
Annotate modules based 
on common biology of 
co-expressed genes 

 Perou Intrinsic Subtype Classification

OncoScore Classification Luminal A Luminal B  Basal ERBB2

OncoScore Luminal A 63 12  0 0 

OncoScore Luminal B 23 53  5 14

OncoScore Basal 0 0  40 2

OncoScore ERBB2 2 16  1 33  

Type Module # Genes

Lineage Luminal 465

  Basal 479

  Lobular 370

 Lobular II 85

Pathways Cell Growth 577

 Proliferation 943

 Early Growth Response 21

 Interferon Response 73

 Protein Biosynthysis 109 

 Cell Growth II 57

Microenvironment Stroma 962

 Lymphocyte Infiltrate 932

 Immune Response II 58

Genomic Regions 17q21/22 – ERBB2 14

 17q23/24 48

 8p11 – FGFR1 14

 8q22 127

 8q24 36

 11q14 11

56 breast cancer patient 
cohorts (>5,000 
patients) analyzed by 
whole genome gene 
expression microarray

Identify major 
tumor 
co-expression 
patterns in each 
dataset

Define core gene 
co-expression patterns 
(modules) by 
meta-analysis

Convert optimal 
marker genes to 
RT-PCR assay 
validated for 
formalin-fixed 
paraffin embedded 
(FFPE) specimens

Figure 1. Derivation of  OncoScore Modules.  

Figure 2. OncoScore Modules.  
A co-expression meta-analysis of  5,300+ breast cancer microarrays identified 19 core gene 
expression patterns (modules), representing the major transcriptional diversity of  breast cancer. 
The gene and pathways represented in the modules were studied to name the modules. 

A. The luminal co-expression module in a representative dataset. 

B. The proliferation co-expression module in a representative dataset. 

C. The lymphocyte infiltrate module in a representative dataset. 

Figure 7. Prognostic significance of  
calculated recurrence 
scores.  

Figure 8. OncoScore qPCR assay validation in FFPE breast cancer tissue.  
Correlated patterns of module gene expression are preserved by quantitative PCR analysis in formalin-fixed paraffin-embedded (FFPE) breast 
cancer tissue. For each of  the 19 modules, up to ten Taqman assays were screened for performance in 65 FFPE breast cancer specimens. 
Module gene-gene correlations were computed and the top three performing assays per module were selected for the final assay. Four 
representative gene-gene module correlations are presented and coded by clinical subtype. 

Figure 9. Module-based Molecular Stratification.  
This assay recapitulates established molecular sub-classifications (basal, luminal A, luminal B, HER2, lobular) and also reveals substantial diversity 
within each sub-group (analysis of  65 patient cohort: University of  Michigan.)

Figure 3. Comparison of  OncoScore modules with PAM50 classification.  
OncoScore module scores were computed across a 295 patient microarray dataset (1,2) and compared to the previously generated intrinsic subtype PAM50 classification 
(2,3,5). ANOVA was used to identify modules with variable expression within the PAM50 subtypes and the top 5 most significant associations are presented. Tumor 
co-expression modules associated with the luminal and basal phenotypes, proliferation, and ERBB2 amplification significantly associate with their matching PAM50 
classifications.

Figure 4. Comparison of  specific OncoScore modules with PAM50 
Luminal A/B classification.  

Figure 5. Prognostic significance of  breast cancer intrinsic subtype classifications.  

Table 1. Recapitulation of  PAM50 classification 
with OncoScore modules.  

A decision tree was used to recapitulate the stratification of  samples into PAM50 
intrinsic subtypes, using the OncoScore module scores as inputs. An OncoScore 
analogue of  the PAM50 classification was performed as follows: first, samples with 
intrinsic subtypes of  “normal” were excluded. Samples with OncoScore Basal scores 
>0.52 were designated as Basal. Of  the remaining samples, samples with OncoScore 
17q21/22-ERBB2 scores >0.278 were designated ERBB2. Of  the remaining samples, 
samples with OncoScore Luminal scores >0.439 were called Luminal A, samples with 
OncoScore Luminal scores <0.439 were called Luminal B. The significance of  the 
relationship was assessed by a simulated Pearson's Chi-squared test.

Abstract:
Gene expression patterns are increasingly capable of  stratifying patients based on prognosis 
and response to therapy. Given the limited availability of  sample tissue, however, it is not 
feasible to run many tests, suggesting the need for a universal companion diagnostic assay 
that is informative with respect to multiple clinical and therapeutic endpoints. Key challenges 
are identification of  appropriate gene expression biomarkers, translation of  biomarkers to 
clinical assays, and development of  reliable gene expression profiling of  formalin-fixed 
clinical specimens. Here, we describe a meta-analysis approach that identifies novel 
biomarker modules that results in multiple clinical and therapeutic read-outs.

