tumor lines and patient-
derived prostate cancer cell lines were projected onto the PLSR plot.

(C) Principal components analysis (PCA) of ATAC-seq data from engineered

Park et al., Science 362, 91-95 (2018) 5 October 2018

cell lines with PrAd and SCPC lines. Probability ellipse = 95% confidence to
group the samples. (D) Hyper- or hypo-accessible peaks in comparisons
between engineered tumor lines. (E) Selected gene sets enriched in hyper- or
hypo-accessible peaks in the comparison between PARCB and ACB

lines. (F) TF binding motifs identified by HOMER (34) motif analysis were
plotted by ranks generated from their associated differential adjusted

P values. (G) Transcriptional activities of the TF motifs were measured by
gene signature scores (see materials and methods). Medians with interquartile
ranges are shown. *P < 0.05 [one-way analysis of variance (ANOVA)].
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Fig. 3. The same genetic drivers for SCPC can initiate SCLC from human normal lung
epithelial cells. (A) Schematic of NHBE cell transformation. (B) Representative tumor image
displaying the lentivirally colinked markers GFP, RFP, and YFP. Scale bar, 1 cm. (C) H&E and
IHC images against NED markers in transformed NHBE xenografts. Scale bars, 100 um.

(D) Representative morphologic image of NHBE-PARCB cell lines in two-dimensional culture

and H&E image of xenografts derived from NHBE-PARCB cell lines. Scale bar, 100 um. (E) PCA of

NHBE-PARCB cell lines with SCLC and non-SCLC cell lines.

accessibility and its association with transcrip-
tional programs by ATAC-seq. PARCB and patient-
derived SCPC lines exhibited a distinct chromatin
accessibility status compared with the ACB, PACB,
or ARCB lines (Fig. 2C and fig. S4B). Dual in-
activation of p53 and RB in PARCB lines induced
marked changes in chromatin accessibility com-
pared with that in ACB lines (Fig. 2D). However,
single inactivation of p53 or RB alone in PACB or
ARCB lines, respectively, did not alter chromatin
accessibility compared with that in ACB lines
(Fig. 2D).

Chromatin regions in PARCB lines that were
hyperaccessible compared with those in ACB lines
were highly enriched for genes associated with
neuronal differentiation and small cell lung cancer
(SCLC), whereas hypo-accessible regions in PARCB
lines were enriched for epithelial development-
and PrAd-associated genes (Fig. 2E). We conclude
that concomitant p53 and RB disruption is re-
quired and may synergize to promote lineage
plasticity during human prostate epithelial trans-
formation by modulating transcriptional and epi-
genetic programs, supporting previous findings
from mouse models (8, 19).

Park et al., Science 362, 91-95 (2018) 5 October 2018

To further characterize p53 and RB inactivation—
induced changes in chromatin, we performed tran-
scription factor (TF) binding motif enrichment
analysis with the differentially accessible peaks
in PARCB lines compared with ACB lines. We
found that LHX family TF motifs (LHX1, LHX2,
and LHX3) and ISL1 were the most accessible
regions in PARCB lines, whereas OCT family TF
motifs (OCT2 and OCT6) and ETS family TF motifs
(EHF and ELF5) were less accessible in PARCB
than in ACB lines (Fig. 2F and table S1). Although
the biological functions of these TFs are unexplored
in prostate cancer, we were able to assess the tran-
scriptional activity of these TF motifs altered by
concomitant p53 and RB disruption. Our inte-
grated analysis with the matched RNA-seq data
revealed that enriched accessibility of LHX2-,
ISL1-, OCT2-, or EHF-DNA binding motifs was
mirrored by the expression of the downstream
target genes (Fig. 2G).

‘We next investigated how similar the PARCB
lines might be to SCNCs from other organs. We
performed a gene list enrichment analysis (20)
of 938 transcriptionally profiled cancer cell lines
by using genes up-regulated in the PARCB lines

(table S2). This analysis demonstrated that the
PARCB cell lines were transcriptionally most sim-
ilar to SCLC cell lines and the NCI-H660 SCPC cell
line (fig. S8 and table S3). To further evaluate the
similarity of SCPC and SCLC, we projected gene
expression data from human lung cancer samples
[from (21) and The Cancer Genome Atlas (TCGA)
(22)] onto our prostate cancer clustering plot in
Fig. 2B. All clinical SCLC samples tightly clustered
with the SCPC samples, indicating that prostate
and lung SCNCs are both histologically and tran-
scriptionally similar (fig. S9).

Given the similarity of the PARCB prostate
cancer models to SCPC and SCLC, we next asked
whether the PARCB factors could initiate SCLC
from human lung epithelial cells. In a fashion
similar to our transformation of primary human
prostate cells, we transformed primary normal
human bronchial epithelial (NHBE) cells with
the PARCB lentiviruses (Fig. 3A). Xenografts
(NHBE-PARCB) expressed GFP, RFP, and YFP
(Fig. 3B) and the PARCB factors (fig. SI0A). NHBE-
PARCB tumors showed typical histological fea-
tures and NED marker expression characteristic
of clinical SCLC (Fig. 3C). Removing one gene
from the PARCB combination did not result in
tumor growth. Similar to clinical SCLC (23), all
of the tumors expressed the proliferation marker
Ki67 and none expressed the basal-squamous
epithelial cell markers p63 and cytokeratin 14
(fig. S10B).

