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regression models were used to compare the SDMS alongside clinicopathological variables
and reported signatures. AUC was assessed to determine if SDMS is additive or synergistic to
previously reported signatures.

Results and limitations: A close association between stromal gene expression and meta-
static phenotype was observed. Accordingly, the SDMS was modeled and validated in
multiple independent clinical cohorts. Patients with higher SDMS scores were found to have
worse prognosis. Furthermore, SDMS was an independent prognostic factor, can stratify
risk in intermediate-risk PCa, and can improve the performance of other previously
reported signatures.

Conclusions: Profiling of stromal gene expression led to development of an SDMS that was
validated as independently prognostic for the metastatic potential of prostate tumors.
Patient summary: Our stroma-derived metastasis signature can predict the metastatic
potential of early stage disease and will strengthen decisions regarding selection of active
surveillance versus surgery and/or radiation therapy for prostate cancer patients. Further-
more, profiling of stroma cells should be more consistent than profiling of diverse cellular
populations of heterogeneous tumors.

© 2017 European Association of Urology. Published by Elsevier B.V. All rights reserved.

Introduction

signature (SDMS) with potential for predicting the meta-

Prostate cancer (PCa) is a major source of cancer-related
mortality because of metastases from the primary tumor;
however, many patients present with indolent disease that
is unlikely to develop metastasis and does not require
invasive treatment [1,2]. Currently, clinical grading systems
using clinical features alongside nomograms lack the
precision to guide treatment decisions [3,4]. Therefore,
there is a critical need for identification of biomarkers that
can more accurately stratify patients with primary PCa.
Numerous studies have attempted to address this clinical
need using gene expression signatures, genomic alterations,
and protein profiling [5-14]. However, it has yet to be
convincingly demonstrated that these biomarkers have
superior predictive abilities compared to established
clinical grading systems, which limits their clinical utility.

PCa is recognized as a heterogeneous multifocal disease
[5,15]. Both intertumor heterogeneity between patients and
intratumor heterogeneity (ITH) within patients present
major challenges for both patient stratification and discovery
of biomarkers [5,9,16]. To circumvent these, a panel of PCa
patient-derived xenograft (PDX) models was established
from needle biopsy specimens taken from different foci of a
single primary prostate tumor [17]. Although these PDX
models have similar genetic and histopathological charac-
teristics, they show marked variations with regard to
spontaneous metastatic abilities in vivo [17]. In addition,
in accordance with other studies, the stromal components of
PDX models are largely replaced by host cells following serial
passaging of the xenografts [18-20], which makes it possible
to segregate the gene signature of cancer cells (human origin)
and that of cancer-associated stromal cells (mouse origin)
using species-specific mapping of RNA sequencing (RNA-seq)
data. Thus, these xenografts provide a valuable tool for
dissection of ITH, studies of metastasis, and identification of
potential biomarkers predictive of metastasis.

In this study, we found that gene expression profiling of
the cancer-associated stromal cells successfully distin-
guished nonmetastatic from metastatic PDX models, and
further identified a 93-gene stroma-derived metastasis

static risk of primary PCa, including those with intermediate
Gleason scores, and may serve as a signature predictive for
the metastatic potential of PCa.

2. Materials and methods

2.1. Xenograft models, sample preparation, and sequencing

The PDX models were maintained via serial transplantation of subrenal
capsule xenografts in male NSG mice supplemented with testosterone, as
previously described [17]. The lymph nodes, lungs, livers, kidneys, spleens,
and bones (femur) of the hosts were fixed for examination of metastases
using histological and immunohistochemical staining. Animal care and
experiments were carried out in accordance with the guidelines of the
Canadian Council on Animal Care. DNA and RNA from frozen tumor tissue
were isolated, purified, and sequenced according to standard protocols.

2.2, Sequencing data analysis

Raw sequencing data are available at The European Nucleotide Archive
(ENA) under accession number PRJEB19256. Whole genome sequencing
(WGS) and RNA-seq reads were aligned onto a combined human and
mouse genome reference. Genomic alterations and tumor gene
expression were profiled using human-specific WGS and RNA-seq
reads, while stromal gene expression was analyzed using mouse-specific
RNA-seq reads (Supplementary material).

