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Abstract

Understanding the intricacies of lethal prostate cancer poses specific challenges due to difficulties
in accurate modeling of metastasis in vivo. Here we show that NPKEYFP mice (for

Nkx3, ICTeERT2/* - propfloxiflox . yrad SL-G12DI* - pogR.CAG-LSL-EYFPI*) develop prostate cancer
with a high penetrance of metastasis to bone, thereby enabling detection and tracking of bone
metastasis in vivo and ex vivo. Transcriptomic and whole-exome analyses of bone metastasis from
these mice revealed distinct molecular profiles conserved between human and mouse and specific
patterns of subclonal branching from the primary tumor. Integrating bulk and single-cell
transcriptomic data from mouse and human datasets with functional studies in vivo unravels a
unique MYC/RAS co-activation signature associated with prostate cancer metastasis. Finally, we
identify a gene signature with prognostic value for time to metastasis and predictive of treatment
response in human patients undergoing androgen receptor therapy across clinical cohorts, thus
uncovering conserved mechanisms of metastasis with potential translational significance.

Metastatic prostate cancer, a leading cause of cancer-related death in men, is clinically
manifested often following androgen deprivation therapy, which leads to metastatic
castration-resistant prostate cancer (NCRPC)1-3 that is frequently accompanied by
aggressive disease variants, including neuroendocrine prostate cancer (NEPC)34. The major
site of prostate cancer metastasis is bone>~’; however, current treatments are neither curative
nor do they specifically target bone metastasisl"~9. A major challenge in studying bone
metastasis is the paucity of models that recapitulate cell-intrinsic features of tumor cells and
the physiological milieu of the native tumor microenvironment as occurs in vivol®. We now
demonstrate that NPKEYFP mice (for Nkx3, ICTeERT2/ - propfloxiflox - irad SL-G12DI - pogp.
CAG-LSL-EYFPI*) develop highly penetrant bone metastasis. Cross-species analyses of
mouse bone metastasis and human prostate cancer has established co-activation of MY C and
RAS pathways as a key driver and identified a gene signature, META-16, associated with
time to metastasis in primary prostate cancer and response to anti-androgen treatment in
metastatic disease.

Results

A highly penetrant mouse model of bone metastasis.

Previously reported NPK mice develop highly penetrant metastatic prostate cancer with
disseminated tumor cells (DTCs) in bone but not overt bone metastasis'1-12. Reasoning that
a challenge in identifying bone metastases is their detection, we crossed AMPK mice with an
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enhanced fluorescence reporter allele (R26R-CAG--SLEYFPI*Y13 tg generate NPKEYFP mice
(Fig. 1a). These mice utilize an inducible Cre driven by the Nkx3.1 promoter
(Nkx3.ICT€ERT2/*y tg achieve temporal and spatial regulation of gene recombination of
Ptenfloxiflox and Kras-SL-G12D/* specifically in luminal prostatic cells'415, as well as
activation of R26R-CAG-LSL-EYFPI* for lineage tracing by yellow fluorescent protein (YFP),
which enables fluorescent visualization of tumors and metastases (Fig. 1a).

NPKEYFP mice develop highly penetrant metastasis as evident by ex vivo YFP fluorescence
as well as YFP immunostaining (7= 106), which is not seen in control (uninduced)
NPKEYFP mice (n= 3) or nonmetastatic MA=YFP mice (for Nkx3, ICT€ERT2/* - propflox/flox -
R26R-CAG--SLEYFPI*) (= 35)16 (Fig. 1b,c, Extended Data Fig. 1 and Supplementary
Table 1). A high percentage of NPKEYFP mice display fluorescence in bone, indicative of
bone metastasis (44%; n= 47 of 106; Fig. 1c and Supplementary Table 1). In terminal mice,
fluorescence was evident in spine (n= 32 of 47), pelvis (n= 18 of 47), femur (n= 22 of 47),
tibia (=9 of 47) and humerus (n7=9 of 47) (Fig. 1c, Extended Data Fig. 1h and
Supplementary Table 1), which are sites of bone metastasis in humans?’. Longitudinal
analyses revealed micro-metastases in bone by 3 months after tumor induction (Extended
Data Fig. 1i), similar to when DTCs are first detected!l. Micro-metastases occurred earlier
and were more prevalent in bone than in lung (Extended Data Fig. 1j). Immunostaining
revealed YFP-expressing cells in bone that express Ki67 and the luminal cytokeratin, Ck8
(Fig. 1b,c), confirming their origination from lineage-marked prostatic cells14-16,

Overall, there were few discernable differences in NPKEYFP mice that developed bone
metastases (77 = 47 of 106) versus those that did not (7= 59 of 106). However, those with
bone metastases had a significantly augmented metastatic phenotype, with an average of >80
lung, >40 liver and at least 1 brain metastasis, whereas those without bone metastases had
relatively few lung, and few if any liver or brain metastases (£ < 0.0001; Extended Data Fig.
1 and Supplementary Table 1).

Similar to primary tumors and lung metastases, bone metastatic cells expressed androgen
receptor (AR) protein and AR activity (based on previous works!8) but negligible levels of
synaptophysin, a marker of NEPC and low levels of NEPC activity (based on previous
works!9) (Fig. 1b—e and Extended Data Fig. 2). Notably, surgical castration did not affect
median survival, incidence of bone or other metastases, or expression or activity levels of
AR or NEPC when comparing castrated (/7= 22) and noncastrated (/7= 106) mice (Fig. 1d,e,
Extended Data Fig. 2 and Supplementary Table 1). Gene set enrichment analyses (GSEA)20
comparing bone metastases with primary tumors from castrated (/7= 6) and noncastrated (7
= 13) mice revealed significant similarity (P < 0.001; Extended Data Fig. 2 and
Supplementary Table 2).

Conservation of bone metastases in NPKEYFP with human prostate cancer.

We performed RNA sequencing (RNA-seq) on primary tumors (7= 19) and bone (n= 12),
lung (n=11), liver (n=5), brain (n= 3) and lymph node (7= 4) metastases from 16
independent NPKEYFP mice (Supplementary Table 2). Principal-component analyses (PCA)
showed that bone metastases clustered separately from primary tumors and other metastases
(Fig. 2a). To evaluate conservation with human prostate cancer, we defined a mouse ‘bone
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metastasis signature’ comparing bone metastases (7= 12) with primary tumors (7= 19)
(Supplementary Table 2). Cross-species GSEA comparing this signature with an analogous
signature of human bone biopsies (/7= 19) and primary tumors (n = 19) from patients with
metastatic prostate cancer (Balk cohort?!; Supplementary Table 3) revealed significant
enrichment (Fig. 2b).

Whole-exome sequencing (WES) of matched sets of primary tumors, bone and lung
metastases, as well as control DNA (tail), from five NPKEYFP mice did not identify
significant somatic mutations or alterations of tumor suppressors or oncogenes, similar to
other genetically engineered mouse models (GEMMs)22-24, Nonetheless, WES enabled
reconstruction of evolutionary trees for dominant clones in the primary tumor, bone and lung
metastases (Fig. 2¢,d and Supplementary Table 4a). In particular, phylogenetic analysis
revealed that the common recent ancestor of tumor and bone metastasis preceded the
common recent ancestor of tumor and lung metastasis in four of five mice (P= 1.6 x 107/;
Fig. 2c,d), suggesting that an earlier metastatic clone seeded the bone metastasis, whereas
lung metastases were derived from a later clone, consistent with our finding that micro-
metastases in bone arise earlier than in lung (Extended Data Fig. 11,j). Inference of copy
number variations (CNVs) from the WES data also revealed few significant gains or losses
in primary tumors or metastases (Supplementary Table 4b). Nonetheless, informative CNV
events reflect the history deduced by the single-nucleotide variant analyses, thus further
supporting the inferred evolutionary hierarchy (Fig. 2c).

Among the few significant CNVs, Kraswas amplified in tumors of all five NPKEYFP mice;
analogous to other Kras-driven GEMMSs?22:24, this spanned the entire chromosome 6
(Extended Data Fig. 3 and Supplementary Table 4b), In human prostate cancer, KRAS copy
number gains occur in 2% of primary tumors (based on the Cancer Genome Atlas (TCGA)
prostate adenocarcinoma?®, /7= 497) but 20% of metastases (based on the Stand Up to
Cancer (SU2C)28, n= 429) (Extended Data Fig. 3 and Supplementary Table 3). Thus,
NPKEYFP mice model key features of human prostate cancer metastasis.

Activation of Myc pathway is cell-intrinsic to bone metastasis in NPKEYFP mice.

We performed single-cell RNA-seq on matched samples from primary tumor and bone
metastases (Fig. 3 and Supplementary Table 5). As visualized using uniform manifold
approximation and projection (UMAP)Z7, primary tumor cells (black) separated into a major
(83%) and smaller (17%) group; bone cells (dark gray) separated into a major group (77%)
projecting far from primary tumor cells and a smaller group (23%) projecting close to tumor
cells (Fig. 3a).

Unsupervised clustering revealed that the larger group of bone cells were Cd45*, whereas
the smaller group were YFP* (P < 107324; Fig. 3b,c). This smaller group was highly
enriched for Ck8 expression and AR activity (based on previous work8) (Ck8, A= 3.5 x
107315, AR P=2.7 x 107134; Fig. 3c), consistent with immunostaining results (Fig. 1b,c).
Thus, we infer that YFP* (Cd45™) bone cells projecting close to the major group of primary
tumor cells are metastatic cells, whereas Cd45* (YFP™) bone cells are benign resident bone
cells. In subsequent analyses, we focused on the major primary tumor cells (black) and the
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Y FP-expressing bone metastatic cells (dark gray) (hereafter called the ‘primary tumor cells’
and ‘bone metastatic cells’, respectively; Fig. 3d).

