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Abstract

Purpose—Transcriptional pathway activity and the molecular subtypes of breast cancer
metastases have been shown to significantly influence patient postrelapse survival. Here, we
further determine the relevance of clinically employed gene signatures in the advanced breast
cancer (ABC) setting.

Experimental Design—Sufficient RNA for expression profiling was obtained from distant
metastatic or inoperable locoregional relapse tissue by fine-needle aspiration from 109 patients of
the Swedish TEX clinical trial. Gene signatures (GGI, 70 gene, recurrence score, cell-cycle score,
risk of recurrence score, and PAM50) were applied to all metastases, and their relationship to long-
(5-year) and short-term (1.5-year) postrelapse survival at all and locoregional lymph nodes (7=
40) versus other metastatic sites (7= 69) combined was assessed using Kaplan-Meier and/or
multivariate Cox regression analyses.

Results—The majority of metastases were classified into intermediate or high-risk groups by all
signatures, and a significant association was found between metastatic signature subgroups and
primary tumor estrogen receptor status and histologic grade (£ < 0.05). When considering all sites
of metastasis, only PAM50 was statistically significant in Kaplan—Meier analysis (Log-rank P=
0.008 and 0.008 for long- and short-term postrelapse breast cancer—specific survival, respectively).
This significance remained in both uni- and multivariate models when restricting analyses to
lymph node metastases only, and a similar trend was observed in other metastatic sites combined,
but did not reach formal significance.

Conclusions—Our findings are the first to demonstrate that the PAM50 signature can provide
prognostic information from the lymph node metastases of ABC patients.

Introduction

The widespread availability and focused application of large-scale “Omic” technologies
have greatly contributed to our understanding of the molecular heterogeneity of primary
breast tumors (1). We now know that breast cancer should no longer be considered a single
disease but one comprised of five (2) to 10 (3) individual subgroups each of which
corresponds to a different underlying biology (4), survival rate, and response to treatment (5,
6).

Recent clinical trial data have served to highlight the capacity of gene-expression signatures
to select subgroups of breast cancer patients who could safely be spared from chemotherapy
(7, 8) and who demonstrate a better response to neoadjuvant treatment with trastuzaumab
(9). While much data have been accrued on the prognostic and treatment predictive capacity
of gene signatures in primary breast tumors, their applicability in the advanced breast cancer
(ABC) setting remains unclear. Given that ABC3 clinical guidelines recommend
reevaluation of metastatic lesions for estrogen (ER), progesterone (PR), and HER2
expression (10), and that data from primary tumors have shown the ability of gene signatures
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to compete well with the same IHC markers plus Ki67 (11), an assessment of whether gene
expression signatures can provide prognostic information in breast cancer metastases is
warranted. Related to this, a number of studies have demonstrated differences in protein
expression (refs. 12, 13; ER, PR, HER2), DNA mutations, and gene copy numbers (14-16)
between matched primary and metastatic tumors, serving to reaffirm the importance of
biomarker assessment in metastatic lesions, in particular if a targeted breast cancer treatment
is to be administered.

We have previously demonstrated that transcriptional pathway activity and the molecular
subtypes (PAMS50) of breast cancer metastases significantly influence patient postrelapse
survival (17). Here, we aim to extend these findings through Kaplan—Meier and Cox
regression analysis of five routinely employed gene expression signatures, along with a
simple cell-cycle classifier, with specific focus on site of metastatic relapse.

Patients and Methods

Cohort description

A full description for this cohort, including patient characteristics, treatments received, and
clinical endpoints, has been previously published (18). Briefly, the TEX trial (18) was a
Swedish multicenter randomized clinical trial (ClinicalTrials.gov identifier NCT01433614)
that compared the efficacy of epirubicin and paclitaxel alone or in combination with
capecitabine as a firstline treatment in the locally advanced inoperable or metastatic breast
cancer setting. A total of 304 patients were enrolled in the trial from December 2002 to June
2007 with morphologically confirmed advanced locoregional or distant breast cancer
relapse. As part of the TEX translational study, patients were asked to give a sample of
metastatic lesions if accessible by either a fine-needle aspiration (FNA) or a core biopsy, but
sampling was optional. After exclusion of patients who did not provide a biopsy along and
samples that did not pass quality controls regarding tumor cell purity and cellularity, 109
patients remained with whole-genome gene expression data from array profiling, detailed
clinical information and complete follow-up. A CONSORT diagram is shown in
Supplementary Fig. S1. The clinicopathologic characteristics of the patients included in the
translational TEX trial were representative of the original TEX trial and the primary tumor
characteristics for these 109 patients are shown in Supplementary Table S1. Sites of
metastasis/relapse biopsy for these patients were as follows: lymph node (37%), liver (24%),
skin (18%), breast (14%), skeleton (4%), lung/pleura (2%), and other (1%). The breakdown
of the lymph node biopsy sites were: supraclavicular (23, 57.5%), axilla (10, 25%), neck (3,
7.5%), retrosternal (1, 2.5%), inguinal (1, 25%), infraclavicular (1, 2.5%), and lymph node
unspecified (1, 2.5%). For the sake of brevity, we henceforth call all samples metastases
regardless of whether they were taken from an inoperable locoregional or distant metastatic
site. The clinical study was approved by the ethics committee at Karolinska Institutet, which
had jurisdiction for all participating centers, and by the Swedish Medical Product Agency.
All patients received oral and written information and consented to participate.
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Expression array profiling and data normalization