2.3. Gene signature development and validation

Microarray data for six radical prostatectomy (RP) cohorts from studies
described previously [21-26] were extracted from the Decipher GRID.
The SDMS was developed as a generalized linear model with lasso
regularization, using the MC I cohort for training. The association with
metastasis was assessed separately in each cohort using a Wilcoxon
rank-sum, the area under the receiver operating characteristic curve
(AUC), and Kaplan-Meier curves, where applicable. Univariable and
multivariable regression models were used to compare the SDMS to
clinical and pathological variables.

The five previously validated signatures [10-14] were ported to the
Affymetrix platform and trained as random forest models using the MC I
cohort. To compare them to the SDMS, multivariable analysis was
performed using logistic regression models in a pooled validation cohort
(n=621) [22-24] for which the primary outcome was metastasis within
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Table 1 - Characteristics of the LTL-313 patient-derived xenograft (PDX) models and assays performed

PDX model Origin in Metastatic Doubling time Array WGS WTS reads (million)
human prostate ability in mice (d) CGH depth (x)

PolyA* rRNA~
LTL-313A Left apex + 12-15 Yes 60.16 98.26 50.59
LTL-313B Left base — 15-25 Yes 60.73 92.09 45.54
LTL-313C LM LL + 31 Yes 66.48 87.09 49.45
LTL-313D LM LM + 15 Yes 60.72 98.89 46.85
LTL-313H RM LM ++ 13-15 Yes 60.72 90.51 54.76

CGH = comparative genomic hybridization; WGS = whole-genome sequencing; WTS = whole-transcriptome sequencing; LM = left median; LL = left-left;

RM = right median.

5 yr of RP. To evaluate the additional prognostic value of the SDMS, logistic
regression models of the SDMS in combination with the five signatures
were trained in the MC I cohort. Each model was then evaluated in the
pooled validation cohort using the AUC (Supplementary material).

3. Results

3.1. Genomic and transcriptomic profiles of tumor cells are not
associated with the varying metastatic abilities of LTL-313 PDX
models

A panel of transplantable PCa PDX models, the LTL-313
series, was developed from needle biopsies of multiple foci
of a single primary tumor [17] (Supplementary Fig. 1). These
models retain common histopathological and molecular
characteristics of the original cancer tissues, while showing
variable metastatic abilities (Table 1). LTL-313H is highly
metastatic. The LTL-313A, LTL-313C, and LTL-313D models
give rise to lung metastases, but to a lesser extent, and LTL-
313B is nonmetastatic.

To assess molecular ITH and metastatic potential, WGS
and RNA-seq were performed (Fig. 1). The profiles of
chromosomal copy number aberrations (CNAs; Supplemen-
tary Table 1, Supplementary Fig. 2), single nucleotide variants

(SNVs; Supplementary Table 2), small insertions/deletions
(InDels; Supplementary Table 2), and fusion genes (Supple-
mentary Table 3) showed a high level of similarity among
these models (Fig. 2A-C). Although certain model-specific
CNAs and mutations were detected, corresponding changes
in gene expression or mutations were not observed in the
mRNA (Fig. 2A). Phylogenetic trees based on chromosomal
breakpoint and SNV/InDel similarities failed to separate the
nonmetastatic LTL-313B model from the metastatic models
(Fig. 2B,C and Supplementary Tables 4 and 5). Reconstruction
of a subclonal composition based on SNVs/InDels further
emphasized the high degree of similarity among all five
models (Fig. 2D and Supplementary Table 6).

Transcriptomic profiles of the LTL313 series and three
other independent PCa PDX models (nonmetastatic LTL-418
and metastatic LTL-311 and LTL-331 [17]) were also
included in the gene expression profiling. To selectively
generate gene expression profiles for the tumors, the RNA-
seq reads that were mapped uniquely to the human genome
were used (Supplementary material).

As for the genomic profiling, unsupervised hierarchical
clustering of total gene expression profiles from the tumors
(human) did not separate metastatic models from nonmet-
astatic ones (Fig. 3A). A heatmap generated based on the
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Fig. 1 - Workflow overview. Comprehensive genomic and transcriptomic profiling led to the discovery of a stromal gene signature. This signature was
further validated in multiple large independent clinical cohorts, including a cohort of patients with intermediate-risk tumors.
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differences in metastatic phenotypes of LTL-313 PDX models.

correlation of the top differentially expressed genes
consistently demonstrated the same cluster structures
(Fig. 3B and Supplementary Table 7). These results indicate
that neither genomic nor RNA-seq features of the tumor
can distinguish between nonmetastatic and metastatic
models.