As the ‘bone metastasis signature’ defined by bulk RNA-seq invariably includes nontumor
cells, we sought to distinguish tumor cell-intrinsic features by projecting this signature on
one from the single-cell bone metastatic and primary tumor cells (hereafter called the
‘single-cell bone metastasis signature’; Supplementary Table 5a). At the gene level, the bone
metastasis signature was significantly enriched in the single-cell bone metastasis signature
(P<1x107324; Fig. 3e). Similarly, differentially regulated pathways in the bone metastasis
signature were significantly enriched with those in the single-cell bone metastasis signature
(P<0.001; Fig. 3f). Furthermore, pathway analyses using a bulk RNA signature comparing
bone metastases with normal bone (Supplementary Table 2) revealed significant enrichment
with the single-cell bone metastasis signature (£ < 0.001; Fig. 3g). Together, these findings
indicate that cell-intrinsic features of bone metastatic cells drive the bone metastasis
signature.

Among leading-edge pathways enriched between the bulk and single-cell bone metastases
signatures, the top-most significant was the hallmarks MYC pathway. Notably, hallmark
MY C pathway genes were positively enriched in the single-cell bone metastatic signature (P
< 0.001; Fig. 3h) but downregulated in a single-cell gene signature comparing the benign
resident bone cells with primary tumor cells (P= 0.002; Fig. 3i and Supplementary Table 5).
These analyses implicate MY C pathway activation as a principal cell-intrinsic feature of
bone metastases in MPKEYFP mice.

Co-activation of MYC and RAS in prostate cancer metastasis.

Cross-species GSEA comparing pathways enriched in the mouse single-cell bone metastasis
signature with those enriched in a human signature consisting of primary tumors (7= 19)
and bone biopsies (7= 19) (Balk?!; Supplementary Table 3) revealed significant similarity
(P<0.001; Fig. 4a); the top-most significant was the hallmarks MYC pathway (£ < 0.001;
Supplementary Table 6). MY C activation was further evident by comparing pathways
enriched in the mouse bone metastasis signature with the Balk signature, which consists of
tumors and bone biopsies from patients living with metastatic prostate cancer?!
(Supplementary Table 3c) and a second human signature consisting of primary prostate
tumors (7= 14) and bone metastases (/7= 20) from patients who had died of metastatic
prostate cancer (FHCRC?28; Supplementary Table 3d). Pathways upregulated in the Balk and
FHCRC cohorts were highly enriched compared with those of the mouse bone metastasis
signature (P< 0.001; Fig. 4b, Extended Data Fig. 4a and Supplementary Table 6). Stouffer
integration to identify pathways significantly enriched among all three mouse and human
signatures revealed the hallmarks MYC pathway as the top-most significant (Extended Data
Fig. 4b and Supplementary Table 6). These mouse and human signatures were also
significantly enriched with canonical MYC targets (Dang??; < 0.001) and oncogenic MYC
targets (Sabo3%; < 0.003; Extended Data Fig. 4c).

Consistent with the known upregulation of MYC in human prostate cancer31:32,
immunostaining showed robust expression of MY C in human bone metastases from patients
with mCRPC (7= 12; Fig. 4c and Supplementary Table 7). As observed for KRAS, copy
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number gains in MYC are more prevalent in human prostate cancer metastases (70% in
SU2C) compared with primary tumors (31% in TCGA; Extended Data Fig. 3). Although we
did not observe Myc copy number gains in NPKEYFP mice (Extended Data Fig. 3), Myc
MRNA was upregulated in bone metastases relative to primary tumors and lung metastases
(Supplementary Table 2).

To further investigate MYC pathway activation in human prostate cancer metastasis, we
performed single-sample GSEA to estimate hallmarks MYC pathway activity levels
(hereafter ‘MYC activity’) in individual cases of metastases from SU2C26 (n=270) and
primary tumors from TCGAZ® (n= 497) that showed strong enrichment in metastases
(Extended Data Fig. 4d). The overall distribution of MY C activity was significantly greater
in metastases compared with primary tumors (P= 1 x 10714: Fig. 4d), although MYC was
not preferentially activated in bone metastasis relative to other metastatic sites (Extended
Data Fig. 3).

In NPKEYFP mice, we observed strong enrichment of Myc activity in metastases relative to
primary tumors (P= 3 x 1079; Fig. 4e); however, unlike human prostate cancer, Myc
activation was specific for bone metastases relative to other metastatic sites (2= 6.1 x 10710;
Extended Data Fig. 3). One major difference between the human prostate cancer and mouse
cohorts is that the SU2C cohort are from mCRPC26, whereas the mouse cohort is androgen-
intact. Notably, we observed robust MY C immunostaining in mCRPC (7= 34;
Supplementary Table 7).

Indeed, despite strong overall similarity of their molecular profiles (Extended data Fig. 29),
Myc pathway activity was significantly upregulated in castrated versus noncastrated
NPKEYFP mice in the bone metastases as well as primary tumors and other metastatic sites
(P<0.01; Extended Data Fig. 3). It is conceivable that MYC is already activated in mCRPC
in SU2C, thereby obscuring activation in bone metastases. Notably, while analyses of
NPKEYFP mice allows investigation in androgen-intact and -deprived contexts, we are
unaware of a human cohort of bone and other metastases from patients who are castrated
and noncastrated that would allow direct comparison of MY C in these contexts.

We analyzed RAS pathway activation in human and mouse metastasis based on the
expression of seven genes (PTPN11, KRAS, NRAS, BRAF, RAF1, SPRY1and SPRY2)
associated with RAS/RAF signaling as described in previous works1:33 (hereafter called
‘RAS activation’). Similar to MY C activation (Fig. 4d), we observed strong enrichment of
RAS activation in metastases from SU2C compared with primary tumors from TCGA (P=
7.4 x 107%7; Fig. 4f) and like MYC, RAS activation was not preferential to bone metastasis
(Extended Data Fig. 3). However, in NPKEYFP mice, Ras activation was specific to bone
metastases (P= 1 x 1074; Fig. 4g and Extended Data Fig. 3).

Activation of MYC and RAS are well-correlated in human prostate cancer (Spearman
correlation, rho 0.37, £< 0.001; Extended Data Fig. 3i), particularly in advanced tumors
(Gleason Grades 8-10) and metastases. Case-by-case analyses revealed upregulation of
MY C activity in 190 of 497 tumors from TCGA and 80 of these (16%) have co-activation of
RAS, whereas 193 of 270 metastases in SU2C have upregulated MYC and 177 of these

Nat Cancer. Author manuscript; available in PMC 2021 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Arriaga et al.

Page 7

(66%) have co-activation of RAS (P< 2.2 x 10716; Fig. 4h). In NPKEYFP mice, activation of
Myc and Ras are strongly correlated (Spearman correlation, rho 0.67, = 6.6 x 104
Extended Data Fig. 3h), particularly in bone. Further, co-activation of MYC and RAS
occurred in only 1 of 13 (8%) primary tumors but 9 of 10 (90%) of bone metastases in
NPKEYFP mice (P=1 x 1074; Extended Data Fig. 3j). Therefore, co-activation of MYC and
RAS is significantly associated with prostate cancer metastasis and effectively modeled in
NPKEYFP mice.

MYC is necessary but not sufficient for bone metastasis.

We investigated the function of MYC for bone metastasis using an in vivo allograft model
derived from NPKEYFP mice (Fig. 5 and Extended Data Fig. 5). Intracardiac injection of
NPKEYFP bone cells, but not control cells from nonmetastatic AV/Ptumors1®, results in
metastases to bone, as well as lung and other tissues (Extended Data Fig. 5). Silencing Myc
using two different short hairpin RNAs (shRNAs) (shMyc-1 or shMyc-2), but not the control
shRNA (shControl), resulted in significant reduction in bone metastases, while not
abrogating cellular viability (Fig. 5b,c and Extended Data Fig. 5a). Silencing Myc inhibited
metastasis in each type of bone (spine, pelvis, femur, tibia and humerus), whereas lung
metastases were not significantly affected (n7= 8; Fig. 5c,d). While bones from mice injected
with control NPKEYFP bone cells displayed YFP-marked bone metastases with robust Myc
expression, bones from mice injected with Myc-silenced NPKEYFP bone cells had fewer or
no YFP-marked bone metastases and low expression of Myc (Fig. 5d,e).

MYC is highly expressed in human PC3 cells, which were derived from a bone metastasis3
and grow in bone when implanted orthotopically3°36. Therefore, we examined MYC
function for tumor growth in bone using PC3 cells engineered to express luciferase and
green fluorescent protein (GFP) (herein called PC3-Luc-GFP cells) (Extended Data Fig. 6).
Silencing MYC in PC3-Luc-GFP cells using two different sShARNAs (shMYC-1 or
shMYC-2), but not the control shRNA (shControl), inhibited tumor growth when implanted
into tibia, while not completely abrogating cellular viability (P < 0.0001; Extended Data Fig.
6b—f). Tibiae of mice implanted with control PC3-Luc-GFP cells (shControl) displayed large
Y FP-expressing tumors, which were not observed in mice implanted with MY C-silenced
cells (Extended Data Fig. 69).

As previous studies of Myc in other prostate cancer mouse models reported no or low
incidence of bone metastasis3’~41, we crossed NPKEYFP mice with the Hi-MYC transgene*!
to generate a series of GEMMSs having activation of neither Myc nor Ras (NPEYFP),
activation of either Myc (NPMEYFP) or Ras (NPKEYFP) or co-activation of Mycand Ras
(NPKMEYFP) (Fig. 6). While NPMEYFP mice developed large prostate tumors and lung
metastasis, they did not develop bone metastasis (1 = 23; Fig. 6a—d). Further, while
NPKMEYFP mice developed both lung and bone metastasis, their incidence of bone
metastasis and overall survival were similar to NPKEYFP mice (7= 10; Fig. 6a—d). As above,
Myc activity was significantly greater in bone metastases compared with primary tumors
from NPKEYFP mice (P=3.2 x 1079, Figs. 6e and 4e). However, Myc activity in primary
tumors of NPMEYFP mice was significantly higher than in primary tumors of the NPKEYFP
mice (£ =0.015), but comparable to bone metastases (Fig. 6e). Ras pathway activity is
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significantly higher in NPKEYFP bone metastases relative to the primary tumors from either
NPMEYFP or NPKEYFP mice (P=0.0014; Fig. 6f). These findings show that MYC is
necessary but not sufficient for bone metastasis and suggest it requires collaboration with
RAS activation for bone metastasis.

