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Functional annotation

Gene ontology (GO) biological process enrichment analysis was carried out
for coexpression modules via the DAVID bioinformatics tool (http://david.
abcc.nciferf.gov/).

Database development
To accompany the ndings from this study, an online database (http://glados.
ucd.ie/Coexpression/) was developed to allow researchers in the breast can-
cer community to access the underlying information in a user-friendly man-
ner. The gene-centric database can be searched or browsed by gene of interest
to locate coexpressed gene partners using the PCC or Spearman correlation
coef cient. The HR and accompanying P-value from survival analysis for the
DFS, DDFS or OS endpoints are returned. In addition to endpoints for breast
cancer as whole, survival information for the four molecular subtypes can
also be returned. An interactive network diagram is also constructed using the
ash network viewer (46) and moving the mouse over the coexpressed genes
presents the corresponding Kaplan Meier survival curves. An example of the
network diagram output provided by the database is shown in Supplementary
Figure 2, available at Carcinogenesis Online.

Results

Identi cation of coexpressed gene clusters from the publicly available
breast cancer microarray data set using WGCNA

Prior to WGCNA, probesets that had low expression and/or did not
vary suf ciently across each of the 13 data sets were eliminated on
a study-by-study basis. From the remaining probesets, we retained
only those that were present on both the Affymetrix HG-U133A and
HG-U133 Plus 2.0 microarray (these platforms have 22 277 probesets
in common). A total of 6737 probesets met these criteria across the
publically available data (n = 2342). At this stage, the data were fur-
ther reduced by retaining only the 5500 probesets with the strongest

degree of coexpression across the data set (calculated by summing
the coexpression similarity in each row of the adjacency matrix).
From the remaining data (2342 samples 5500 probesets), WGCNA
elucidated 11 coexpressed modules ranging in size from 30 to 1020
probesets (Figure 1A, Supplementary Table 3 and Supplementary
File 1, available at Carcinogenesis Online). A single group of 79 non-
coexpressed probesets was also outputted. In this paper, we adopted
the WGCNA developer s rationale of assigning each coexpression
module an arbitrary color for reference (with the non-coexpressed
group designated as gray ). To determine if there was any associa-
tion with clinicopathological variables or survival using the PCC or
Cox regression, respectively, principal components analysis was car-
ried out to generate the MEs (Supplementary Table 3, available at
Carcinogenesis Online, shows the amount of variance captured for
each ME). The MEs provide single-column summary measures of
the overall information contained within each coexpression cluster to
allow associations to be drawn. We also calculated the module mem-
bership between each of the 5500 probesets and the coexpression
modules (Supplementary File 1, available at Carcinogenesis Online).

Several coexpression modules are correlated to breast cancer
clinicopathological variables

To determine if any of the identi ed coexpression modules were
associated with clinicopathological information, we calculated the
PCC between the (undichotomized) MEs and age, tumor size, tumor
grade, lymph node status and receptor expression (ER, HER2 and PR;
Figure 1B). The green (984 probesets) and yellow (723 probesets) mod-
ules yielded signi cant although opposite PCCs with ER status (yel-
low= 0.37; green=+0.57), PR status (yellow=0.32; green=+0.5) and
tumor grade (yellow = +0.56; green =  0.43). We also observed negative

Fig. 1. WGCNA identi es multiple coexpression modules several of which correlate with clinicopathological breast cancer variables. (A) Hierarchical

cluster analysis dendrogram used to detect coexpression clusters along with corresponding color assignments. In total, 11 modules ranging from 30 to 1020
probesets in size were identi ed. The 79 probesets that were not coexpressed in the data set were assigned to the gray group. (B) PCC matrix between MEs and
clinicopathological variables (tumor size and grade, LN status, age) and receptor expression (ER, HER2 and PR). The PCC values range from 1 to +1 depending
on the strength of the relationship. A positive value indicates that the probesets within a particular coexpression module increase as the variable increases,
whereas the opposite is true if the sign of the PCC is negative. Each PCC value is accompanied by the corresponding P-value in brackets.
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Gene coexpression indicates breast cancer survival

Fig. 3. Consistent associations between OS and the UBE2S and FRY genes are observed across the main data set and an independent in-house data set.