3.2 Stromal cell transcriptomic profiles are linked to the
variable metastatic phenotypes of LTL-313 models

The stromal components of PCa PDX models were largely
replaced by host cells, which is consistent with previous
studies on other types of cancer [18-20] (Supplementary
Fig. 3). Stromal gene expression profiles were generated
using RNA-seq reads that were mapped uniquely to
the mouse genome. The proportion of murine reads within
PDX models ranged from 3% to 8.6%, in agreement with
histopathological analysis of the PDX tumors, and
remained consistent between PolyA™ and rRNA~ RNA-seq
data (Supplementary Fig. 4). Unsupervised hierarchical
clustering of total stromal gene expression revealed two

major groups that were also observed in the subcluster
heatmap of top differentially expressed stromal genes
(Fig.3C,D and Supplementary Table 8). The firstand smaller
group comprised data from the two nonmetastatic models
(LTL-418 and LTL-313B). However, the second and larger
group was formed from all metastatic models. The distinct
separation of stromal transcriptomes between the non-
metastatic and metastatic models suggests a link between
the expression patterns of the cancer-associated stromal
genes and metastatic potential.

3.3. A stromal gene signature for stratifying indolent primary
PCa from PCa with metastatic potential

A total of 124 differentially expressed murine stromal genes
(60 upregulated and 64 downregulated in metastatic models)
were identified by applying stringent filters that ensure the
reliability of results (Supplementary material and Supple-
mentary Table 9). IPA analysis (www.qiagenbioinformatics.
com/products/ingenuity-pathway-analysis) revealed that
upregulated genes were significantly enriched for cellular
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Fig. 3 - Unsupervised hierarchical clustering based on protein-coding gene expression showed the distinct separation between the stromal
transcriptomes of nonmetastatic and metastatic xenografts. (A) Unsupervised hierarchical clustering of total human tumor cell gene expression and
4361 top differentially expressed human tumor cell genes. (B) Subcluster heatmap showing the correlation among patient-derived xenograft (PDX)
models. (C) Unsupervised hierarchical clustering of total murine stromal gene expression and 3471 top differentially expressed murine stromal genes.
(D) Subcluster heatmap showing the correlation among PDX models. The nonmetastatic xenografts (LTL-313B and LTL-418) were separated from the
metastatic xenografts by the top differentially expressed murine stromal genes. Bootstrap probability values are indicated in blue. Nonmetastatic PDX

models are highlighted in red.

movement and cell-to-cell signaling and interaction, imply-
ing that a gain in these particular stromal cell functions may
promote metastasis (Supplementary Tables 10 and 11,
Supplementary Figs. 5 and 6).

Because the cancer-associated stroma appears to play an
important role in metastasis, we examined whether human
homologs of these differentially expressed murine stromal
genes can predict the metastatic propensity of primary PCa.
First, ten murine genes without human homologs were
removed (Supplementary Table 8). Next, microarray data
sets for six RP cohorts used in previous studies [21-26] were
assembled (Supplementary Table 12). The Mayo Clinic
(MC) I cohort [21], containing 545 patients, was used as a
training set to construct a gene signature based on these

differentially expressed stromal genes. A generalized linear
model with lasso regularization resulted in identification of
a 93-gene SDMS as described in the Supplementary
material (Supplementary Table 13). Higher SDMS scores
indicate a higher metastatic potential.

34. Validation of the 93-gene SDMS for risk stratification

The SDMS was validated for risk stratification using five
independent cohorts of patients with primary prostate
tumors [22-26] and containing 856 patients in total. For all
five cohorts, patients who developed metastases had
significantly higher signature scores compared to those
who did not develop metastasis following RP (p < 0.001;
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Fig. 4 - Area under the curve (AUC) and Kaplan-Meier survival analysis for the stroma-derived metastasis signature (SDMS) in multiple independent
clinical cohorts demonstrated that the SDMS can distinguish indolent primary prostate tumors from those with metastatic potential. (A) Receiver
operating characteristic curves show that the SDMS can separate patients with metastatic potential from patients with indolent tumors: Mayo Clinic
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metastasis (Mets)-free survival: MC II, p < 0.001; CCF, p <0.001; JHMI, p < 0.

005.