All metastases were profiled on the Rosetta/Merck Human RSTA Custom Affymetrix 2.0
microarray (GEO: GPL10379) and background corrected/normalized using the
aroma.affymetrix R package. Data can be retrieved from NCBI GEO under accession
number GSE56493. Because this cohort contains more clinically aggressive and highly
proliferative tumors relative to a population-based primary breast cancer cohort, we
normalized our gene expression arrays from the TEX metastatic material with 623 primary
breast tumors (NCBI GEO reference: GSE48091) run on the same array platform. A full
description can be found in ref. 17.

Gene expression signatures

Research versions of the Genomic Grade Index (GGI), 70 gene (commercially
Mammaprint), Recurrence Score (RS, commercially OncotypeDx), Risk of Recurrence -
Subtype (ROR-S), and prediction analysis of microarray 50 (PAM50) signatures were
applied as described in the original publications, and we have previously published our R
code for these classification calls (19). Note that the ROR-S signature is derived from the
PAMDS50 tumor calls. Tumors classified as normal-like by PAM50 were excluded from
analyses. Signatures were chosen on the basis of their relevancy in an on-going Swedish
clinical trial (20) and owing to their use in a routine clinical setting. The cell-cycle score
(CCS) was derived by adding the expression of cell-cycle genes identified from three
different databases (KEGG, HGNC, Cyclebase) and splitting the resulting continuous
variable into tertiles of low, intermediate, and high cell-cycle activity, further details here
(21).

Statistical analysis

All statistical analyses were performed using R statistical software version 3.3.1. Kaplan—
Meier and multivariate proportional hazard (Cox) analyses were performed adjusting the
latter for calendar year and age at diagnosis in addition to the TEX clinical study treatment
arms. We did not adjust for additional tumor characteristics due to sample size and no
significant deviation was noted for the proportional hazard assumption in the survival model.
The likelihood ratio (LR) for all signatures was also calculated from this multivariate model
and used as a measure of signature prognostic capacity. Postrelapse breast cancer—specific
survival (BCSS) was defined as long- (up to 5 years or more) and short-term (up to 1.5 years
postrelapse survival). Of note, this short-term cutoff was defined retrospectively to capture
the visually apparent distribution in postrelapse BCSS (41% of patients died within 1.5
years) and was determined by applying a model of two normal distributions to the survival
time variable. A comprehensive description of this cutoff and associated methods has been
previously published (17). To assess differences between primary tumor clinicopathologic
variables and metastatic tumor gene-expression subtypes statistical tests were chosen based
on the class of variables being compared: ordinal versus nominal (e.g., RS vs. ER)—
Wilcoxon/Mann-Whitney test; categorical versus nominal (e.g., PAM50 vs. ER)—X2 or
Fisher exact tests; categorical versus ordinal—Kruskal-Wallis test; ordinal versus ordinal—
Spearman rank correlation test. Tests used are indicated in table legends.
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Gene signature clinicopathologic characteristics

We applied the GGI, 70 gene, CCS, RS, ROR-S and PAM50 signatures to expression array
data from 109 metastatic breast cancer biopsies, taken by fine-needle aspiration. As
expected, given the aggressive nature of metastases, few tumors were classified as low risk/
good prognosis by gene signatures (Fig. 1, blue bars. GGI: 27%, 70 gene: 21%, CCS: 8%,
RS: 3%, ROR-S: 4%, PAMS50, Luminal A: 11%).

The relationship between the signature subgroups of the metastases and patient/tumor
characteristics from their matching primary breast tumor are shown in Table 1 and
Supplementary Table S2. For all signatures, we found a statistically significant association
between metastatic tumor gene signature subtype and the ER status (Table 1, left hand side)
or histologic grade (Table 1, right hand side) of its matching primary tumor. Similar results
were noted for PR (Supplementary Table S2, no adjustment was made for multiple-testing).