A co-expression meta-analysis of  5,339 breast tumors from 56 microarray datasets identified 
highly co-expressed sets of  genes (modules) across multiple datasets. These module-based 
biomarkers were compared with existing breast cancer classification schemes including 
PAM50 and the Oncotype DX® Recurrence Score. Notably, a combination of  modules 
approximated both the PAM50 classification and the Oncotype DX® group scores and 
prognostic performance when analyzed across retrospective microarray data. To build a 
clinically tractable assay to quantify modules, each module was reduced from 10–1,000 
genes to the top performing 2–3 genes based on the degree of  co-expression across the 
meta-analysis and validation by quantitative PCR in an independent panel of  FFPE tumor 
samples.

This study demonstrates that a single 96 gene qPCR test utilizing multiple module 
biomarkers is not only capable of  stratifying patients by standard histopathological 
parameters (ER, PR and HER2), but also stratifies by other diverse elements of  the disease 
(cell lineage, dysregulated core biological functions, factors of  cell growth, underlying 
genomic aberrations and the tumor microenvironment). Taken together, these biological 
variables represent the major biological diversity present within the breast cancer population.

Methods:
The microarray data for the van de Vijver (1,2) dataset was downloaded from 
http://microarray-pubs.stanford.edu/wound_NKI/NKI_complete_concatenated.txt. The 
associated clinical data was downloaded from http://microarray-pubs.stanford.edu/wound_ 
NKI/Clinical_Data_Supplement.xls. The clinical data included T Stage, N Stage, Grade, ER 
Status, and overall, recurrence-free, and progression-free survival times. The Perou intrinsic 
subtype centroid correlations and classifications, calculated in (3) were published in (2).

Gene-wise average-linkage correlation-distance hierarchical clustering was performed on the 
van de Vijver (1,2) dataset to identify clusters of  co-regulated genes. Previously defined 
module gene-lists were intersected with cluster gene-lists and assessed for significance of  
overlap using Fisher’s exact test. The genes in the intersection of  a module and its most 
significantly associated overlapping cluster were then used to score samples for that module. 
Module scores were calculated by averaging the dataset-wise z-score normalized expression 
values for the module-cluster overlap gene lists.

The Oncotype DX® test is a routinely used 21 gene quantitative PCR test that predicts disease 
recurrence in estrogen receptor positive, lymph node negative breast cancer (4). The 
recurrence score is calculated as the weighted combination of  4 gene groups and three 
individual genes normalized against a panel of  reference genes. Mock Oncotype scores were 
calculated on the van de Vijver (1,2) dataset as follows: First, reporters for the 21 genes 
contributing to the Oncotype Recurrence Score algorithm were identified. When a gene 
mapped to multiple reporters, the reporter with the maximum value of  (expression mean + 2 
* expression variance) was selected. The van de Vijver dataset expression values were 
rescaled from log10 ratios to log2 ratios before the following steps. To make the microarray 
expression values comparable to the normalized RT-PCR data for which the Oncotype 
Recurrence Score algorithm was designed, we calculated the mean expression of  the 
Oncotype reference genes, and then normalized the expression for the remaining 17 genes as 
10 – (xij–rj), where xij is the expression value for the ith gene in the jth sample, and rj is the 
mean of  the reference genes in the jth sample. Oncotype group scores were calculated as 
described in Paik et al. (4). The recurrence score includes the weighted combination of  4 
gene groups (HER2: ERBB2, GRB7; ER: ESR1, PGR, BCL2, SCUBE2; Proliferation: MKI67, 
AURKA, BIRC5, CCNB1, MYBL2; Invasion: MMP11, CTSL2) and three individual genes 
(GSTM1, CD68, BAG1) normalized against a panel of  reference genes (ACTB, GAPDH, 
RPLP0, GUS, TFRC) (4). The recurrence score = 0.47 * HER2 group score – 0.34 * ER group 
score + 1.04 * proliferation group score + 0.1 * invasion group score + 0.05 * CD68 – 0.08 * 
GSTM1 – 0.07 * BAG1 (4). 

We generated a multivariate OncoScore module analogue of  the Oncotype Recurrence Score 
by performing least-squares fit of  the mock Oncotype Recurrence Score, modeled using the 
OncoScore Luminal and OncoScore Proliferation module scores. This model was built on the 
van de Vijver dataset, and was defined as the OncoScore Prognostic Score = 10.8 + 0.88 * 
OncoScore Proliferation Score – 0.46 * OncoScore Luminal Score.

Associations of  continuous predictors with outcome were calculated 1) using univariate Cox 
Proportional Hazards models and by 2) stratifying the continuous predictors into tertiles, and 
performing the log-rank test for the difference of  the three survival curves. Associations of  
predictive classifications with outcome were calculated using the log-rank test. The statistical 
calculations were performed using the R programming language and the survival package.