Fig. 4A, Table 2, and Supplementary Fig. 7). Kaplan-Meier
(KM) curves were produced for the three applicable
cohorts; curves for the MC II [22] (p < 0.001), Cleveland
Clinic Foundation (CCF) [25] (p < 0.001), and Johns Hopkins
Medical Institutions (JHMI) [24] (p < 0.01) cohorts demon-
strated significantly worse prognosis for patients with
higher SDMS scores based on a median split (Fig. 4B).
Univariable regression analysis comparing the unadjusted
performance of the 93-gene SDMS for predicting metastasis

to that of clinicopathological risk factors revealed that the
SDMS was more prognostic than the clinicopathological
factors in the five validation cohorts (Table 2 and
Supplementary Table 14). Using multivariable analyses in
which the prognostic significance of the SDMS was adjusted
for the clinical and pathological variables, the SDMS was a
significant predictor of metastasis, independent of clinico-
pathological variables, in the MC Il and CCF cohorts (Table 2,
Supplementary Table 14, and Supplementary material).

Table 2 - Validation of the 93-gene stroma-derived metastasis signature and its performance and potential utility for patient risk

stratification in multiple independent clinical cohorts

Cohort Patients (n) Wilcox (p value) AUC UVA (p value) MVA (p value) KM (p value)
Mayo Clinic I ? 545 6.36E-46 0.86 1.72E-30 4.37E-20 N/A

Mayo Clinic II 235 4.78E-11 0.77 5.77E-07 1.49E-04 5.77E-07
CCF 182 1.06E-11 0.83 5.00E-07 2.28E-02 2.89E-06
JHMI 260 1.47E-03 0.62 4.22E-03 1.12E-01 4.22E-03
Rotterdam 48 6.56E-04 0.85 2.77E-02 9.77E-02 N/A

MSKCC 131 1.88E-04 0.87 3.99E-02 5.97E-01 N/A

AUC = area under the receiver operating characteristic curve; UVA = univariable analysis; MVA = multivariable analysis; KM = Kaplan-Meier analysis; N/A = not
applicable; CCF = Cleveland Clinic Foundation; JHMI = Johns Hopkins Medical Institutions; MSKCC = Memorial Sloan Kettering Cancer Center.

2 Training data set.
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3.5. The SDMS provides a biomarker for risk stratification of
patients with intermediate-risk PCa

Treatment decisions are particularly problematic for
patients with intermediate-risk primary PCa because of
the wide range of biochemical and/or clinical recurrences in
this group [27,28]. To investigate the prognostic perfor-
mance of the SDMS in this group, KM curves were generated
for a group of patients with Gleason 7 PCa extracted from
the MC II cohort. On the basis of a median split, patients
with high signature scores had worse prognosis (p < 0.001)
than those with low signature scores (Fig. 5A). The results
suggest that the SDMS is predictive for metastatic potential
within the intermediate-risk group.

3.6. The 93-gene SDMS provides additional independent
information for prediction of PCa risk

The SDMS was further compared to five other previously
reported gene signatures associated with aggressive PCa in

predicting metastasis [10-14] in an additional multivari-
able analysis for a pool of patients from three validation
cohorts (total 621 patients) [22-24]. The five signatures
selected for comparison were the top performing signatures
by C-index as reported by Ross et al [24]. The results show
that the SDMS is independently prognostic of metastasis
within 5 yr following RP. Furthermore, to evaluate whether
the SDMS could improve on the predictive power of the
previously reported signatures, combined logistic regres-
sion models (trained in the MC I cohort) were evaluated in
the pooled validation cohort to evaluate any improvement
in AUC. The SDMS improved the AUC for three previously
reported gene signatures: a significant improvement in AUC
was observed for the Xie [13] and Wu [12] signatures; an
improvement was also seen with the Bibikova [10]
signature, but this did not reach statistical significance
(Fig. 5B and Table 3). These results suggest that the SDMS
captures additional prognostic information (Table 3 and
Supplementary Table 15) and could improve the predictive
power of the previously reported signatures.

Table 3 - Multivariable analysis (MVA) of the stroma-derived metastasis signature (SDMS) and external signatures, and improvements in the
area under the receiver operating characteristic curve (AUC) by combining SDMS with external signatures

SDMS Erho [14] Penney [11] Wu [12] Bibikova [10] Xie [13]
MVA
0Odds ratio 1.85 2.06 1.88 1.98 1.72 1.17
95% confidence interval 1.24-2.75 1.35-3.15 1.20-2.96 1.31-2.99 1.14-2.62 0.77-1.76
p value 0.002 <0.001 0.01 0.002 0.01 0.46
AUC
External signature only - 0.75 0.73 0.68 0.73 0.64
External signature + SDMS - 0.75 0.72 0.69 0.74 0.71
p value - 0.97 0.48 <0.001 0.61 <0.001
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4. Discussion

There is mounting evidence to support the concept that
metastasis is mediated by a dynamic and bidirectional
interaction between cancer cells and surrounding stromal
cells. In light of this, a deeper investigation of the
metastasis-related gene expression of tumor-stromal cells
may lead to identification of prognostic gene signatures that
can be used to improve patient risk stratification.