To interrogate the convergent evolutionary
pattern of SCNCs, we established five NHBE-
PARCB tumor cell lines for downstream multi-
omics analyses. Like the prostate PARCB lines,
the NHBE-PARCB lines propagated in suspen-
sion, demonstrated tumorigenic potential in vivo
(Fig. 3D), and exhibited transcriptional similar-
ity to patient-derived SCLC cell lines [from the
Cancer Cell Line Encyclopedia database (24)]
(Fig. 3E). Comparative genomic hybridization and
whole-exome sequencing analyses identified no
recurrent genetic alterations between prostate and
lung PARCB models, indicating that the defined
five genetic factors are likely sufficient to drive
human SCNC (fig. S11 and tables S4 and S5).

We found that normal prostate basal epithe-
lial cells and NHBE cells displayed distinct tran-
scriptomes. In contrast, the prostate PARCB and
NHBE-PARCB cell lines tightly clustered together,
indicating a shared gene expression profile as-
sociated with reprogramming by the PARCB fac-
tors irrespective of the tissue of origin (Fig. 4A).
‘We then examined transcriptome data from SCPC
and SCLC patient biopsy specimens (7, 21) and
compared these with their respective adjacent
normal tissues from TCGA. These results support
the finding that SCPC and SCLC are transcription-
ally convergent relative to the normal epithelial
cells from which they originated (Fig. 4B) and
demonstrate that a similar convergence occurs
in patients.

Both transcriptional and epigenetic regulatory
networks dictate cell lineage decisions (25, 26).
We investigated the nature of the global chro-
matin states involved in the convergent trans-
formation to SCNC by ATAC-seq. PARCB, SCPC,
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Fig. 4. Convergent transcriptional and chromati
SCLC identify shared TF motifs. (A) PCA of RNA

in accessibility landscapes of SCPC and
-seq data from normal lung and prostate epithelial

cells (NHBE and basal) and engineered lung and prostate PARCB cells. (B) PCA of RNA-seq data
from human samples: SCLC and SCPC specimens and adjacent normal lung and prostate tissues.
(C) PCA of ATAC-seq data from NHBE, basal, NHBE-PARCB, PARCB, and patient-derived SCLC

and SCPC lines. (D) Gene Ontology terms for hyperaccessible peaks in lung and prostate SCNCs.

(E) TF motifs identified by HOMER motif analysis
associated differential P values (table S7). (F) (To
bp, base pair. (Bottom) The transcriptional activit

were plotted by ranks generated from their
p) Selected visualization of ATAC-seq footprint.
ies were measured by gene signature scores

(see materials and methods). Medians with interquartile ranges are shown. ***P < 0.001,

*¥**p < 0.0001 (one-way ANOVA).

and SCLC lines exhibited similar chromatin ac-
cessibility landscapes (Fig. 4C and fig. S12), which
paralleled their transcriptional resemblance. Nota-
bly, the chromatin accessibility profiles of patient-
derived SCPC and SCLC cell lines clustered
with our prostate and NHBE-PARCB cell lines
but not with non-neuroendocrine prostate and
lung epithelial cells (Fig. 4C). We identified
shared hyper- and hypo-accessible chromatin
regions in the lung and prostate SCNCs com-
pared with normal lung and prostate epithe-
lial cells (fig. S13). The SCNC-specific accessible

Park et al., Science 362, 91-95 (2018) 5 October 2018

regions were enriched for genes important
for development and neuronal differentiation
(Fig. 4D and table S6).

To gain insight into the possible biological roles
of TFs that serve as master regulators in SCNCs,
we performed DNA binding motif enrichment
analysis of the hyperaccessible regions. This anal-
ysis revealed motifs corresponding to proneural
TFs (ASCL1, NEUROD1, NEUROG?2, and OLIG2)
and NKX homeodomain TFs (NKX2.1, NKX2.2,
NKX2.5, and NKX6.1) (Fig. 4E and table S7).
ASCL1 and NEURODI are required for SCLC sur-

vival and initiation (27-29). NEUROD1, NEUROG2,
and NKX homedomain TFs are implicated in neu-
ral stem cell patterning and neural progenitor fate
specification (30). NKX2.1/TTF-1 is a biomarker
for SCLC and SCPC (31). We found that the chro-
matin regions for binding p53 family TFs (p53,
p63, and p73) and ETS family TFs (ELF3, ELF5,
and ERG) were less accessible in SCNCs than in
normal epithelial cells (Fig. 4E). Both of these TF
families also play critical roles in neuronal devel-
opment and lineage decisions (32, 33). Our motif
analysis identified TFs known to be involved in
neural proliferation and differentiation as well as
additional TFs (table S7) with unexplored roles
in SCNC. We next evaluated both RNA-seq and
ATAC-seq data to compare the transcriptional
activity of these TFs with the global accessibility
of their DNA binding motifs. Our integrated anal-
ysis revealed that the differentially accessible
TF motifs we identified correlated with the
transcriptional output of TF target genes for
each motif (Fig. 4F and fig. S14). These findings
indicate that concomitant enrichment of pro-
neural TFs and NKX homeodomain TFs and
silencing of ETS family TF and p53 family TF
transcriptional activities are conserved in and are
likely critical for transformation to SCNC across
tissue types.