META-16: a human gene signature prognostic for time to metastasis and treatment

response.

To identify a gene signature associated with co-activation of MYC and RAS, we interrogated
the PROMOTE cohort (for PROstate Cancer Medically Optimized Genome-Enhanced
ThErapy“2), which consists of metastatic biopsies from patients with mCRPC (7= 77), the
majority of which are bone (n=55) (Fig. 7a,b and Supplementary Table 3). Genome- wide
correlation in PROMOTE identified 559 genes positively correlated with MY C expression
(‘PROMOTE-559’; Spearman rho > 0.5, FDR P < 0.0001; Fig. 7a,b and Supplementary
Table 8); 517 of these (93%) were also correlated with RAS activation (Supplementary Table
8).

Interrogation of bone metastasis signatures with PROMOTE-559 revealed significant
enrichment in both the mouse (P < 0.001; Fig. 7b and Extended Data Fig. 7a) and human (P
< 0.001; Fig. 7b and Extended Data Fig. 7b) signatures. Integration of leading-edge genes
from the mouse (121) and human (154) signatures identified 55 genes (‘META-55’; Fig.
7b); 52 of these (95%) were also correlated with RAS activation (Supplementary Table 8).

To prioritize the META-55 genes for association with metastasis, we used a univariable Cox
proportional hazards model based on metastasis-free survival for 336 patients in TCGA that
had reported ‘time to metastasis’ (13 developed metastasis; Supplementary Table 3). This
identified 16 genes (‘META-16") with significant association with metastasis-free survival
(P< 1% 1077; Extended Data Fig. 7c); all 16 (100%) are correlated with RAS activation
(Supplementary Table 8). As META-16 consistently outperformed META-55, we focused on
this signature in subsequent analyses but report findings for META-55 (Extended Data Figs.
7-10). Discovery of META-16 was improved by cross-species interrogation, as analyses of
only human signatures identified genes of which 48.5% significantly associated to time to
metastasis (P < 0.01), whereas analyses of both mouse and human signatures identified
genes of which 74.5% (£ < 0.01), indicating a significant improvement (= 0.0021).

Analysis of single-cell sequencing data revealed significant enrichment of META-16 in bone
metastatic versus primary tumor cells (P = 2.5 x107289) and strong correlation with Myc
activation (Spearman correlation A= 2.2 x 10716: Fig. 7c,d and Extended Data Fig. 8).
GSEA showed enrichment of META-16 in the single-cell bone metastasis signature (P =
0.019; Fig. 7e), but not the single-cell signature based on tumor versus the benign resident
bone cells.

Expression of META-16 genes was upregulated in human bone metastases relative to
primary prostate tumors (P < 0.05; Extended Data Fig. 9a), whereas silencing MYC in
human (PC3-Luc-GFP) or mouse (AVPK bone) metastatic prostate cancer cells resulted in
reducing their expression (P= 0.034 for PC3, P< 0.03 for NPK; Extended Data Fig. 9b,c).
Notably, META-16 expression in SU2C is significantly higher in patients with MYC
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amplification (£= 0.0006) but not PTEN deletion (P=0.11). Although META-16 includes
several genes located near and potentially co-amplified with MYC on human chromosome
8g, META-16 performs equally well without these genes (P = 3.7 x 107151 Extended Data
Fig. 8).

META-16 is notably enriched across human prostate cancer metastases from various tissue
sites although, as for MYC, not exclusively in bone metastases. Single-sample GSEA on
each tumor from TCGA (1= 497) and each metastasis from SU2C (= 270) showed strong
enrichment of META-16, particularly in metastases (Extended Data Fig. 8). The overall
distributions between the TCGA and SU2C revealed significant upregulation of META-16 in
metastases compared to primary tumors (P < 107125; Fig. 7f and Extended Data Fig. 8).
Individual META-16 genes were upregulated across each metastasis versus each primary
tumor (Fig. 7g and Extended Data Fig. 8). Comparing activity levels of an arbitrary, equally
sized (n=16) group of genes showed that the ability of META-16 to distinguish primary
tumors from metastases was significantly nonrandom (P = 0.003; Extended Data Fig. 7d).

To ask whether META-16 is significantly associated with risk of metastasis, we used two
independent prostatectomy cohorts with extensive clinical outcome data (MAYO#*3 and
JHMI%4; Fig. 8a—c, Extended Data Fig. 10 and Supplementary Table 3). Patients in MAYO
(n=235) had undergone radical prostatectomy between 2000 and 2006 with a median
follow-up of 7 years; 76 patients developed metastasis*3. Patients in JHMI (/7= 260) had
undergone radical prostatectomy between 1992 and 2010 with a median follow-up of 9
years; 99 patients developed metastasis**.

To test the association of META-16 with metastasis-free survival*®, we performed
hierarchical clustering to group patients with low or high levels of combined META-16
expression (Extended Data Fig. 10a,b). In both cohorts, Kaplan—Meier survival analyses
demonstrated that patients with high expression of META-16 have a shorter time to
metastasis than those with low expression (£ < 0.0001; Fig. 8a,b and Extended Data Fig.
10c,d). A multivariable Cox proportional hazards model, adjusted for age, pathological
Gleason score/grade at diagnosis, pre-prostate-specific antigen (PSA), seminal vesicle
invasion (SVI), lymph node invasion (LNI) and extra-prostatic extension, showed that the
ability of META-16 to predict metastasis-free survival is not affected by those variables and
is significantly associated with metastasis-free survival (MAYO, £=0.0001; JHMI, P=
0.0006) compared to prostate-cancer-specific mortality (MAYO, P=0.05; JHMI, P=0.15;
Fig. 8c and Extended Data Fig. 10e).

SU2C includes 75 patients with detailed clinical data regarding treatment-associated survival
(time from the start of treatment with AR signaling inhibitors (ARSISs) to death or last
follow-up), as well as 56 patients with detailed information about treatment-associated
disease progression (time on treatment with ARSIs)25. To ask whether META-16 is
associated with treatment response, we grouped these patients into low or high levels of
combined META-16 expression. Subsequent Kaplan—Meier survival analyses demonstrated
that patients with high META-16 expression have a shorter time to treatment-associated
death (P=9.2 x 10™#) and a shorter time to treatment-associated disease progression (P =
0.018; Fig. 8d,e). Consistent with our observations that META-16 is strongly correlated with

Nat Cancer. Author manuscript; available in PMC 2021 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Arriaga et al.

Page 10

MY C activity, when we grouped these same patients based on high versus low levels of
MY C activity, we found that those with high activity had a shorter time to treatment-
associated survival (£=0.0013) as well as shorter time to treatment-associated disease
progression (£=0.0014, Extended Data Fig. 10f,g). Therefore, META-16 and MY C activity
may have predictive significance for response to treatment with anti-androgens in advanced
prostate cancer.

Discussion

Until now it has proven challenging to model high-efficiency bone metastasis in the context
of the native tumor microenvironment during cancer evolution in the whole organism. Our
description of NPKEYFP mice overcomes this limitation because these mice model lethal
prostate cancer with highly penetrant bone metastasis. Indeed, our analyses of NPKEYFP
mice have enabled detailed biological and molecular characterization of bone metastases as
arising de novo during tumor progression in vivo in androgen-intact and androgen-deprived
contexts.

Although bone metastases are only discernable in highly metastatic MPKEYFP mice,
longitudinal analysis combined with phylogenetic analysis reveal that they originate early in
disease progression from an early subclone of the primary tumor. We infer that bone
metastases in MPKEYFP mice are seeded early, but take longer to cultivate compared with
metastases to soft tissues. This parallels the scenario in human patients, wherein bone
metastases are more prevalent than metastases to visceral tissues, but the latter are associated
with worse clinical outcome®. As DTCs occur in bones of AV/PK mice early during prostate
cancer progression!!, we expect that analyses of circulating tumor cells in NPKEYFP mice
may help to identify and molecularly characterize bone metastases early in tumor
progression in future studies.

Our current findings reveal MY C activation in mCRPC and metastasis, extending previous
studies that have shown the importance of MYC in prostate cancer31:32:37.39.41 Notably,
MYC is upregulated in all metastases in human prostate cancer but specifically in bone
metastases in MPKEYFP mice. We attribute this difference to the fact that analyses of human
prostate cancer necessarily compares castration-resistant metastases and androgen-intact
primary tumors2>26, as metastases from androgen-intact patients are not available. However,
NPKEYFP mice enable direct comparison in androgen-intact and -deprived contexts, which is
a key benefit of studying metastasis in these mice.

Notably, our findings identify co-activation of MYC and RAS as a key driver of prostate
cancer metastasis. Although KRAS s rarely mutated in localized prostate cancer, it is
located on the long tail of oncogenic drivers#® and gains in KRAS, as well as MYC, are
more prevalent in metastatic prostate cancer than localized disease2647. It is conceivable that
RAS activation enhances the stability or localization of MYC protein in mCRPC. Our
findings highlighting the importance of co-activation of RAS and MY C for prostate cancer
metastasis advocate future studies to elucidate the underlying mechanisms and introduce a
mouse model of bone metastases that shares key features of this subgroup of patients with
lethal prostate cancer.
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The translational significance of our findings is further highlighted by identification of the
META-16 gene signature, which is correlated with co-activation of MYC and RAS and
associated with adverse outcome for metastasis in patients with localized prostate cancer and
adverse treatment response in patients with advanced disease. In this regard, META-16, may
augment other prognostic signatures, such as Decipher GX, which is associated with risk of
metastasis, and Prolaris CCP score, which is associated with prostate-cancer-specific
survival?®. We propose that further investigation of META-16, potentially in conjunction
with these other signatures, is warranted to assess its potential clinical utility.