We used a panel of PDX models originally derived from
multiple foci of a single prostate tumor. Although genetically
similar, these models exhibit markedly different metastatic
abilities. Since the stromal genes within established PDX
models are largely of mouse origin [18-20] (Supplementary
Fig. 3), these models allow for distinct separation between
stromal and tumor gene expression. To the best of our
knowledge, this is the first study of global stromal gene
expression in PCa PDX models using RNA-seq. Of major
interest is our finding that a stromal gene signature can be
used to distinguish indolent prostate tumors from those
with metastatic propensity in clinical cohorts. This observa-
tion is consistent with results from a recent study that
reported an association between a lower presence of
lymphatic vessels or reduced immune cytotoxicity and
metastasis, while patients both with and without distant
metastases showed no major differences in cancer cell-
related gene expression levels [29].

A large proportion of genes included in the SDMS are
related to cellular movement and migration, which was also
the most enriched biofunction category. Furthermore, it has
been reported that some of the genes in the SDMS are
involved in the modulation of cell-cell and cell-matrix
interactions (such as LGALS1, LAGLS3, SPP1, ADAM12, and
COL14A), which is consistent with the concept of cancer-
stromal interactions during the process of metastasis. Our
results support the potential utility of stromal gene
signatures as a source of predictive biomarkers for
metastasis in primary tumors. This proposed use of
stroma-based biomarkers might also reduce the problems
associated with tumor heterogeneity and biopsy under-
sampling. Therefore, the discovery of a stromal gene
signature as a prognostic biomarker for primary PCa has
the potential to be transformative for various aspects of PCa,
ranging from a deeper understanding of tumor biology to
patient stratification and drug development. Unfortunately,
although whole transcriptomic sequencing was able to
distinguish between human and murine transcripts, it was
still unable to determine the specific cellular origins of the
gene signature. Further investigations using immunohis-
tochemistry and fluorescence-activated cell sorting analysis
will be critical for clarification of the cellular origin(s) of the
SDMS signature to gain a more nuanced understanding of
the cancer-stroma interaction in PCa.

The prognostic value of this gene panel was successfully
validated in five independent clinical cohorts using
GenomeDx data sets involving a total of 856 patients. More
importantly, this SDMS is independent of other clinico-
pathological factors, which suggests that it can provide
additional prognostic value. Furthermore, multivariable

analysis demonstrated that the SDMS is a strong indepen-
dent factor compared to five previously reported signatures.
SDMS improved the AUC for three of these signatures,
reiterating its independent prognostic value. An association
has also been reported between stromal gene signatures
and tumor molecular subtypes [30]. However, in the
present study we did not find any association between
tumor subtypes and SDMS strength, which further indicates
the independent nature of the information provided by the
SDMS (Supplementary Fig. 8).

In addition, the SDMS may help to fill a critical gap in PCa
patient management if its ability to stratify intermediate-
grade Gleason 7 PCa is further validated. This study did not
include sufficient Gleason 6 cases for validation of the SDMS
predictive value in low-risk tumors. Since sequencing of
biopsies is becoming common, evaluation of the SDMS in
PCa biopsy samples, particularly in PCa with low to
intermediate Gleason score, will be possible. Further
development of an easy-to-use assay to test the SDMS in
formalin-fixed, paraffin-embedded tissue and in fresh-
frozen samples using targeted RNA-seq techniques will
expand the potential utility and applicability of this
signature. Finally, if it is confirmed that the SDMS includes
genes shared among different tumor types, this signature
might serve as a pan-cancer biomarker for metastatic risk
beyond PCa.

5. Conclusions

We used species-specific transcriptomic profile analysis of a
unique panel of PDX models to develop a 93-gene signature
that accurately predicts the metastatic potential of primary
PCa, including the PCa subpopulation with intermediate
Gleason score. Its predictive value was successfully
validated in five large independent clinical cohorts. If
implemented in combination with other established
biomarkers and clinicopathological factors, this SDMS could
provide invaluable information to facilitate better PCa
patient management.
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