Current therapeutic strategies designed to
inhibit oncogenic pathways driving malignant
phenotypes almost inevitably lead to treatment-
resistant cancers. Increasingly, treatment-resistant
tumors that assume aggressive clinical charac-
teristics and molecular features of both stemlike
and neuroendocrine lineages are being identified
in a variety of epithelial cancers. We provide cel-
lular, transcriptional, and epigenetic evidence that
the SCNC phenotype that arises from distinct epi-
thelial organs represents a common point in the
evolution of cancers that is induced by shared
genetic and epigenetic processes. Although nor-
mal human epithelial cells derived from develop-
mentally distinct organs have their own molecular
landscapes, our findings demonstrate that a de-
fined set of oncogenic factors can induce the de-
velopment of a common lethal neuroendocrine
cancer lineage (SCNC) from different epithelial
cell types. We have characterized the essential
contribution of these factors and the convergence
of both the transcriptional and chromatin land-
scapes during the process of transformation
to SCNC. Our integrated molecular analyses
have identified a group of key TFs that ap-
pear to be critical for the initiation and main-
tenance of SCNC, independently of the tissue
of origin. These data may help inform efforts
to identify novel therapeutic approaches for
preventing the emergence of SCNCs and for
treating them once they arise.
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Some (re)programming notes on cancer

Epithelial cancers develop resistance to targeted therapies in a number of different ways. Several cancer types do
so by undergoing phenotypic conversion to a highly aggressive cancer called small cell neuroendocrine carcinoma
(SCNC). Whether distinct cancer types accomplish this "reprogramming" through the same mechanism has been
unclear. Park et al. show that the same set of oncogenic factors transforms both normal lung and normal prostate
epithelial cells into SCNCs that resemble clinical samples (see the Perspective by Kareta and Sage). This convergence
of molecular pathways could potentially simplify the development of new therapies for SCNC, which is currently
untreatable.

Science, this issue p. 91; see also p. 30

ARTICLETOOLS http://science.sciencemag.org/content/362/6410/91

I\S/ILA}?'EIEZIIEAALESNTARY http://science.sciencemag.org/content/suppl/2018/10/03/362.6410.91.DC1
RELATED JIsci i i

SONTENT http://science.sciencemag.org/content/sci/362/6410/30.full

http://stm.sciencemag.org/content/scitransmed/5/187/187ra71.full
http://stm.sciencemag.org/content/scitransmed/7/302/302ra136.full
http://stke.sciencemag.org/content/sigtrans/12/567/eaau2922.full

REFERENCES This article cites 49 articles, 13 of which you can access for free
http://science.sciencemag.org/content/362/6410/91#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. 2017 © The Authors, some rights reserved; exclusive
licensee American Association for the Advancement of Science. No claim to original U.S. Government Works. The title
Science is a registered trademark of AAAS.

6T0Z ‘Sz AInC uo /610" Bewasusios aoualds//:dny wolj papeojumod


http://science.sciencemag.org/content/362/6410/91
http://science.sciencemag.org/content/suppl/2018/10/03/362.6410.91.DC1
http://science.sciencemag.org/content/sci/362/6410/30.full
http://stm.sciencemag.org/content/scitransmed/5/187/187ra71.full
http://stm.sciencemag.org/content/scitransmed/7/302/302ra136.full
http://stke.sciencemag.org/content/sigtrans/12/567/eaau2922.full
http://science.sciencemag.org/content/362/6410/91#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://science.sciencemag.org/

www.sciencemag.org/content/362/6410/91/suppl/DC1

RAYAAAS

Supplementary Materials for

Reprogramming normal human epithelial tissues to a common, lethal
neuroendocrine cancer lineage
Jung Wook Park, John K. Lee, Katherine M. Sheu, Liang Wang, Nikolas G. Balanis,
Kim Nguyen, Bryan A. Smith, Chen Cheng, Brandon L. Tsai, Donghui Cheng,
Jiaoti Huang, Siavash K. Kurdistani, Thomas G. Graeber*, Owen N. Witte*

*Corresponding author. Email: owenwitte@mednet.ucla.edu (O.N.W.);
tgraeber@mednet.ucla.edu (T.G.G.)

Published 5 October 2018, Science 362, 91 (2018)
DOI: 10.1126/science.aat5749

This PDF file includes:
Materials and Methods
Figs. S1to S14
Captions for Tables S1 to S11
References

Other Supplementary Material for this manuscript includes the following:
(available at www.sciencemag.org/content/362/6410/91/suppl/DC1)

Tables S1 to S11



Materials and Methods

Lentiviral Vectors and lentiviruses

The myristoylated AKT1 vector (FU-myrAKT1-CGW) has been described previously (35).
For cloning of the c-MYC-P2A-BCL2 vector, P2A-BCL2 cDNA (BC027258.1) oligo (Integrated
DNA Technologies, IDT) was added to our c-Myc lentiviral backbone vector (FU-MYC-CRW)
(12) using Gibson-assembly master mix (NEB, CAT# E2611). For cloning of the vector
expressing sShRNA for knocking down RB1 and dominant negative TP53 (R175H), cDNA of
dominant negative TP53 mutant (R175H) was obtained from Addgene (plasmid# 16436). H1-
promoter-RB1shRNA oligo purchased from IDT (shRNA targeting 3’UTR:
CCGGCAGAGATCGTGTATTGAGATTCTCGAGAATCTCAATACACGATCTCTGTTTTT
from TRCN0000295842 and (36)). These two inserts were added by this order (H1 promoter-
RB1-shRNA and ubiquitin promoter-TP53DN) to FU-CYW lentiviral vector (CYW=CMV
promoter-YFP Woodchuck hepatitis virus posttranscriptional regulatory element). The resulting
plasmids are now described as FU-MYC-P2A-BCL2-CRW and FU-RB1-shRNA-TP53DN-
CYW with construct design presented in Fig. 1A. Lentiviruses were produced and purified by a
previously described method (37).