Genetically engineered mouse model of bone metastasis.

All experiments using animals were performed according to protocols approved by the
Institutional Animal Care and Use Committee at Columbia University Irving Medical
Center. All mice were housed in pathogen-free barrier conditions under 12-h light—dark
cycles and with temperature and humidity set points at 20-25 °C and 30-70%, respectively.
As our focus was prostate cancer, only male mice were used.

NPK micell were crossed with the Rosa-CAG-LSL-EYFP-WPRE reporter allele!3 to obtain
experimental NPKEYFP mice and the control (nonmetastatic) Nkx3,1CTeERT2/* propfloxiflox -
Krast* - R26R-CAG--SL-EYFPI+ (NAEYFP) mice, The Hi-MYC allele (FVB-Tg(ARR2/Pbsn-
MY C*1) was crossed with the NPKEYFP mice to obtain the NP-Hi-MYCEYFP (NPMEYFP)
and NPK-Hi-HMYCEYFP (NPMEYFP) mice. NPK mice were maintained in our laboratory
on a predominantly C57BL/6 background; the Rosa-CAG-LSL-EYFP-WPRE mice were
obtained from Jackson Laboratories on a C57BL/6 background (stock no. 007903); and the
Hi-MYC mice were obtained from the National Cancer Institute mouse repository on an
FVB background (stock no. 01XK8). We note the significant increase in median survival of
the AVPKEYFP mice compared with our original report of A/PK micell (4.7 months compared
with 3.1 months, £< 0.0001). We attribute this difference to the low-level expression of the
first generation YFP reporter allele in the previous APK mice, which required that we
analyzed homozygotes, whereas in the current NPKEYFP mice, we analyzed heterozygotes
of the second-generation Rosa-CAG-LSL-EYFP-WPRE allele.

All studies were performed using littermates genotyped before tumor induction. Mice were
induced to form tumors at 2-3 months of age by administration of tamoxifen (Sigma-
Aldrich) using 100 mg kg™ (in corn oil) once daily for four consecutive days. Control
(nontumor induced) NPKEYFP mice received only vehicle (corn oil). The primary survival
cohort (7= 106) were killed when their body condition score®® was <1.5 or when they
experienced body weight loss >220% or signs of distress, such as difficulty breathing or
bladder obstruction. A second survival cohort (7= 22) underwent surgical castration 1
month after tumor induction. The longitudinal cohort (/7= 26) were killed at the specific
time points following tumor induction as indicated.

At time of killing, YFP-positive prostatic tumors and metastases were visualized and
quantified by ex vivo fluorescence using an Olympus SZX16 microscope (Ex490-500/
Em510-560 filter). For accurate visualization of fluorescence, a composite image was made
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by superimposing a bright-field image (20% transparent) on the same area of the fluorescent
image using Adobe Photoshop. Muscle and connective tissue were removed from bone
before ex vivo fluorescence analyses for efficient detection of bone metastases. For
histological and immunohistochemical analyses, tissues were fixed in 10% formalin
(Thermo Fisher Scientific). Bones were decalcified for 3 weeks in 15% EDTA (pH 7.0)
solution (Sigma-Aldrich). For isolation of genomic DNA or RNA, tumors or macrodissected
metastases were snap-frozen in liquid nitrogen. For single-cell RNA-seq and establishment
of cell lines, freshly dissected tissue was used directly.

Histopathological and immunohistochemical analyses were conducted on 3-um paraffin
sections as described elsewherel®. Histopathological grading of H&E-stained sections were
performed blinded by two independent pathologists (A.M.D. and M.A.R.). Images were
captured using an Olympus VS120 whole-slide scanning microscope. Immunofluorescence
images were captured using a Leica TCS SP5 confocal microscope. Antibodies are
described in Supplementary Table 9. Analysis of RNA expression was performed by
quantitative reverse transcription PCR (RT—-gPCR) using the QuantiTect SYBR Green PCR
kit (QIAGEN)16. Primers sequences are provided in Supplementary Table 10. Western
blotting was performed using total protein extracts as described!6; antibodies are described
in Supplementary Table 9.

RNA-seq analyses.

Transcriptomic analysis of bulk tissues was performed on primary tumors (7= 19) and
matched macrodissected metastases from lung (7= 11), liver (n=5), lymph nodes (7= 4),
brain (7= 3) or bone (7= 12) from 16 independent NPKEYFP mice. RNA was prepared from
snap-frozen tissues using the MagMAX-96 total RNA isolation kit (Thermo Fisher
Scientific). Total RNA was enriched for mRNA using polyA pull-down; only RNA samples
having between >200 ng and 1 ug and with an RNA integrity number >8 were used.
Libraries were made using an Illumina TruSeq RNA prep kit v2 or TruSeq Stranded mRNA
library prep kit, and sequenced using an lllumina HiSeq2500/4000 by multiplexing samples,
which yields targeted number of single-end/100-bp reads for each sample, as a fraction of
180 million reads for the pooled sample. Reads were aligned to the mm9 mouse genome
using TopHat (v.2.1.0)°1; RNA-seq raw counts were normalized and variance stabilized
using DESeq2 (v.1.36.0)52 package (Bioconductor) in R-studio 0.99.902, R v.3.3.0 (R
Foundation for Statistical Computing). A list of differentially expressed genes is provided in
Supplementary Table 2.

For comparison with human genes, mouse genes were mapped to their corresponding human
orthologs based on the homoloGene database (NCBI). Pathway enrichment was performed
using GSEA to query the Molecular Signatures Database (MSigDB), available from the
Broad Institute, including the C2 (KEGG, Reactome and BioCarta) and hallmark pathway
datasets®3. A list of differentially expressed pathways is provided in Supplementary Table 6.

Whole-exome sequencing analyses.

WES was performed on matched trios of primary tumors, lung and bone metastases, as well
as tails (as control) from five independent NPKEYFP mice. Genomic DNA was isolated from
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snap-frozen tissues using the DNeasy Blood & Tissue Kit (QIAGEN). Sequencing was
conducted by BGI Americas Corporation using the HiSeq4000 platform and Agilent Sure
Select Mouse Exon kit (50 Mb) for exome capture to produce paired-end sequenced data of
up to 150-bp read length. The average sequencing depth was more than 80x%, and reads were
mapped to the mouse mm10 genome build using bwa (v.0.7.17)%4. Substitutions and indels
were called using MuTect2 (v.4.0.4)%° with default parameters; only variants with a mutant
allele frequency of 5% or greater in tumors and 0% in normal tail, were included in analyses.
The variant read count cutoff was 5 or more in tumor and depth was 20 or more in normal
tail. A list of single-nucleotide variants is provided in Supplementary Table 4a.

CNVs were analyzed using CNVKit 0.9.5 (ref. °6) with parameters set to default.
Segmentation was performed using circular binary segmentation. CNVkit uses both targeted
reads and the nonspecifically captured off-target reads to infer copy number evenly across
the genome, which achieves exon-level resolution in targeted regions and sufficient
resolution in the larger intronic and intergenic regions to identify CNVs. To avoid
fluctuations, we considered CNV events encompassing more than 30 genes. A list of CNVs
is provided in Supplementary Table 4b.

Evolutionary trees were reconstructed using somatic mutations (substitutions and indels) as
described elsewhereS”. The number of somatic mutations specific to or shared between
primary tumors, lung and bone metastases were used to build evolutionary trees, such that
the lengths of the branches indicate the number of specific or shared somatic mutations in
each sample. The significance was evaluated using a bootstrap test>8, Within each trio
(primary, lung and bone metastases), given the observed somatic mutation matrix, the
mutations were randomly shuffled. An evolutionary tree was then reconstructed using this
new somatic mutation matrix and the topology of the tree was compared to that of the
original tree. If there are 77 mutations shared between primary tumor and lung metastases
and n mutations between primary and bone metastases, then the tree in which m-n
mutations is less than in the original tree is given a score of 0; all others are given a score of
1. This procedure of resampling and the subsequent tree reconstruction was repeated 1,000
times and the percentage of times one tree is given a score of 1 is noted as bootstrap-derived
Pvalue. Representative combined phylogeny was then constructed reflecting consistent
evolutionary patterns across all trees and the meta-analysis P value was calculated using
Fisher’s method through combining bootstrap-derived P value from individual trees.

Single-cell RNA-seq analyses of mouse tumors and bone metastases.

Single-cell RNA-seq was conducted on freshly dissected prostate tumor and bone metastases
from NPKEYFP mice in two independent experiments using a 10X Genomics Chromium
platform®9. Briefly, tissues were enzymatically digested for 15 min at 37 °C in 1x
collagenase/hyaluronidase, 0.5 U ml~1 dispase 11 and 0.1 mg mI~ DNase 1 in DMEM-F12
medium, followed by addition of 0.025% trypsin/EDTA for 15 min (Stem Cell
Technologies). Cells were resuspended in cold 10% FBS DMEM-F12, filtered through a 40-
um cell strainer and collected by centrifugation at 350¢g in an Eppendorf 5810R tabletop
centrifuge for 5 min at 4 °C. After a 5-min incubation in cold 1x Red Blood Cell Lysis
Buffer (Thermo Fisher Scientific) cells were diluted fourfold in cold PBS, centrifuged as
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before and resuspended in DMEM-10% FBS for cell counting and viability analysis. Cells
were counted using a Countess Il Automated Cell Counter (Thermo Fisher Scientific) and
10,000 cells with >70% viability were loaded into a 10X Genomics Chromium Controller
for capture and barcoding following the 10X Genomics Single Cell Protocol, as described by
the manufacturer (10X Genomics), with subsequent RNA-seq using Illumina NovaSeq6000.
Reads were mapped to the mouse mm9 genome and processed with the CellRanger v.2.1.1
pipeline®®. Data are provided in Supplementary Table 5.

Single-cell RNA-seq raw counts were normalized and variance was stabilized using DESeq2
(v.1.36.0) package (Bioconductor) in R-studio 0.99.902, R v.3.3.0. The UMAP27
dimensionality reduction technique implemented in Python was used to cluster primary and
metastatic single-cell RNA-seq data. UMAP visualizations were constructed as described®?;
the code for visualization is available at https://github.com/simslab.