PAMS50 predicts long- and short-term postrelapse breast cancer—specific survival

We next assessed the capacity of gene-expression signatures to predict postrelapse BCSS
using Kaplan—Meier and Cox regression analyses. Neither of the binary GGI nor 70 gene
signatures demonstrated statistical significance in Kaplan—-Meier analysis (Supplementary
Figs. S2 and S3, A and B, log-rank Pvalues: GGI = 0.655 and 0.368, 70 gene = 0.389 and
0.188 for long/short-term survival, respectively). The same was true for the multilevel RS,
CCS, and ROR-S signatures (Supplementary Figs. S2 and S3C-S3E, Log-rank Pvalues: RS
=0.403 and 0.461, CCS =0.181 and 0.450 and ROR-S = 0.221 and 0.148, for long/short-
term survival, respectively). Only PAMS50 provided statistically significant prognostic
information when considering all metastatic sites whereby tumors classified as Basal-like,
Luminal B, and HER2-enriched have a worse prognosis relative to those classified as
Luminal A (Supplementary Figs. S2 and S3, F, log-rank 2. PAM50 = 0.008 and 0.008 for
long/short-term BCSS, respectively), this significance remained in multivariate analysis
(Table 2, left-hand column, “All Sites”). Long- and short-term univariate HRs for all
signatures are shown in Supplementary Table S3.

The prognostic capacity of signatures is recurrence site dependent

On the basis of previous publications showing that breast cancer subtypes display
preferential sites of metastasis (22—24), we examined whether gene signature subtype is
influenced by metastatic site (Table 3). Interestingly, no liver metastases were classified as
Basal-like by PAM50, in line with the work of Kennecke and colleagues (23) demonstrating
a lower rate of liver metastasis for this tumor subtype (Table 3, see “Liver”).

As lymph node metastases are often the most accessible/practical biopsy site in metastatic
cancer patients, we next wanted to determine whether a signature could also predict patient
postrelapse survival from a lymph node biopsy. For this analysis we divided our metastases
into two groups of lymph node versus other metastatic sites combined (liver, skin, breast,
skeleton, lung/pleura and other) and focused on the PAM50 signature. We found no
statistically significant difference in subtype distribution when comparing these two groups
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(Table 3, compare “Lymph node” with “Other sites” for PAM50, £=0.177) and Kaplan-
Meier curves were also comparatively similar, in particular the Luminal B and HER2-
enriched subtypes, although statistical significance was not reached in long-term survival
analysis (Supplementary Fig. S4, compare A with B, £=0.055 and £=0.111, respectively).
The corresponding multivariate analysis showed an increased HR for HER2-enriched tumors
in both groups, but only reached formal significance in lymph node metastases [Table 2,
compare lymph nodes with other sites, HER2-enriched subgroup HR, 3.7; 95% confidence
interval (CI), 1.2-11.6 and HR, 2.0; 95% CI, 1.0-4.1, respectively, long-term BCSS]. The
Basal-like subgroup provided statistically significant information in lymph node metastasis
only (Table 2, Lymph nodes, Basal-like subgroup HR, 7.9; 95% ClI, 2.2-28.2; long-term
BCSS). Finally, using the LR as a measure of the prognostic capacity, we found that PAM50
provides prognostic information in both groups after adjusting for calendar year, age at
diagnosis and the TEX clinical study treatment arms (Supplementary Table S4. Long-term
LR: PAM50 = 20.0 and 10.4; < 0.001 and ~= 0.015 for Lymph nodes and Other sites,
respectively).

Taken together these findings indicate that assessment of PAMS50 on a lymph node biopsy
can provide significant prognostic information on patient postrelapse survival.

Discussion

In this study, we applied six gene signatures to expression array data from 109 patients with
ABC and determined the prognostic capacity of each signature across all sites, before
comparing lymph node versus all other sites using postrelapse survival as the clinical
endpoint. Our analyses yielded three main findings; first, that the majority of breast cancer
metastases are classified as poor prognosis by gene expression signatures, second, that there
is a significant relationship between metastatic tumor signature subtype and the ER status or
grade of its matching primary tumor, and third, that PAM50 can predict postrelapse survival
in lymph node metastases. To our knowledge this is the first time these signatures have been
applied and compared in the ABC setting and importantly, the first clear demonstration of
the prognostic utility of PAM50 at a specific metastatic site. It is also worth noting that we
found a trend toward significance for PAMS50 in multivariate analysis of our “other
metastatic sites combined” grouping, indicating that this signature may also be informative
at other metastatic sites. However, we lack the statistical power to draw any significant
conclusions regarding the individual sites within this grouping.