Human prostate tissues and organoid transformation assay

Donor tissues were provided in a de-identified manner and thus were exempt from
Institutional Review Board (IRB) approval. Acquisition and processing of human tissue,
dissociation and isolation of distinct epithelial subsets, and lentiviral transduction have been
described in detail previously (38). FACS-isolated cells (10,000-20,000 cells/organoid graft)
were plated in 20-30uL of growth factor-reduced Matrigel (Corning, CAT# 356234) with
lentiviruses (MOI=50/lentivirus). Organoid culture was performed as described previously (39).
After 1-2 week culture, transduced organoids were harvested by dissociation of Matrigel with
1mg/mL Dispase (Thermo Fisher Scientific, CAT# 17105041). The organoids were washed
three times with PBS to remove Dispase and re-suspended in 20-30ul of Matrigel. The
organoid-Matrigel mixture was implanted subcutaneously in immunodeficient NOD.Cg-
Prkdcscid 1H2rgtm1Wijl/SzJ (NSG) (17) mice using a 28-gauge syringe. Xenografts were
harvested within 2-3 months or when they reached 1cm big in their diameter.

Animal and Subcutaneous transplantation

For xenograft analysis, NSG mice had been transferred from the Jackson Laboratories and
housed and bred under the care of the Division of Laboratory Animal Medicine at the University
of California, Los Angeles (UCLA). Subcutaneous injection of cells was performed according to
protocols approved by UCLA’s Animal Research Committee.

Tissue section and Histology

Tumor tissues were pre-fixed in 10% buffered formaldehyde for overnight at 4°C, then
moved into 70% ethanol. They were embedded in paraffin and sectioned at 5 um at the
Translational Pathology Core Laboratory (TPCL) where is a CAP/CLIA certified research
facility in the UCLA Department of Pathology and Laboratory Medicine and a UCLA Jonsson
Comprehensive Cancer Center Shared Facility. Every 5" section was stained for hematoxylin
and eosin (H&E) for histology. The histology was blindly evaluated/graded by multiple
pathologists in UCLA.




Immunostaining

For the immunohistochemistry (IHC) staining on formalin-fixed paraffin embedded
sections, 5 um sections were deparaffinized and rehydrated. Citrate buffer (pH 6.0) was used for
antigen retrieval. The sections were heated in citrate buffer for 30 min in a pressure cooker using
microwave. Endogenous peroxidase activity was blocked by 3% H20- in methanol for 10 min at
room temperature. Primary antibodies were incubated overnight at 4°C. Anti-mouse/rabbit
biotinylated secondary antibodies were used to detect proteins. ImMmPACT DAB (Vector
laboratories, CAT# SK-4105) was used as described in their protocol to visualize the staining.
Slides were dehydrated and mounted.

For the western blot analysis, protein was extracted from tumors and cell lines using UREA
buffer (8BM UREA, 4% CHAPS, 1X protease inhibitor cocktail (Roche, CAT# 11697498001),
and 1X phosphatase inhibitor cocktail (Cell Signaling Technology, CAT# 5870)). Genomic
DNA was removed by an ultracentrifuge (Beckman Optima MAX-XP, 45,000RPM). The
concentration of total protein was measured by BCA analysis (Pierce, CAT# 23225). Western
blots were visualized by using a film developer.

Each immunostaining was independently performed more than two times.

Antibodies

Antibodies used for flow cytometry included CD49f-PE (12-0495-82; eBiosciences), HLA-
A/B/C-biotin (565291; BS Bioscience), and Trop2-APC (FAB650A; R&D Systems). Antibodies
used for IHC and western blots included cytokeratin 14 (PRB-155P; Covance), p63 and AR (SC-
8431 and SC-816; Santa Cruz Biotechnology), c-Myc (ab32072, Abcam), p-AKT (9271; Cell
Signaling), Ki67 (ab16667; Abcam), BCL2 (ab32124; Abcam), p53 (2527, Cell Signaling
Technology), RB (ab181616; Abcam), GAPDH (GTX627408-01; Genetex), SYP (M7315;
Dako), NCAM1/CD56 (ab75813; Abcam), and CHGA (M869; Dako).