The OncoScore clinical assay was designed by selecting three optimal marker genes per 
module. A quantitative PCR assay using the Taqman low density array was optimized for 
formalin-fixed paraffin-embedded tissue. In practice, OncoScore marker genes are normalized 
to house-keeping genes and averaged to provide module scores. The approach was tested on 
65 FFPE samples with known histological parameters such as ER, PR, and HER2.

Conclusions:
• Transcriptional variability of breast cancer can be reduced to a 

small number of co-expression modules.

• Modules approximate the PAM50 classification and provide 
comparable prognostic stratification.

• Modules approximate Oncotype DX® group scores and provide 
comparable prognostic stratification to the Oncotype DX® 
Recurrence Score, calculated from microarray data.

• OncoScore, a 96 gene qPCR test, is capable of quantifying module 
expression in FFPE tissue.

  

Gene expression module biomarkers to stratify multiple clinical and therapeutic endpoints: A comparison with PAM50 and Oncotype DX® 
Seth Sadis2, Scott Tomlins1, Paul Williams2, Peter Wyngaard2, Kahuku Oades3, Sukla Chattopadhyay3, Yipeng Wang3, Joseph Monforte3, Byung-In Lee3, Daniel Rhodes1,2

1Michigan Center for Translational Pathology, University of Michigan, Ann Arbor, MI, United States; 2Compendia Bioscience, Inc., Ann Arbor, MI, United States, 3AltheaDx, San Diego, CA, United States

Results:

• Module genes demonstrated expected gene-gene correlations

• Module genes correlated with expected clinical characteristics

Figure 6. Comparison of  OncoScore Modules and Oncotype DX® Group Scores.  
OncoScore modules approximate Oncotype DX® group and gene scores. OncoScore module scores and mock Oncotype DX® group and gene scores were calculated and tested for correlation in a microarray dataset of  295 breast cancer patients (1,2). 

A. The mock Oncotype DX® ER group score significantly correlated with the OncoScore Luminal module. 

B. The mock Oncotype DX® Proliferation group score significantly correlated with the OncoScore Proliferation module. 

C. The mock Oncotype DX® HER2 group score significantly correlated with the OncoScore HER2 module. 

D. CD68 gene expression significantly correlated with the OncoScore Immune response module.

Comparison of the prognostic performance of the mock 
Oncotype DX® Recurrence Score (4) and the surrogate 
OncoScore Prognostic Score in a breast cancer 
microarray dataset (1,2). A mock Oncotype DX® 
Recurrence Score was calculated by applying the 
Recurrence Score algorithm (4) to the 295 breast cancer 
patient microarray dataset (1,2). In addition, an OncoScore 
predictive model was developed to approximate the 
Oncotype DX® Recurrence Score using stepwise 
multivariate regression, resulting in a two-module model, 
from which OncoScore Prognostic Scores were derived. 
Scores were determined on the full dataset for which 
overall survival data was available, as well as on a subset 
of  patients that were estrogen receptor (ER) positive, 
lymph node negative. Equal numbers of  patients were 
grouped into tertiles according to their mock Oncotype DX® 
Recurrence Score or the OncoScore Prognostic score. The 
ability of  the scores to discriminate overall survival was 
evaluated by Kaplan-Meier analysis. The log-rank test was 
used to assess significance.

A. All patients, mock Oncotype DX® Recurrence Score 

B. ER+, Node negative, mock Oncotype DX® Recurrence 
Score 

C. All patients, OncoScore Prognostic Score

D. ER+, Node negative, OncoScore Prognostic Score 

Oncotype Recurrence score as described by Paik et al (4): 
0.47 * HER2 group score – 0.34 * ER group score + 1.04 * 
proliferation group score + 0.1 * invasion group score + 
0.05 * CD68 – 0.08 * GSTM1 – 0.07 * BAG1

 

OncoScore Prognostic Score: 
10.8 + 0.88 * OncoScore Proliferation Score - 0.46 * 
OncoScore Luminal Score 

Comparison of the 
prognostic significance of 
the PAM50 intrinsic subtype 
classification and the 
surrogate OncoScore 
subtype classification.

A. Survival analysis of  the 
PAM50 intrinsic subtypes 
assessed by Kaplan-Meier 
analysis and the log rank 
test.

B. Survival analysis of  
OncoScore subtypes 
assessed by Kaplan-Meier 
analysis and the log rank 
test. 

OncoScore module scores were 
computed across a 295 patient 
microarray dataset (1,2) and 
compared to the previously 
generated luminal A/B 
classification (2,3). Because the 
Luminal and Proliferation modules 
both associated with the Luminal 
A/B classification, samples were 
plotted by their module scores and 
coded by their Luminal A/B status. 
Together, the two modules closely 
approximate the Luminal A/B 
distinction provided by PAM50. 
Patients were only assigned to a 
class if  the correlation value is 
above 0.1. 109 patients with 
correlations <0.1 to any class are 
labeled NA.
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