Description of human patient cohorts.

All studies using human tissue specimens were performed according to protocols approved
by the Human Research Protection Office and Institutional Review Board at the respective
institutions. Only male patients were involved as the focus of our study was prostate cancer.
Published human patient cohorts are described in Supplementary Table 3 (refs, 21.25.26.28)
These include two independent cohorts with clinical outcome data retrieved from the
Decipher GRID registry (MAYO cohort, GSE62116 (ref. 43) and the JHMI cohort,
GSE79957 (ref. 44)). Patients in the MAYO cohort (/7= 235) had undergone radical
prostatectomy between 2000 and 2006; median follow-up was 7 years with 73 patients
developing metastasis*3. The JHMI cohort is a case-cohort of 260 men who had undergone
radical prostatectomy between 1992 and 2010 at intermediate or high risk and received no
additional treatment until the time of metastasis; median follow-up was 9 years with 99
patients developing metastasis**. Both cohorts were profiled on a Human Exon 1.0 ST Array
and hybridization was conducted in a Clinical Laboratory Improvement Amendments-
certified laboratory facility (GenomeDx Biosciences).

The subset of SU2C patients used herein (7= 270) used polyA+ RNA isolation for
transcriptomic library preparation?6. Among these, clinical outcome data were available for
75 patients based on treatment-associated survival analysis (41 patients died) and 57 patients
based on treatment-associated disease progression analysis (47 patients experienced disease-
progression-related events). Treatment-associated survival was defined as time between start
of ARSIs treatment and death or follow-up and treatment-associated progression was
defined as time on ARSI treatment25.

Unpublished cohorts used anonymized human tissue specimens from Columbia University
Irving Medical Center (CUIMC) or Johns Hopkins Hospital; all patients consented before
inclusion. The CUIMC cohort, which was used for analysis of RNA expression, consisted of
five bone metastatic resections and ten primary prostate cancer tumors (Gleason score 9)
from surgical resections of patients with advanced prostate cancer that had been banked in
the Molecular Pathology Shared Resource of the Herbert Irving Comprehensive Cancer
Center. RNA was extracted using miRNeasy mini kit (QIAGEN) and RT-gPCR was
performed using the QuantiTect SYBR Green PCR kit (QIAGEN)18,
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The Johns Hopkins Hospital cohort, which was used for immunohistostaining, consisted of
34 metastatic samples, including 12 bone metastatic biopsies from patients diagnosed with
advanced prostate cancer. The clinical features of the patients are summarized in
Supplementary Table 7. Immunohistochemistry was performed using a rabbit monoclonal
MY C antibody (Abcam)32:61, Immunostaining was quantified using an H-score system
obtained by multiplying staining intensity (0, no staining; 1, weak staining; 2, moderate
staining; and 3, intense staining) by the percentage (0-100) of cells showing that intensity
(H-score range 0-300, with 0-100 considered low, 101-200 intermediate and 201-300
high).

Functional analyses in cell-based models.

We adapted a protocol described previously to generate prostate tumor cell lines from NVPK
micel! to establish a mouse allograft model that metastasizes to bone. Briefly, bone
metastases from NVPKEYFP mice were visualized by ex vivo fluorescence and collected using
the method described above for single-cell RNA-seq. Cells were cultured for five passages in
RPMI with 10% FBS. Once established, cells were introduced via intracardiac injection into
NCr nude mice (male, Taconic). Bone metastases were isolated from vertebra and the cells
recultured and then introduced again into nude mice introduced via intracardiac injection.
This resulted in NPKEYFP bone cells that had >90% penetrance of metastasis to bone and
other tissues. The genotype of the MPKEYFP hone cells was confirmed using a commercial
source (Transnetyx) and cells were tested using a multispecies mycoplasma test
(Mycoplasma Detection kit, cat no. MP70114, Thermo Fisher Scientific). Cell line stocks
were established at passage 5 and used for experimental assays within three passages
following thawing.

For monitoring in vivo bioluminescence and ex vivo fluorescent imaging, we engineered
PC3 cells to express luciferase and GFP using the pHAGE PGK-GFP-IRES-LUC-W
lentiviral vector (Addgene, plasmid number 46793), herein referred to as PC3-Luc-GFP
cells. Lentiviruses were produced in HEK-293 cells (ATCC), using second-generation
packaging vectors (psPAX2 and pMD2.G, Addgene) as described!2.

For shRNA-mediated silencing, we used two independent shRNAs based on the pLKO.1
lentiviral vector system or a nontargeting pLKO.1 lentiviral vector (SHC002) (Sigma-
Aldrich). The sequences for shRNA used in this study are provided in Supplementary Table
10. Colony-formation assays were performed by plating NPKEYFP bone cells (200 cells per
well) or PC3-Luc-GFP cells (1,000 cell per well) in six-well tissue culture plates. Colonies
were visualized by staining with crystal violet and quantified using ImageJ software (https://
imagej.nih.gov/ij/). Cell culture assays were performed in triplicate and with a minimum of
two independent biological replicates.

For intracardiac metastasis assays, mouse NVPKEYFP bone cells (1 x 10 cells in 100 pl of
PBS) were injected percutaneously into the left heart ventricle of immunodeficient NCr nude
mice (male, Taconic). Mice were Killed 12-14 d after injection or sooner if their body
condition score®® was <1.5 (as above). For monitoring tumor growth in bone, PC3-Luc-GFP
cells (1.5 x 108 cells in 20 pl of PBS) were injected into the tibiae of male NOD-SCID mice
(NOD. CB17-Prkdcscid/J, strain 001303, Jackson Laboratories) as described®2. Briefly, a
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small longitudinal skin incision was made across the knee capsule and the tip of a scalpel
was used to drill a hole into which cells (or PBS) were injected in a volume of 20 pl. Sterile
surgical bone wax (QuickMedical) was used to seal the hole and the skin was closed with
wound clips. Tumor growth was monitored biweekly by bioluminescence imaging using an
IVIS Spectrum Optical Imaging System (PerkinElmer), following intraperitoneal injection
with 150 mg kg™t D-luciferin (PerkinElmer). Images were quantified using Living Image
Software (PerkinElmer). Micro-computed tomography images were collected using a
PerkinElmer Quantum FX micro-CT Imaging System.

Statistics and reproducibility.

Sample size was based on the number of available, qualified tumor samples for this study.
No data were excluded in our analysis. All attempts at replication were successful for all
computational work in our manuscript. Neither randomization nor blinding were relevant to
our computational analysis.

Statistical analyses were performed using a two-sample two-tailed Welch £test (for
differential expression analysis), two-sample one-tailed Welch #test (for comparison of
MY C activity and META-16 activity levels between SU2C and TCGA patient cohorts), one-
way ANOVA, two-way ANOVA with multiple comparison testing, chi-squared test and
Fisher’s exact test as indicated in each figure legend. GraphPad Prism software (v.6.0) and
R-studio 0.99.902, R v.3.3.0 were used for statistical calculations and data visualization. For
all box plots, boxes show the 25th—75th percentile, center lines show the median and
whiskers show the minimum-maximum values. For all bar graphs and dot-plots, means are
represented and error bars show the s.d., unless specifically stated.

GSEA was performed as described previously20, where NES and £ values were estimated
using 1,000 gene or pathway permutations. For single-sample (single-patient) analysis, data
were scaled (zscored) on a gene level, so that a set of zscores for each patient defined a
‘single-sample signature’. Subsequently, to estimate activity levels (for example, for
META-16 and MYC genes) in each sample, we utilized GSEA, where we considered each
single-sample signature as a reference and genes of interest as a query gene set. To compare
expression levels of META-16 across different metastatic sites, we performed gene set
variation analysis®3, implemented as a gene set variation analysis package (Bioconductor) in
R. CNVs of MYC and KRAS in the TCGA (n=489) and SU2C (n= 429) cohorts were
analyzed using cBioportal#®, considering all gains as low-level gains plus amplifications.

To evaluate the nonrandom ability of candidate genes to distinguish primary tumors in the
TCGA cohort from the mCRPC samples in the SU2C cohort, we selected a random (equally
sized, n=16 or n=55) group of genes and compared their estimated activity levels between
TCGA and SU2C cohorts using two-sample one-tailed Welch #test. This random model
procedure was repeated 10,000 times and two-sample one-tailed Welch #test Pvalues from
all iterations were used to build a null model. The empirical P value was then estimated as
the number of times two-sample one-tailed Welch #test P values for a random group of 16
or 55 genes reached or outperformed our original two-sample one-tailed Welch #test Pvalue
for the identified genes.
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Cox proportional hazards model and Kaplan—Meier survival analysis were conducted with
the surv and coxph functions from survcomp package (Bioconductor) or using GraphPad
Prism software. Radiographical evidence of metastatic disease was the primary end point for
survival analysis on human validation cohorts. Statistical significance was estimated with a
Wald test and log-rank test, respectively. For Kaplan—Meier survival analysis, hierarchical
consensus clustering was performed on expression levels of META-16 genes, which
clustered patients into two groups: one group with high gene expression and one group with
low gene expression for META-16. Time to distant metastasis from radical prostatectomy
was modeled using a Cox proportional hazards model with and without adjusting for age,
pathological Gleason score/grade at diagnosis, pre-PSA, SVI, LNI and extra-prostatic
extension. Time from the start of the next-generation ARSI treatment to death/follow-up or
time on the ARSIs were utilized for treatment-associated survival and treatment-associated
progression, respectively, as defined elsewhere?5.

Reporting Summary.

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.