Cell lines

LNCaP (CRL-1740), 22RV1 (CRL-2505), NCI-H660 (CRL-5813), NCI-H524 (CRL-5831),
NCI-H1436 (CRL-5871), NCI-H1963 (CRL-5982), NCI-H2171 (CRL-5929), and NCI-H2227
(CRL-5934) cells were obtained from American Type Culture Collection (ATCC) and
maintained as recommended by ATCC. Cell line authentication was confirmed by STR (Short
Tandem Repeat) by using Promega PowerPlex16 HS kit (performed by Laragen). MSKCC-EF1
cells; we obtained MSK-PCa4 organoid cell line described previously (40) from Dr. Yu Chen in
MSKCC and cultured them in 2D culture using stem cell culture media (Advanced DMEM/F12
(Gibco CAT# 12634028), Glutamax (Gibco, CAT# 35050061), B27 (Gibco CAT# 17504044,
10ng/ml human EGF (Peprotech CAT# 100-47, and 10ng/ml human FGF-basic (Peprotech
CAT# 100-18B)). We named it MSKCC-EF1 cell line to distinguish its parental organoid cell
line. MSKCC-EF1 cell line expresses NED markers (Synaptophysin, NCAM1/CD56, and
Chromogranin A) in vitro and is tumorigenic in vivo. Primary NHBE cell lines (41) were
purchased from Lonza (CC-2540) and were utilized for our lung transformation assay. All
NHBEs did not come from donors with airway-related diseases (Lonza). They were maintained
and passaged as described on Lonza’s website (www.lonza.com). All NHBE cells were used for
our transformation assay before they reached passage 7. Our genetically engineered tumor cell
lines of the prostate and lung were maintained in the stem cell culture media. The PARCB lines
grow in suspension as floating clusters (fig. S7A), consistent with patient-derived small cell lung
and prostate cancer lines (42, 43). Their double times are between 20-24 hours.



STR analysis was performed following ANSI/ATCC ASN-0002-2011 procedure to show human
origin and authenticate our genetically engineered human small cell cancer lines (table S8). We
calculated matched allele percentages between the samples using data from STR analysis (table
S8). Six human prostate and three human lung materials were utilized in this study for our
transformation assay (NHBE1-PARCB-1, NHBE1-PARCB-2, NHBE4-PARCB-1, and NHBE4-
PARCB-2 cell lines are derived from NHBE1 and NHBE4 cells, respectively). All the cell lines
in the study are Mycoplasma free, which is tested by MycoAlert™ PLUS Mycoplasma Detection
Kit (Lonza, cat# LT07-703).

RNA-sequencing (RNA-seq)

For RNA-seq, library preparation and sequencing were performed by the Technology
Center for Genomics & Bioinformatics (TCGB) at UCLA. Libraries for RNA-seq were prepared
with KAPA Stranded RNA-seq Kit. The workflow consists of mMRNA enrichment, cDNA
generation, and end repair to generate blunt ends, A-tailing, adaptor ligation and PCR
amplification. Different adaptors were used for multiplexing samples in one lane. Sequencing
was performed on Illumina HiSeq 3000 for a pair read 150 base run. Data quality check was
done on Hllumina SAV. Demultiplexing was performed with Illumina Bcl2fastq2 v 2.17
program. FASTQ files were processed using the TOIL processing pipeline
(https://github.com/BD2KGenomics/toil-rnaseq), RNAseq measurements were expressed as
upper quartile normalized counts. Data were log2 transformed and filtered for coding genes
using HUGO (http://www.genenames.org/). The reads were aligned to the hg38 human genome.
The details of the RNA-seq data are described in table S9.

Gene expression datasets of CCLE lung cancer cell lines

Gene expression data of CCLE lung cancer cell lines were obtained as FASTQ files and
were converted from bam files back to FASTQs using Picard tools
(https://broadinstitute.github.io/picard/) and Sambamba (http://lomereiter.github.io/sambamba/).
FASTQ files were processed using the TOIL processing pipeline, RNA-seq measurements are
expressed as upper quartile normalized counts. Data were log2 transformed and filtered for
coding genes using HUGO (http://www.genenames.org/).

Computational analyses (PCA and PSLR analysis)

Principle component analysis (PCA) is an unsupervised learning approach that decomposes
a matrix X into orthogonal principal components that maximize the variance explained in X.
Partial least squares regression analysis (PLSR) (44) is a supervised learning approach that
decomposes a matrix X of predictors and dependent variables Y into orthogonal components
while also maximizing the covariance between the two matrices. In our analysis data, the X
matrix is the RNA-seq expression matrix of human patient data (7) and the Y matrix is a binary
vector on the PrAd/SCPC classification (table S10). Projections onto this PLSR space were
performed with our human cell line model systems. All analyses were performed on mean
centered data.

Library preparation of ATAC-sequencing (ATAC-seq)

Libraries for ATAC-seq were prepared by a previously described method (45). Eight
different indexes were used for multiplexing samples in each sequencing (45). Sequencing was
performed on illumine HiSeq 2000 for a single read 50 base run. Data were processed with




ENCODE pipeline (https://www.encodeproject.org/atac-seq). Each sample obtained at least
50M mapped reads for following analyses. Data were deposited into GEO database and the
details were described in table S11.