Regarding our finding of an association between metastatic tumor signature subtype and
primary tumor characteristics (ER, PR, and histologic grade), a recent comparison of the
PAMDB50 subtypes between 123 paired primary and metastatic samples showed that tumor
molecular subtype is generally maintained at recurrence except in Luminal A tumors which
changed to a different subtype in up to 55% of cases (25). As PAM50 defined Luminal A/B
tumors are predominantly ER-positive by IHC analysis (26) our finding of less metastatic
tumors with these tumor subtypes among patients who had an ER-negative primary tumor
(Table 1) was anticipated. Molecular subtype concordance between different tumors in the
same patient has also been demonstrated by Hoadley and colleagues (27) in a study of two
triple-negative breast cancer patients where the PAM50 Basal-like subtype was maintained
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across multiple metastatic sites. These results further support the potential of PAMS50 as
determined from a lymph node metastasis to provide an accurate representation of
postrelapse survival in ABC patients.

Although current ABC and ASCO guidelines (10, 28) recommend the reassessment of ER,
PR, and HER? at relapse, the utility of Ki67 is less clear. In the primary tumor setting, Ki67
is used to differentiate better prognosis, low proliferation luminal A tumors from highly
proliferative and aggressive luminal B tumors. This distinction has direct treatment
implications as luminal A tumors do not derive benefit from adjuvant chemotherapy (6) and
show the least pathologic complete response (pCR) following treatment with chemotherapy
in the neoadjuvant setting (5). Assessing Ki67 expression in ABC patients is, however,
hampered as scoring the protein at the invasive edge of the tumor (which is recommended
for accuracy; ref. 29) is not possible if the sample is taken by fine-needle aspiration owing to
loss of tissue architecture. Moreover, even if the samples were to be taken by core needle
biopsy, the prognostic relevance of Ki67 in breast cancer metastases and indeed the most
appropriate cutoffs for good versus poor prognosis have not been sufficiently evaluated.
Taken together, these issues point to the potential utility of a gene signature such as PAM50
over routine IHC biomarker analysis to aid in treatment decisions in patients with ABCs.

The main limitations of our study are as follows; first, this study is retrospective, unplanned,
and as such is exploratory in nature. Second, sample size is limited with very few samples
classified as good prognosis. The RS signature offers the best illustration of this where only
three metastases were designated as “Low risk.” Although there is most certainly a
biological rationale for this dearth of low-risk samples (metastatic tumors are inherently
aggressive, poor prognosis tumors), it may be the case that the study is not powered to detect
prognostic differences between some signature subgroups. Given the exploratory nature of
our work, power calculations have not been performed and as such further larger studies
with long-term postrelapse follow-up data will be required to confirm our findings. Third,
we are using the research versions of gene-expression signatures rather than their
commercial counterparts and fourth, our results have not been validated in a second
independent dataset; however, we are not aware of any another dataset where gene
expression profiling has been performed on such a large number of metastatic tumors
coupled with long-term complete clinical follow-up data.

In summary, we are the first to apply and directly assess the ability of several clinically
relevant gene expression signatures to predict postrelapse survival in metastatic biopsies
from breast cancer patients and to demonstrate the prognostic strength of the PAM50
signature in lymph node metastases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

Gene-expression signatures have been shown to provide prognostic and treatment
predictive capacity in primary breast tumors; however, their applicability in the advanced
breast cancer (ABC) setting is unknown. Here, we apply and directly assess the ability of
several clinically relevant gene-expression signatures to predict postrelapse survival in
metastatic biopsies from ABC patients. Our findings demonstrate not only that the
majority of metastases are classified as high-risk/poor prognosis by all signatures, but
also that PAMS50 can provide prognostic information when applied to lymph node
metastases. Given the difficulty in assessing proliferative biomarkers such as Ki67 at
metastatic sites, this research highlights the potential utility of a gene signature to aid in
treatment decisions in patients with ABC.
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Distribution of gene expression signature subgroups in breast cancer metastases (N = 109).
The distribution of gene expression signature subgroups across all 109 breast cancer
metastases; numbers represent the percentage of each signature subgroup. For example,
GGl: GG127%, GG3 73%. Blue shading represents expected good prognosis tumors. GGl,
Genomic grade index; ROR-S, Risk of recurrence subtype score; *, Reduced numbers (V=

105).
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