Data availability

All relevant data supporting this study are provided in this paper, and reagents will be made
available upon request. RNA-seq and WES data can be found in GEO (GSE143815).
Previously published genomic data, reanalyzed here, were obtained from GEO (https://
www.nchi.nlm.nih.gov/geo/), dbGAP (https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/
study.cgi?study_id=phs001141.v1.p1), TCGA data portal (https://portal.gdc.cancer.gov) and
cBioPortal (https://github.com/cBioPortal/datahub/tree/master/public/prad_su2c_2019), as
detailed in Supplementary Table 3. Databases used were HomoloGene (NCBI, https://
www.nchi.nlm.nih.gov/homologene) and hallmarks and C2 pathway gene sets from the
molecular signatures database (MSigDB) 3.0 (https://www.gsea-msigdb.org/gsea/msigdb).
Source data are provided with this paper.

Code availability

The code for UMAP visualization is available at https://github.com/simslab/
cluster_diffex2018. The code for bootstrap analysis of evolution tree is available at https://
github.com/RabadanLab.
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Extended Data
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Extended Data Fig. 1 |. Additional phenotypic analyses of NPKEYFP prostate tumors.
a, Representative bright field and ex vivo fluorescence images of prostate, lung, and bone

(spine) from MPEYFP mice (n = 35), NPKEYFP mice without bone metastases (n = 59), and
NPKEYFP mice with bone metastases (n = 47). b—j, Comparison of NPKEYFP mice with (n =
47) or without (n = 59) bone metastasis. See also Supplementary Table 1. b, Overall
survival; p-value calculated using a two-tailed log-rank test. ¢, Bladder obstruction; p-value
calculated using a two-sided Fisher’s exact test. d—g, Dot-plots showing tumor weight (d)
and metastatic load (number of metastases/mouse) to lungs (e), liver (f) and brain (g). p-
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Q

values were calculated by two-tailed Mann-Whitney test, center-lines show the mean and
error bars depict SD. h, Distribution of metastases to specific bone types in NPKEYFF mice
at the time of euthanasia. Shown is the mean with standard deviation; n = 106 mice (n = 59
without bone metastases and n = 47 with bone metastases). i, j, Longitudinal analysis of
micro-metastasis in non-terminal mice dissected at the ages shown (n = 26). i, Bar graphs
showing the percentage of mice with micro-metastasis at 3 months (n = 7), 4 months (n =
17) and 5 months (n = 2). j, Bar graphs showing the percentage of mice with bone or lung
micro-metastases (n = 26).
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Extended Data Fig. 2 |. Analyses of androgen-intact and castrated of NPKEYFP mice.
Comparison of intact (n = 106) and castrated (n = 22) NPKEY*” mice. See also

Supplementary Table 1. a, Kaplan-Meier curves showing overall survival; p-value was
calculated using a two-tailed log-rank test. b, ¢, Dot-plots showing tumor weight (b) and
number of bone metastasis (c). p-values were calculated by two-tailed Mann-Whitney test,
center-lines show the mean and error bars depict SD.d, Bar graphs showing the percentage
of mice with metastasis to the indicated organs. e, f, Dot-plots showing relative AR activity
levels (that is, NES defined based on enrichment of AR signature (based on18) in each
sample) (e) and relative neuroendocrine (NE) activity (that is, NES defined based on
enrichment of NEPC signature (based on1®) in each sample (f) comparing intact (n = 13) or
castrated (n = 6) primary tumors, intact (n = 9) or castrated (n = 2) lung metastasis and intact
(n = 10) or castrated (n = 2) bone metastasis from NVPKE Y mice (Supplementary Table 2).
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g, Gene Set Enrichment Analyses (GSEA) comparing a bone metastasis signatures from
castrated mice used as a query and bone metastasis signature from non-castrated (intact)
NPKEYFP mice used as a reference (Supplementary Table 2i,j). NES (normalized enrichment
score) and p-values were estimated using 1,000 gene permutations. NS, non-significant (P <
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Extended Data Fig. 3 |. Comparison of MYC and RAS in mouse and human prostate cancer.
a—c, Copy number variant (CNV) analyses of KRAS and MY C in mouse and human

prostate cancer. a, Kras, Cadkn2a/b and Myc loci, inferred from whole-exome sequencing of
NPKEYFP prostate tumors. Color coding reflects amplifications or deletions in five
individual mice (Supplementary Table 4b). b, ¢, Summary of gains in MYC (b) and KRAS
(c) in human prostate cancer comparing primary tumors from TCGA (n = 489) and
metastases from SU2C (n = 429) using cBioportal*®. P values were calculated using a
Fisher’s exact test comparing samples with all gains versus no gains. d, e, Box plots
depicting Myc pathway and Ras pathway activation in primary tumors and metastases from
intact or castrated AVPKEYFP mice (primary tumors: n = 13 intact and n = 6 castrated; lung
metastases: n = 9 intact and n = 2 castrated; bone metastases: n = 10 intact and n = 2
castrated). The distribution of the activity scores (y-axis) for Myc activity is based on single-
sample GSEA in panel d, and Ras activity levels is based on the absolute-valued average of
RAS-related genes as in11:33 in panel e. P-values were estimated using two-sample one-
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tailed Welch t-test, boxes show the 25th—75th percentile with the median, and whiskers show
the minimum-—maximum values. f, g, Violin plots depicting the distribution of MYC and
RAS pathway activation in primary tumors and metastases comparing human primary
tumors (TCGA, n = 497) versus metastases (SU2C, n = 270). In panel f, the distribution of
the NESs (y-axis) represent MY C activity levels based on single-sample GSEA (see
Extended data Fig. 4d) In panel g, the activity scores (y-axis) represent RAS pathway
activity levels based on the absolute-valued average of RAS-related genes (as in11:33). p-
values were estimated using two-sample one-tailed Welch t-test. In the violin plots with
embedded box plots, boxes show the 25th—75th percentile, center-lines show the median,
and whiskers show the minimum-maximum values. h, i, Heatmap representation showing
the correlation of MY C and RAS pathway activity in mouse (h) and human (i) prostate
cancer. Panel h shows Myc and Ras pathway activity in mouse AVPKEYFP primary tumors
and bone metastases. Panel i shows MY C and RAS pathway activity in human primary
tumors (TCGA, n = 497) and metastases (SU2C, n = 270). Gleason scores are shown for the
primary tumors; metastases include all metastases in the SU2C cohort. In panels h, i,
Spearman correlation rho- and p-values are shown. j, Mouse NVPKEYFP primary tumors and
bone metastases classified as MYC- or RAS-activated are depicted in a heatmap in red,
whereas those without MY C- or RAS-activation are represented in blue. Samples were
considered Myc-activated if Myc activity scores were greater than the average across the
cohorts. Samples were considered Ras-activated if Ras activity scores were greater than the
average across the cohorts. The percentage of cases in which Myc and Ras are co-activated
are shown; two-tailed p-value was calculated using Fisher’s exact test.
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Extended Data Fig. 4 |. Additional analyses of MYC activity in prostate tumors and metastases.
a, Cross-species pathway analysis. Pathway-based GSEA comparing pathways enriched in

the FHCRC human bone metastasis signature (Supplementary Table 6d) with those enriched
in the mouse bulk RNA bone metastasis signature (Supplementary Table 6a). NES and p-
values were estimated using 1,000 pathway permutations. b, Stouffer integration of the
leading-edge pathways from the GSEA comparing the mouse (Supplementary Table 6a) and
the two human bone metastases signatures (Supplementary Tables 6¢,d) from panel a and
Fig. 4b. The x-axis shows the Stouffer integrated NES. c, Bar graphs summarizing NES
scores from GSEA of bone metastasis signatures from NPKEYF” mice (Supplementary Table
2c), and the Balk and FHCRC human cohorts (Supplementary Tables 3c,d) showing
enrichment of three independent MY C signatures: “Hallmarks” (human), “Dang” (human)29
and “Sabo” (mouse)30. NES and p-values were estimated using 1,000 gene permutations. d,
Heatmap representation of single-sample GSEA enrichment of MYC activity based on
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enrichment of the Hallmarks MY C pathway in primary tumors from TCGA (h = 497) and
metastases from SU2C (n = 270) (Supplementary Table 3). Gleason scores are shown for the
primary tumors; metastases include all metastases in the SU2C cohort. Colors correspond to
NES.
NPCEFP primary tumor cells NPKEYFF bone cells
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Extended Data Fig. 5 |. Additional analysis of Myc function in an allograft model of bone
metastasis.

a, Bar graphs and crystal violet staining of colony formation assays of MPK bone cells two
weeks after treatment with shControl or shRNAs targeting Myc (shMyc#1 and shMyc#2). b,
Comparison of lung and bone from AMude mouse hosts implanted via intracardiac injection
with green fluorescent protein (GFP)-tagged cells derived from primary tumors of non-
metastatic AP mice (NPCFP cells, reported in;16 n = 2) or the MPKEYFP bone cells (n = 10).
Shown are representative ex vivo fluorescence or H&E images. Scale bars represent 0.1 cm
for the ex vivo fluorescence images and 50 um for all other images.
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Extended Data Fig. 6 |. Analyses of MYC silencing in a human tumor growth in bone.
a, Strategy. PC3 cells engineered to express luciferase and GFP (PC3-Luciferase-GFP cells).