ATAC-seq analysis

Raw files (fastgq format) processed through the ATAC-seq pipeline published by ENCODE
(https://github.com/kundajelab/atac_dnase_pipelines). Briefly, reads were trimmed, filtered, and
aligned to hg38. MACS2 was used to call peaks for each individual sample. The Irreproducible
Discovery Rate (IDR) peak output from the ENCODE unreplicated-sample ATAC-seq pipeline
was used for downstream analysis. IDR measures the reproducibility of peak calls on replicates
or pseudo-replicates and uses that score to determine the cutoff for significant peaks. The
threshold P-value used was 0.05. Other ENCODES3 parameters were enforced with the flag-
encode3. Reads that mapped to mitochondrial genes or blacklisted regions, as defined by the
ENCODE pipeline, were removed. Peak files were merged using bedtools merge to obtain a
consensus set of peaks across samples. The number of reads that fell into the peaks was obtained
using bedtools multicov (46), with parameters -q30 to exclude reads with poor mapping quality,
and -f 0.05 to exclude reads that only minimally overlap the peak. DESeq2 (47) was used for
normalizing read counts and determining hyper- and hypo-accessible peaks across normal and
SCNC samples, using default parameters and without independent filtering or Cook’s cutoff.
Peaks were called as hyper or hypo-accessible using abs (log2 fold change)>0.5 and adjusted
P<0.05.

Prostate model analysis

Comparison of PARCB, ARCB, PACB, and ACB samples was performed using a
consensus peak set of peaks merged across these samples. Raw count normalization and analysis
of differential peaks between each combination of two groups was performed using DESeq2 as
described above. ARCB vs. ACB and PACB vs. ACB comparisons yielded very few
significantly differential peaks using the pre-ascertained cutoffs. Motif analysis was then run
separately on hyper- or hypo-accessible peaks in the PARCB vs. ACB comparison using
HOMER (34), with the flags -size 200 and -mask. Motifs specific to hyper or hypo accessible
peaks were obtained by taking the rank difference of the motifs in the two lists. To obtain gene
expression signatures for genes associated with each motif, the motifs were matched to
differentially accessible peaks in the PARCB vs. ACB comparison. Motifs were associated with
a peak if they were +/-50bp from the peak center, and peaks were mapped to genes if within +/-
1000bp of the transcription start site (TSS). For each motif of interest, the expression values for
the motif-associated genes were then converted to z-score across all engineered cell line samples,
and the sum z-score was calculated.

Lung and prostate analysis

Analysis of lung and prostate normal epithelial and PARCB samples was performed by
merging peaks across these samples. Normal epithelial cell vs. PARCB tumor cell samples were
then compared separately for lung and prostate. Significance of overlap for hyper- and hypo-
accessible peaks between lung and prostate tissue was calculated using a hypergeometric p-
value, out of a total number of peaks of 84985. Gene ontology and genomic annotations were
conducted using HOMER, with default parameters. For PCA on ATAC-seq samples, a variance-
stabilizing transformation was performed on the count data.




Motif analysis was done using HOMER against a whole genome background and searching
for motifs within +/-100bp from the peak center. All motifs were ranked by p-value separately
for lung and prostate tissues and then the ranks for both lung and prostate were averaged to
obtain rank lists of hyper or hypo-accessible motifs. For each motif, the difference in rank
(hyper-hypo) was plotted on the waterfall plot to identify motifs enriched only in hyper-
accessible peaks or only in hypo-accessible peaks. Motifs that fell below P<0.05 in both lists
were removed. To determine whether differential accessibility corresponded to differential gene
expression, peaks were centered on the motif, and peaks were mapped to genes using HOMER,
with default parameters. Peaks were mapped to genes if within +/-1000bp of the transcription
start site (TSS), and motifs were associated with a peak if they were +/-50bp from the peak
center. These motif-associated genes were then converted to z-score across normal and PARCB
samples, and for each motif, the sum z-score was calculated. Motif-centered histograms were
generated with bins of 5bp using HOMER.

Pan-tissue Analysis

DNase data was obtained by download of filtered bam files from the ENCODE website.
Files with extremely low SPOT score or extremely low read depth were excluded. Bedtools
multicov was used to obtain the number of reads that fell into the total set of peaks previously
compiled from the ATAC-seq analysis, resulting in a common set of features across ATAC and
DNase data. The DNase data was then also transformed through a variance-stabilizing
transformation using the DESeq2 package. The similarity of each sample to PARCB samples
was obtained by first performing PCA on normal and PARCB lung and prostate samples using
all peaks, and then projecting the DNase data onto this PCA space. Projections were performed
by multiplying the original PCA loadings by the data matrix to be projected.

Unsupervised hierarchical clustering

Hierarchical clustering was performed using the pheatmap package in R. All hierarchical
clustering was done using the clustering method ward-D2, using Spearman correlation as the
distance metric unless otherwise specified, and was performed on all relevant features (for
example, all genes for RNA-seq or all peaks for ATAC-seq). All clustering analyses were
performed on normalized data.

Androgen receptor (AR)-associated gene signature

To evaluate AR signaling, gene expression-based AR signature scores were calculated using
a combined list of genes up-regulated in LNCaP cells in response to synthetic androgen R1881
from two previous publications (48, 49). Genes in the signature were z-scored across primary
PrAd, CRPC-PrAd, SCPC, prostate cancer cell lines, and prostate-PARCB cell lines, and sum z-
scores for each sample were calculated to obtain the androgen response signature score.

Neuroendocrine signature score

To evaluate the extent of an expression-based neuroendocrine phenotype in the engineered
prostate models, signature scores were calculated based on genes from a previous publication of
human prostate neuroendocrine tumor biopsies (7). Genes in the signature were divided into
upregulated genes and downregulated genes. The combined signature score was calculated by
adding the sum z-score for upregulated genes with the reversed sum z-score for downregulated
genes.