(A) Kaplan Meier survival plot for OS within the main data set. Increased expression (black) of UBE2S indicates poor prognosis. (B) Kaplan Meier survival
plot for OS for UBE2S within the independent data set, again increased expression (black) of this gene is indicative of poor outcome. (C) Kaplan Meier survival
plot for OS indicating that elevated expression (black) of the FRY gene within the main data set indicates good prognosis. (D) Kaplan Meier survival plot for OS
demonstrating that high FRY expression (black) is also indicative of good prognosis in the independent data set.

to the in-house data set with respect to molecular subtypes due to sam-
ple numbers. Analysis of blue module probesets within the luminal A
group highlighted a number of single-gene indicators including PDZ
and LIM domain 4 (PDLIM4), a candidate tumor suppressor gene
downregulated in prostate cancer (48) and thought to be suppressed
via hypermethylation in breast cancer (49). PDLIM4 is particularly
interesting as increased expression of this gene is indicative of good
prognosis within the luminal A subtype (HR =0.69, P =5.35 10 5,
Figure 4A) and luminal B subtypes (HR = 0.80, P = 2.41 10 ?),
while the opposite relationship is observed for basal-like breast can-
cer (HR=1.58,3.34 10 ). The forkhead box protein M1 (FOXM1)
gene was associated with poor outcome within the luminal B molec-
ular subtype (HR = 1.36, P = 1.67 10 3; Figure 4B). This result
con rms the utility of the approach as FOXM1 is a well-studied tran-
scription factor with roles in various cancers including breast cancer
(50). For the turquoise coexpression module, we identi ed a number
of genes where increased expression correlated with poor prognosis
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exclusively for the basal-like molecular subtype. For example, the
potassium channel, subfamily K, member 5 (KCNK5) gene when
highly expressed was associated with poor survival (HR = 1.95,
P = 7.48 10 % Figure 4C). The orange module, a group of genes
enriched for GO immune system processes (Supplementary File 2,
available at Carcinogenesis Online), was indicative of good outcome
for both HER2+ and basal-like breast cancers. Once again, individual
probesets within this module follow a similar pattern to that of the
coexpression cluster, for instance, CD53 had signi cant associations
with good prognosis for both the HER2+ (HR =0.45, P =5.76 10 &;
Figure 4D) and basal-like subtypes (HR = 0.58, P = 4 104
Supplementary Table 1, available at Carcinogenesis Online).

Discussion

We have utilized a coexpression-based method to analyze a messen-
ger RNA expression data set containing 2342 breast cancer samples
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Table 11. Breast cancer molecular subtype survival analysis for gene coexpression modules

No. of HER2+ (n = 457) Basal-like (n = 412) Luminal A (n = 1521) Luminal B (n = 1120)
probesets
P-value Cl HR  P-value Cl HR  P-value Cl HR  P-value Cl
MEblack 206 080 126 10! 0.6 1.07 114 407 10! 0.84 153 074 955 104 0.62 0.88 094 509 10! 0.78 1.13
MEblue 928 106 6.93 10! 0.79 141 132 6.86 102 098 1.79 078 7.18 10° 0.65 094 111 282 10! 0.92 1.33
MEbrown 299 106 6.69 10' 0.8 142 094 6.85 10' 0.7 127 098 830 10! 0.82 1.17 092 354 10! 0.76 1.1
MEcyan 53 137 329 102 103 183 105 753 10! 078 142 144 882 105 12172 123 309 102 1.02 1.48
MEgreen 984 105 745 10' 079 14 125 149 10! 092 169 085 7.83 102 0.71 1.02 1.05 590 10! 0.87 1.27
MEgray 79 106 7.03 10! 0.79 1.41 107 658 10! 0.79 144 102 814 10! 085122 097 743 10! 081 117
MEmagenta 30 139 273 102 104 18 101 952 10! 075136 132 242 10° 11158 136 112 10° 113 164
MEorange 634 0.66 546 10° 049 0.89 0.63 262 10° 046 085 092 349 10! 077 1.1 084 663 102 0.7 1.01
MEpurple 140 099 941 10! 074 132 117 301 10' 087 158 1.00 978 10! 0.83 119 1.02 862 10! 0.84 1.22
MEred 404 0.76 6.64 102 057 1.02 0.85 297 10! 063 1.15 100 996 10! 084 1.2 092 360 10! 0.76 1.1
MEturquoise 1020 0.87 360 10! 066 1.17 137 428 102 1.01 1.85 100 9.72 10 084 1.2 090 242 10! 0.74 1.08
MEyellow 723 102 885 10! 0.77 1.36 111 482 10! 08215 175 188 10° 14621 135 176 10° 112 1.62
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Signi cant HRs (*P < 0.05) are given in bold. Cl, 95% con dence interval; n = sample number.

to identify genes correlating with clinical variables and associated
with prognosis. The diversity of the patient cohort under investiga-
tion captures the heterogeneous nature of breast cancer and identi es
gene candidates with a high degree of statistical power. The WGCNA
approach is ideally suited to the analysis of such data sets. The under-
lying philosophy of the algorithm turns the complexity of the data
set into an advantage to elucidate gene relationships above the level
of noise and remain constant across all samples. The unsupervised
nature of WGCNA avoids subjective decisions and potential biases
associated with de ning control samples for supervised approaches
or selecting genes previously associated with breast cancer. This is
of particular relevance when focusing on the less common basal-like
subtype as it is not characterized by any of those genes utilized in pre-
vious coexpression analyses (e.g. AURKA, ESR1 or ERRB?2).