Cells were infected with a control ShRNA (shControl) or shRNA to silence MYC
(shMYC#1 or shMYC#2) and implanted into the tibia of NOD-SC/D mouse hosts. b,
Western blot image of total protein extracts. Shown are the approximate molecular weight
markers (kDa); Actin is a control for protein loading. Shown is a representative blot from
two independent experiments. The uncropped Western image is shown in Source data
Extended Fig. 6. c. Immunostaining for MY C in tumors from mice that had been injected
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with cells expressing the indicated shRNAs. Scale bars represent 50 um. d, Bar graphs and

crystal violet staining of colony formation assays of PC3-Luciferase-GFP cells two weeks

after treatment with the shRNAs as indicated. e, Growth curves comparing PC3-Luciferase-
GFP cells infected with ShRNA (n = 10/group). P-value shown for day 52 was estimated by

two-way ANOVA with Sidak’s multiple comparisons against shControl. f. Representative

IVIS bioluminescence imaging used for panel e. g. Representative images from the time of

sacrifice of tibiae implanted with the PC3-Luciferase-GFP cells infected with sShRNA (n =
10/group). Shown are ex vivoimaging of GFP fluorescence, to visualize the tumor, and

corresponding micro-computed tomography (CT) images, to show areas of osteolysis as is
typical of PC3 tumors in bone36. Also shown are representative H&E and immunostaining
for GFP. In a and f, bars show mean and error bars the SD, (n = 3) and p-value is shown for

One-way ANOVA with Dunnett’s multiple comparison test, compared to shControl. Scale
bars represent 0.1 cm for the ex vivo fluorescence images and 50 um for all other images.
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Extended Data Fig. 7 |. Additional analyses of discovery of a MY C-correlated signature in
prostate cancer metastasis.
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a,b, GSEA using the PROMOTE-559 gene signature (Supplementary Table 8) to query the
bone metastasis gene signature from the NPKE Y mice (Supplementary Table 2c) (in a) and
the human bone metastasis gene signature (Supplementary Table 3c) (in b); NESs and p-
values were estimated using 1,000 gene permutations. ¢, Association with adverse outcome
for metastasis. Each of the MEtA-55 genes was evaluated by univariable Cox proportional
hazards analysis for time-to-metastasis outcome in the TCGA dataset (n = 336 with
available time to follow-up, Supplementary Table 3) and ranked by the strength of the
association (that is, Wald test p-value), with a cutoff at p-value<10~ from Wald test used to
identify the 16 top-genes constituting the MEtA-16 gene signature (Supplementary Table 8).
d, Random model. To evaluate the probability that not any random group of 16 genes would
be upregulated in the SU2C (n = 270) versus the TCGA (n = 497) cohorts, we constructed a
null model using 10,000 iterations, with the x-axis showing -log2 p-value (from the two-
sample one-tailed Welch t-test) between TCGA and SU2C comparisons and y-axis showing
its probability density. The p-value of this random model thus represents an estimate of the
number of times two-sample one-tailed Welch t-test p-values for a random 16 genes reached
or outperformed two-sample one-tailed Welch t-test p-values for the MEtA-16 genes. The p-
value for the analogous random model for MEtA-55 was P = 0.036.
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Extended Data Fig. 8 |. Additional analyses of MEtA-55 and MEtA-16 in prostate cancer
metastasis.

a, Scaled expression (DESeq2 normalized values) of MEtA-55 in single-cell UMAP
projections of primary tumors and bone metastases (see Fig. 7c, d). Shown is the correlation
between MEtA-55 expression at the single-cell level with MYC pathway activity
(Spearman’s rank correlation rho and p-values). b, ¢, Heatmap representation of single-
sample GSEA enrichment of the MEtA-16 (b) and MEtA-55 (c) gene signatures in primary
tumors from TCGA (n = 497) and metastases from SU2C (n = 270) (Supplementary Table
3). Colors correspond to NES. d, e, Violin plots depicting the distribution of the NESs (y-
axis) which reflect activity levels of MEtA-16 (d) and MEtA-55 (e) in primary tumors from
TCGA (n = 497) compared with metastases from SU2C (n = 270). The p-value was
estimated using two-sample one-tailed Welch t-test. In inset box-plots, boxes show the 25th—
75th percentile, center-lines show the median, and whiskers show the minimum-maximum
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values. f, g, Heatmap representation of expression levels of MEtA genes (as indicated) in
each of the individual samples from the TCGA (n = 497) and SU2C (n = 270) cohorts.
Gleason scores are shown for the primary tumors; metastases include all metastases in the
SU2C cohort. Shown are row-scaled expression values (color). Panel f shows the 10 genes
from the MEtA-16 signature that do not co-reside with MYC on chromosome 8q, indicated
as MEtA-10. Panel g shows the MEtA-55 genes.
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Extended Data Fig. 9 |. Additional validation of the MEtA-16 gene signature.
a, Quantitative reverse transcriptase PCR (qRT-PCR) of MEtA-16 in the CUIMC cohort of

bone metastases (n = 5) compared with high-Gleason grade primary prostate tumors (n =
10). Indicated p-values were estimated using a two-tailed Mann-Whitney test compared to
the average of all primary tumors. In box plots, boxes show the 25th—75th percentile, center-
lines show the median, and whiskers show the minimum-maximum values. b, ¢, Heatmaps
showing expression levels of MEtA-16 genes determined by gRT-PCR following MYC
silencing in human and mouse prostate cancer cells. b, gRT-PCR using RNA obtained from
subcutaneous PC3-Luc-GFP tumors expressing shRNA against MYC (shMYC#1) or control
shRNA (shControl). ¢, qRT-PCR using RNA obtained from NPKEY*” bone cells grown in
vitro and infected with the indicated shRNAs. Scaled values represent ratios of expression
compared to shControl for each gene. In b, ¢, p-values were estimated using z-score sums of
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all genes using two-tailed, unpaired t-test (b) or one-way ANOVA with Dunnett’s multiple

comparisons against shControl (c).
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Extended Data Fig. 10 |. Additional validation of the MEtA-55/MEtA-16 gene signatures and

survival analyses.

a, b, Heatmaps of hierarchical consensus clustering analysis used to define tumors with high
(brown cluster) and low (green cluster) expression of MEtA-16 in MAYO (n = 235) and
JHMI (n = 260) cohorts, as indicated (Supplementary Table 3). Brown vertical bars on the
second from top row represent patients that developed distant metastasis. Colors represent
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row-scaled expression values. ¢, d, Kaplan-Meier survival analyses comparing patients with
low and high overall expression of MEtA-55. The p-values were estimated using a log-rank
test. e, Multivariable survival analysis of the MEtA-55 gene signature in the JHMI and
MAYO cohorts showing significant association with metastasis-free survival but not with
prostate-cancer specific mortality (HR = hazard ratio, Cl = confidence interval, p-values
estimated from Coxproportional hazards model), adjusted for age, pathological Gleason
score/grade at diagnosis, pre-PSA, seminal vesicle invasion (SVI), lymph node invasion
(LN, and extra-prostatic extension (EPE). f, g, Kaplan-Meier survival analyses comparing
patients from SU2C cohort with the low and high MY C activity with respect to treatment-
associated survival (that is, time from the start of treatment with androgen receptor signaling
inhibitor (ARSI) therapy, to death or last follow-up, n = 75 patients) or treatment-associated
disease progression (that is, time on treatment with ARSIs, n = 56) as defined in?6. The p-
values were estimated using a log-rank test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. A mouse model of highly penetrant bone metastasis.
a, Strategy. Tamoxifen delivery to NPKEYFP mice (for Nkx3, ICTeERT2/+ - preflox/flox -

Kras-SL-G12DI - pogr CAG-LSL-EYFPI*) at 3 months induces tumor formation and lineage
marking. Tumor-induced mice are monitored for 5-8 months for development of metastases
to bone as well as lymph node, lung, liver and brain. b—e, Histopathological analyses.
Representative hematoxylin and eosin (H&E) (left) or confocal (right) images of bone
metastases (spine) (b). DAPI, 4,6-diamidino-2-phenylindole. Coexpression of YFP with
luminal cytokeratin (Ck8), basal cytokeratin (Ck5), the AR and Ki67. Representative images
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of prostate tumors and metastases from lung and bone (spine, pelvis, femur, tibia and
humerus) showing ex vivo fluorescence, histology (H&E) and immunostaining for YFP (c).
Representative images of prostate tumor and metastases from androgen-intact (d) or
castrated (androgen-deprived) () NPKEYFP mice showing ex vivo fluorescence, histology
(H&E) and immunostaining for AR or the NEPC marker, synaptophysin. Representative
images from five independent mice are shown (b-e). Scale bars, 0.1 cm for ex vivo
fluorescence images and 50 um for all other images.
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Fig. 2 |. Molecular analysis of bone metastasis from NPKEYFP mice.
a,b, Transcriptomic analyses. PCA of bulk RNA-seq of primary tumors (/7= 15), lung

metastases (7= 9) and bone metastases (/7= 12) from androgen-intact NPKEYFP mice
(Supplementary Table 2) (a). mets, metastases. The circle indicates separation of bone
metastases from primary tumors and lung metastases. Conservation with human prostate
cancer (b). GSEA using human bone metastasis signature based on Balk (Supplementary

Table 3c) to query the reference mouse bone metastasis gene signature from AVPKEYFP mice
(Supplementary Table 2c). NES (normalized enrichment score) and Pvalues were estimated
using 1,000 gene permutations. c,d, Phylogenetic analysis of WES data. Evolutionary trees
for matched trios of primary tumor, bone and lung metastases from five independent mice
(represented by each of the trees) were constructed by WES analyses of somatic mutations
(substitutions and indels) (Supplementary Table 4a) (c). The length of lines indicates the
number of mutations in each branch and colors indicate the mutations unique to or shared
between clones; bootstrap-derived P values for each case using 1,000 permutations are
shown. Informative CNVs (gains in chromosome 6, ‘Chr 6 gain’ and deletions in
chromosome 4q ‘Chr 4q Del’; Supplementary Table 4b) are shown by red arrows.
Composite phylogeny tree based on consistent evolutionary patterns across all trees in ¢ (d).
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The meta-analysis Pvalue was calculated using Fisher’s method by combining bootstrap-
derived Pvalues from individual trees in c. NS, not significant.
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Fig. 3 |. Single-cell sequencing reveals Myc pathway activation as a cell-intrinsic feature of bone
metastasis.

a—c, Single-cell RNA-seq of primary tumor and bone metastasis. UMAP visualization of
matched primary tumor and bone samples from NPKEYFP mice (Supplementary Table 5a).
Sample of origin; black corresponds to the primary tumor sample and dark gray to the bone
sample (a). Unsupervised clustering; colors indicate distinct clusters of cells with the
relative percentages of the primary tumor and bone samples indicated (b). Scaled expression
(DESeq2 normalized values) of YFP, Cd45 and Ck8 expression levels and AR activity levels
(based on previous work!8) (c). d,e, Analysis of isolated primary tumor and bone metastatic
cell clusters. Sample of origin (d). Black corresponds to the primary tumor cells and dark
gray to the bone metastatic cells. Enrichment of the bone metastasis signature from bulk
RNA-seq (Supplementary Table 2c) in bone metastatic versus primary tumor cells (e). P
value was calculated by a two-sample two-tailed Welch #test. f,g, Pathway-based GSEA.
GSEA comparing pathways enriched in mouse bone metastasis signature (from bulk RNA-
seq, Supplementary Table 6a) with those enriched in the single-cell bone metastasis
signature (Supplementary Table 5c) (f). The red bar shows the location of the hallmarks
MY C pathway, which is the top-most enriched pathway across the two signatures. GSEA
comparing pathways enriched in a signature from the bulk RNA-seq comparing bone
metastases and normal bone (Supplementary Table 6b) with those enriched in the single-cell

Nat Cancer. Author manuscript; available in PMC 2021 June 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Arriaga et al.