Copy number variation and Whole exome sequencing analysis

Copy number analysis was performed on an Affymetrix Cytoscan HD Array and data
was processed using the Affymetrix Chromosome Analysis Suite v3.1.0.15 with the NA33
reference model and using the HighResolution setting. Exomes were isolated with the SeqCap
EZ Human Exome Library v3.0 (Roche) and libraries were prepared using the Low-Throughput
Library Preparation Kit with standard PCR amplification module (KAPA Biosystems). High-
throughput sequencing with 150bp paired-end reads was performed using an Illumina
HiSeq3000. Mapping of exome sequencing reads was performed using a computational analysis
tool, GATK4 (https://software.broadinstitute.org/gatk/gatk4) with the hg38 reference. As no
matched normal samples were available GATK4 was run in Tumor-only mode with default
settings and the gnomAD germline reference. The output VCF was filtered for sites where the
Variant Allele Frequency (VAF)>0.05, read depth>20, and PHRED base and mapping quality
scores (MBQ and MMQ) were above 30, which represents 99.9% accuracy. The VCF was then
annotated using ANNOVAR (50) and a database of SNP sites (avsnp database,
https://www.ncbi.nlm.nih.gov/projects/SNP) and known cancer mutations
(https://cancer.sanger.ac.uk/cosmic). Sites are reported if they fall in the COSMIC whitelist and
did not appear in the avsnp database.
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Fig. S1. PARCB tumors are of human origin and display expression of the five initiating
genetic factors. (A) Representative H&E-stained image and IHC image for anti-HLA (Human
Leukocyte Antigen) in PARCB tumors. (B) Photomicrographs of PARCB tumors with IHC
staining for p53, phospho-AKT S473 (p-AKT), RB, c-Myc, and BCL2. Scale bar=100um. (C)
Immunoblots of patient-derived prostate cancer cell lines and PARCB tumors with antibodies
against p53, RB, c-Myc, p-AKT, and BCL2. LNCAP and 22RV1 cell lines are representatives
of PrAd. MSKCC-EF1 and NCI-H660 cell lines are representatives of SCPC.
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Fig. S2. Engineered tumor models display expression of genetic drivers. (A)
Photomicrographs of xenograft grafts driven by different gene combinations with IHC staining
for p53, RB, c-Myc, p-AKT, and BCL2. PARCB=5 gene combination, PACB with no RB1-
shRNA, ARCB with no dominant negative p53, and ACB with no RB1-shRNA and no dominant
negative p53. Scale bar=100um. (B) Representative immunoblots of engineered tumor cell lines
with antibodies against five genetic drivers; p53, p-AKT, RB, c-Myc, and BCL2. GAPDH
(Glyceraldehyde-3-Phosphate Dehydrogenase) was used as a loading control. LNCAP and
22RV1 are PrAd cell lines. MSKCC-EF1 and NCI-H660 are SCPC cell lines.
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Fig. S3. BCL2 overexpression enhances the efficiency of lentivirally-transduced organoid
formation and in vivo tumor development. Graph (Left) and table (Right) showing the
efficiency of xenograft development in immunodeficient NOD/SCID-IL2R-yc-KO mice with or
without BCL2 overexpression. PARC is no BCL2 overexpression. BCLI2 overexpression in
PARCB significantly increased the success rate of tumor outgrowth (P=0.01, two-sided Fisher’s
exact test).
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Fig. S4. PARCB cell lines have distinct transcriptional and chromatin-accessibility
landscapes compared to ACB, PACB, and ARCB cell lines. Unsupervised hierarchical
clustering demonstrated that PARCB cell lines clustered together and the other ACB, PACB, and
ARCB cell lines showed mixed correlations in datasets of RNA-seq (A) and ATAC-seq (B). The
color bar is indicating a distance (O=the closest and 1=the farthest).
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Fig. S5. PARCB lines are similar to human SCPC. (A) Expression of 22 SCPC-specific genes
in RNA-seq data of the engineered tumor cell lines: PARCB, PACB, ARCB, and ACB lines.
The gene set was selected in Ku et al., 2017. The gene expression of prostate cancer patient
samples (PrAd and SCPC) was obtained from Beltran et al., 2016 RNA-seq dataset. (B)
Neuroendocrine gene signature scores (developed by Beltran et al., 2016) for engineered tumor
lines (ACB, PACB, ARCB, and PARCB) and human patient samples (PrAd and SCPC). Median
with interquartile range. Dots represent individual samples. Bars represent the median with