In this study, we identi ed 11 distinct coexpression modules from
5500 probesets that passed our pre- ltering criteria for WGCNA anal-
ysis. A comparison measure known as the ME was calculated to assess
the relevance of each gene cluster in terms of the clincopathological
variables and survival endpoints using the PCC and Cox regression,
respectively. As one might expect the associations observed between
these two analyses are not mutually exclusive in that where we observed
a meaningful association with a clinical variable, the module tended to
be signi cant for survival (although the opposite was not always the
case). Increased association of the yellow module comprised of 723
probesets and enriched for genes related to cellular proliferation cor-
related with higher tumor grade and was associated with lower ER
and PR expression. Well-known breast cancer biomarkers including
AURKA (utilized as a prototype gene in the Wirapati coexpression
study) (20) and MKI67 were present within this gene cluster along with
UBE?2S, a potential novel marker that was validated in our independent
data set. As we would expect, this coexpressed gene cluster involved
in cell growth was signi cantly associated with poor outcome for the
DFS, DDFS and OS endpoints. Although signi cant associations with
survival between the yellow module and luminal A and luminal B sub-
types were observed, there was no signi cant association with basal-
like and HER2+, perhaps indicating the dif culty in characterizing
these subtypes. Following survival analysis of single genes within the
yellow module against the main data set and within an independent
data set, we observed that ~22% genes were signi cant in both data
sets for OS. Considering the relatively small size and/or potential sam-
ple bias within the in-house breast cancer data set, we would not expect
to see 100% concordance in gene signi cance. Our aim here was to
demonstrate that genes within coexpressed clusters are signi cant and
also prioritize novel genes through comparison with an independent
data set. Perhaps the most compelling observation is that following
evaluation of the HRs between the public data set and the independent
data set, a similar trend (a HR > 1 for the OS endpoint) was observed
for ~82% (592/723) of the probesets in the yellow module.
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Increased expression of the green coexpression module and clini-
cal variables was found to be associated with positive ER and PR
receptor expression along with lower tumor grade. Elevated expres-
sion of genes within the green module was also found to be indica-
tive of good prognosis for DDFS and OS. These associations are the
reverse of those observed for the yellow module and as we would
expect the increased expression of green module genes including
GATA3, CA12 and ESR1 (another of the prototype genes utilized
in the Wirapati study) (21) are associated with favorable outcome.
The green module contained several genes that were previously
linked to breast cancer outcome including the leucine-rich repeats
and immunoglobulin-like domains 1 (LRIG1), a protein known to
be involved in growth factor signaling (51). Recent studies have
linked increased LRIG1 expression with good DFS outcome in
ER+ breast cancer (52), negative regulation of receptor tyrosine
kinases (53) and ErbB signaling (54). Following comparison of
single-gene survival analyses to the independent testing data set,
we highlighted a gene from this module, FRY, as a potential novel
prognostic biomarker. In total ~22% of genes from this group were
found to signi cantly correlate to survival in the independent data
set (with 852/984 probesets returning a HR < 1 for the OS end-
point), once again identifying novel genes and demonstrating the
utility of the approach.

The magenta module containing 30 probesets including one tar-
geting the ERBB2/HER2 gene was the only coexpression cluster
found to correlate with HER2+ status. Upregulation of this module
and another relatively small module, cyan, were found to corre-
late with poor prognosis for 3/4 molecular subtypes (luminal A,
luminal B and HER2+). Perhaps, the utility of this coexpression
analysis is exempli ed by the molecular subtype-speci c survival
association of the increased turquoise module expression with
poor outcome exclusively for the basal-like breast cancer subtype.
From this module, we have highlighted the signi cant association
between the potential novel marker, KCNK5, and poor outcome
within the basal-like molecular subtype. We expect that this work
will prove particularly useful for researchers currently focusing
on the dif cult to treat basal-like tumors, considering the current
paucity of useful makers within this subtype. We also found that
increased expression of genes within the orange module contain-
ing 634 probesets indicated good prognosis within the HER2+
and basal-like subset. Closer examination of the orange module
revealed the enrichment of genes involved in the immune process
related GO categories. Furthermore, we demonstrated the correla-
tion of the CD53 gene with good prognosis in both the HER2+ and
basal-like subtypes.

In summary, we have identi ed 11 gene coexpression clusters
from a large-scale breast cancer data set using WGCNA. We asso-
ciated a number of these network modules to clinicopathological
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