Page 39

bone metastasis signature (Supplementary Table 5c¢) (g). GSEA using genes from the MYC
hallmarks pathway to query the single-cell bone metastasis signhature (Supplementary Table
5a) h,i Gene-based GSEA. (h). GSEA using genes from MY C hallmarks pathway to query a
signature based on single-cell resident nontumor bone cells versus primary tumor cells
(Supplementary Table 5b) (i). NES and P values were estimated using 1,000 gene or
pathway permutations, as appropriate (f—i). SC, single cell.
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Fig. 4 |. Co-activation of MYC and RAS pathways in prostate cancer metastasis.
a,b, Cross-species pathway analysis. GSEA comparing pathways enriched in the Balk

human bone metastasis signature (Supplementary Table 6c¢) with those in the mouse single-
cell bone metastasis signature (a) (Supplementary Table 5c) or those enriched in the mouse
bulk RNA bone metastasis signature (b) (Supplementary Table 6a). NES and Pvalues were
estimated using 1,000 pathway permutations. The red bar shows the hallmarks MYC
pathway, which is the top-most enriched conserved pathways in both signatures. c,
Representative immunohistochemical analyses of MYC expression in bone metastases,
based on analysis of 34 mMCRPC patient samples, including 12 with bone metastases
(Supplementary Table 7). d—g, Violin plots depicting distribution of MYC and RAS pathway
activation in primary tumors and metastases in human cancer and in the NPKEYFP mice.
Comparison of human primary tumors (TCGA, n = 497) versus metastases (SU2C, n= 270)
(Supplementary Table 3) (d,f). Comparison of primary tumors (7= 13) and bone metastases
(n=10) from the NPKEYFP mice (e,g). The distribution of the NESs () axis) represent MYC
activity levels based on single-sample GSEA (see Extended Data Fig. 4d) (d,e). The activity
scores () axis) represent RAS pathway activity levels (based on the absolute-valued average
of RAS-related genes as in previous works1:33) (f,g). P values for all violin plots were
estimated using two-sample one-tailed Welch £test. In the violin plots with embedded box
plots, boxes show the 25th—75th percentile, center lines show the median and whiskers show
the minimum-maximum values. h, MYC and RAS co-activation in human primary tumors
and metastases. Primary tumors and metastases classified as MYC- or RAS-activated are
depicted in a heat map in red, whereas those without MY C- or RAS activation are
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represented in blue. Samples were considered MY C-activated if NES scores from single-
sample GSEA using MY C hallmarks pathway were greater than the average of overall MYC
activity across the cohorts. Samples were considered RAS-activated if the absolute-valued
average of RAS-related genes!1:33 was greater than the average of overall RAS activity
across the cohorts. A black rectangle shows the samples in which MYC and RAS were co-
activated. A two-tailed Pvalue was calculated using Fisher’s exact test.
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NPKEFP mouse

d

shMyc-1 shControl

shMyc-2

Heart

Fig. 5. Analysis of Myc function in an allograft model of bone metastasis.
a, Strategy. Cells from a bone metastasis (femur) of NPKEYFP mice were established using a

procedure described previously!l. The original cells were passaged in nude mouse hosts via
intracardiac injection. Cells isolated from an ensuing bone metastasis, termed NPKEYFP
bone cells, were used herein. b, Western blot image showing total protein extracts from
NPKEYFP bone cells infected with shRNAs to silence Myc (shMyc-1, 70% inhibition;
shMyc-2, 90% inhibition) or with shControl. The approximate molecular weights of markers
(kDa) are indicated; actin is a control for protein loading. A representative blot is shown
from two independent experiments. The uncropped western blot image is shown in Source
Data Fig. 5. ¢, Quantification of the number of metastases in bone or lung from A/PK bone
cells infected with shMyc-1 or shMyc-2 or shControl and introduced into nude mouse hosts
via intracardiac injection to evaluate metastasis in vivo. Pvalues were estimated by one-way
analysis of variance (ANOVA) with Dunnett’s multiple comparisons against shControl; (P <
0.05). In box plots, boxes show the 25th—75th percentile with the median and whiskers show
the minimum-maximum (n = 10 mice from two independent experiments). d,
Representative ex vivo imaging of 7= 10 mice showing YFP fluorescence from the heart
(injection site), lung and the indicated bones from nude mouse hosts following via
intracardiac injection of NPKEYFP bone cells that had been infected with shControl,
shMyc-1 or shMyc-2. e, Representative images (7= 3) of vertebrae showing ex vivo
fluorescence, H&E or immunostaining for YFP or Myc, as indicated. Scale bars, 0.1 cm for
ex vivo fluorescence images and 50 pm for all other images.
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Fig. 6 |. Analysis of MYC function in a new GEMM.
a-d, Comparative analyses of the tumor and metastatic phenotypes of NPEYFP (n= 35),

NPMEYFP (n=23), NPKEYFP (n=106) and NPKMEYFP (1= 10) mice. Representative
bright-field and ex vivo fluorescence images of prostate, lung and bone (spine) (a). Scale
bars, 0.1 cm. Dot-plots showing tumor weights (b). GU, genitourinary. Center lines show the
mean, error bars depict s.d.; Pvalue is shown for one-way ANOVA with Dunnett’s multiple
comparison test of NPVEYFP and NAEYFP mice. Kaplan-Meier curves showing overall
survival (c); Pvalue calculated using a two-tailed log-rank test. Bar graphs showing the
percentage of mice with metastasis to lung and bone (d). e,f, Violin plots depicting the
distribution of Myc (e) and Ras (f) pathway activity levels in primary tumors of NPMEYFP
(n = 3) and NPKEYFP (n=13) mice and bone metastases of NPKEYFP mice (n=10). Myc
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activity is based on single-sample GSEA and Ras pathway activity is based on the absolute-
valued average of RAS-related genes as in previous works!1:33, Pvalues were estimated
using a two-sample one-tailed Welch #test. In the violin plots with embedded box plots,
boxes show the 25th—75th percentile, center lines show the median and whiskers show the
minimum-—maximum values.
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Fig. 7 |. MEtA-16 is correlated with MYC and RAS pathway activation and enriched in prostate
cancer metastasis.

a,b, Discovery of the META-16 gene signature. Step 1, genome-wide Spearman correlation
to MYC expression in PROMOTE cohort (which includes 55 bone metastases), identified
559 (PROMOTE-559) positively correlated genes (FDR Pvalue < 0.0001, Spearman rank
correlation coefficient rho plotted in the xaxis in b) (a). Step 2, GSEA using
PROMOTE-559 to query the mouse (NVPKEYFP) and human (Balk) bone metastasis
signatures (Extended Data Fig. 7a,b) (b). The leading-edge (LE) genes from mice are
projected on the yaxis and from humans, on the zaxis (b). These analyses identified 55
genes (META-55, highlighted in red in b). Step 3, ranking of META-55 according to
metastasis-free survival identified 16 genes (META-16, shown by name in b). ¢,d, UMAP
projection of single-cell RNA-seq showing the primary tumor and bone metastatic cells (Fig.
3d). Enrichment of MYC pathway (c) and expression of META-16 (d). Scaled DESeq2
normalized values are depicted. The correlation between META-16 expression and MYC
pathway activity was estimated using Spearman’s rank correlation. e, GSEA using
META-16 to query single-cell bone metastasis signature (Supplementary Table 5a); NES
and Pvalues were estimated using 1,000 gene permutations. f, Violin plot depicting
distribution of the NESs () axis), which reflect activity levels of META-16 (Extended Data
Fig. 8b) in primary tumors from TCGA (n=497) compared with metastases from SU2C (n
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= 270) (Supplementary Table 3). Pvalue was estimated using a two-sample one-tailed Welch
ttest. In the violin plots with embedded box plots, boxes show the 25th—75th percentile,
center lines show the median and whiskers show the minimum-maximum values. g, Heat
map representation of individual expression levels of META-16 genes in patient samples
from TCGA and SU2C cohorts. Gleason scores are shown for the primary tumors;
metastases include all metastases in the SU2C cohort. Row-scaled expression values are
shown (indicated by color).
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Fig. 8 |. The MEtA-16 signature is associated with metastasis-free and treatment-associated

survival.

a—c, Association of META-16 with time to metastasis. Kaplan—Meier survival analyses
comparing patients with low and high combined expression of META-16 in the MAYO (n=
235) and JHMI (= 260) cohorts (Extended Data Fig. 10a,b) (a,b). Pvalues were estimated
using a log-rank test. Multivariable survival analysis of META-16 with the JHMI and
MAYO cohorts (c). Cl, confidence interval; HR, hazard ratio. P values were estimated from
a Cox proportional hazards model. d,e, Kaplan—-Meier survival analyses comparing patients
from the SU2C cohort with low and high combined expression of META-16, showing
treatment-associated survival (time from the start of treatment with ARSI therapy, to death
or last follow-up; =75 patients) or treatment-associated disease progression (time on
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treatment with ARSIs; 7= 56) as defined previously28. Pvalues were estimated using a log-
rank test.
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