interquartile range.
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Fig. S6. Androgen receptor signaling in PARCB cell lines are androgen receptor
independent and chemotherapy-sensitive. (A) Immunohistochemistry staining with antibodies
against androgen receptor (AR) and prostate specific antigen (PSA, encoded by KLK3 gene).
LNCaP was used for positive controls for AR and PSA staining. Scale bar=100um. (B) Gene
expression level of AR and KLK3 in prostate cancer cell lines, prostate basal epithelial cells, and
prostate-PARCB cell lines. Y-axis is normalized read counts from RNA-seq data. Mean with
standard error of the mean. (C) AR-associated gene signature scores of primary prostate
adenocarcinoma (Primary-PrAd), castration-resistant prostate adenocarcinoma (PrAd),
castration-resistant small cell prostate cancer (SCPC), patient-derived cell lines from
adenocarcinoma and small cell prostate cancer (PrAd-cell line and SCPC-cell lines), and PARCB
cell lines. Primary-PrAd samples were from TCGA datasets. PrAd and SCPC were from Beltran
et al., 2016 dataset. Median with interquartile range. ****=P<0.0001 (t-test). Details are
described in materials and methods.
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Fig. S7. PARCB tumor cell lines mirror human SCPC features. (A) Representative
morphologic images of patient-derived SCPC (NCI-H660), SCLC (NCI-H524) and PARCB
tumor cell lines in vitro 2D culture. BF=Bright field. Scale bar=200um. (B) Immunoblots with
antibodies against five genetic drivers; p53, p-AKT, RB, c-Myc, BCL2 and NED markers;
NCAML1, CHGA, and SYP in multiple PARCB cell lines. GAPDH (Glyceraldehyde-3-
Phosphate Dehydrogenase) was used as a loading control. LNCAP and 22RV1 are PrAd cell
lines. MSKCC-EF1 and NCI-H660 are SCPC cell lines. (C) Photomicrographs of xenografts
derived from PARCB cell lines with H&E staining and IHC staining for NED markers. Scale
bar=100pum.
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Fig. S8. PARCB cell lines have a strong transcriptional similarity to SCLC as well as SCPC
cell lines. Computational analysis tool (DESeq?2) identified 1232 up-regulated genes (>2 log
fold change, adjusted P<0.01, described in materials and methods, and table S2) in PARCB cell
lines compared to patient-derived PrAd lines (LNCaP, 22RV1, and VCaP). Using the gene list,
gene list enrichment analysis (Enrichr, http://amp.pharm.mssm.edu/Enrichr) identified that the
top 19 cancer cell lines which were all SCLC cell lines and 1 SCPC (NCI-H660) cell line were
significantly shared genes in the list with PARCB cell lines (table S4).
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Fig. S9. SCPC and SCLC have a significantly similar transcriptional profile which is
distinct from other cancer phenotypes. (A) SCLC and non-SCLC patient samples from were
projected to prostate PLSR plot using gene expression data (RNA-seq). (B) 1726 genes were
ranked by t-test P-value (P<0.001) on a prostate PrAd vs SCPC comparison in Beltran et al.,
2016. These selected genes were used to perform the clustering analysis (Euclidean distance,
described in materials and methods) across lung and prostate cancer datasets (Beltran et al.,
2016, George et al., 2015, TCGA). The heat-map was generated with scaled z-score of the

genes.
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Fig. S10. NHBE-PARCB tumors express the five genetic drivers and epithelial
differentiation and proliferation markers. (A) Photomicrographs of NHBE-PARCB tumors
with H&E and IHC staining with antibodies against p53, p-AKT, RB, c-Myc, and BCL2. (B)
Representative IHC images with anti-epithelial cell markers p63, cytokeratin 14 (CK14), and
anti-proliferation marker Ki67. Scale bar=100um.
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Fig. S11. Prostate- and Lung-PARCB cell lines have no common genomic alterations.
Whole genome comparative genomic hybridization (CGH) array plots showing chromosomal
locations and copy number alterations of PARCB cell lines of the prostate (A) and the lung (B)
analyzed using the high-resolution Affymetrix CytoScanHD platform. The blue colored line
represents the smoothed copy number profile.
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Fig. S12. SCPC and SCLC have similar chromatin-accessibility landscapes. Unsupervised
hierarchical clustering showed two clusters; one includes lung and prostate PARCB cell lines
and SCNC cell lines (two SCPC, NCI-H660 and EF1, and five SCLC, NCI-H1436, -H2171, -
H2227, -H524, and -H1963, cell lines) and the other includes two distinct normal epithelial cells
from lung (NHBE) and prostate (Basal). The color bar is indicating a distance (0=the closest and
1=the farthest).
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Fig. S13. SCPC and SCLC significantly share hyper- and hypo-accessible chromatin
regions. Hyper- and hypo-accessible peaks were isolated by using DESeq2 (adjusted P<0.05)
between PARCB transformants and normal epithelial cells in prostate (A) and lung (B). (C)
Hyper- and hypo-accessible peaks in lung and prostate PARCB cell lines compared to normal
lung and prostate epithelial cells. Venn diagram showing the numbers of shared hyper- and
hypo-accessible peaks in prostate and lung PARCB tumors. The overlaps of differential
accessible peaks in the lung and prostate were statistically significant (P<0.001).
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Fig. S14. Differentially accessible TF motifs correlated with the transcriptional output of
TF target genes for each motif. (Top) Selected visualization of ATAC-seq footprint for (A)
hyper- or (B) hypo-accessible TF motifs. (Bottom) The transcriptional activities of the TF
motifs were measured by gene signature scores (Y-axis) which are generated by expression sum
of z-score of signature genes associated with their motifs. The X-axis shows NHBE, NHBE-
PARCB, primary prostate basal epithelial, and PARCB cells. Median with interquartile range.
***=p<(.001, ****=P<0.0001, ns=P>0.05 (one-way ANOVA). The computational analyses are
described in materials and methods.
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