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Abstract

Introduction: Using genome-wide expression profiles of a prospective training cohort of breast cancer patients,
ClinicoMolecular Triad Classification (CMTC) was recently developed to classify breast cancers into three clinically
relevant groups to aid treatment decisions. CMTC was found to be both prognostic and predictive in a large external
breast cancer cohort in that study. This study serves to validate the reproducibility of CMTC and its prognostic value
using independent patient cohorts.

Methods: An independent internal cohort (n = 284) and a new external cohort (n = 2,181) were used to validate the

association of CMTC between clinicopathological factors, 12 known gene signatures, two molecular subtype classifiers,
and 19 oncogenic signalling pathway activities, and to reproduce the abilities of CMTC to predict clinical outcomes of

personalized breast cancer treatments.

breast cancer. In addition, we also updated the outcome data of the original training cohort (n = 147).

Results: The original training cohort reached a statistically significant difference (p < 0.05) in disease-free survivals
between the three CMTC groups after an additional two years of follow-up (median = 55 months). The prognostic
value of the triad classification was reproduced in the second independent internal cohort and the new external
validation cohort. CMTC achieved even higher prognostic significance when all available patients were analyzed
(n =4,851). Oncogenic pathways Myc, E2F1, Ras and [3-catenin were again implicated in the high-risk groups.

Conclusions: Both prospective internal cohorts and the independent external cohorts reproduced the triad
classification of CMTC and its prognostic significance. CMTC is an independent prognostic predictor, and it
outperformed 12 other known prognostic gene signatures, molecular subtype classifications, and all other standard
prognostic clinicopathological factors. Our results support further development of CMTC portfolio into a guide for

Introduction

Since the first gene expression profile describing the mo-
lecular subtypes of breast cancers [1], numerous gene
signatures have been developed mainly by answering
specific clinical or biological questions, often by dichoto-
mizing the targeted sub-populations into a good and a bad
risk group. Many of these gene signatures have claimed
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prognostic significance in breast cancers, but only a few
have been incorporated into clinical practice [2,3]. We re-
cently reported a clinical triad classification system using a
genomic approach based on the common gene expression
pattern of human epidermal growth factor receptor 2
(HER?2) positive and triple negative (HER2+/TN) breast
cancers. The 803-gene set termed ClinicoMolecular Triad
Classification (CMTC) categorized breast cancers into one
of three clinical treatment groups (triad) with prognostic
and predictive implications [4]. Based on the gene expres-
sion profile from the entire breast cancer genome, CMTC
also provides a molecular portfolio of 14 known prog-
nostic gene signatures and 19 oncogenic pathways with
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the association of many important clinicopathological
variables. These portfolios represent unique fingerprints
of the biological processes involved which can then be
exploited as a guide to target specific pathways for per-
sonalized medicine in breast cancer patients. Requiring
only a fine needle aspirate from a tumor, CMTC analysis
can be performed at the time of initial diagnostic biopsy
which offers a unique advantage of early treatment plan-
ning, including the use of neo-adjuvant chemotherapy
to improve breast conservation in selected patients. As
part of the development of CMTC into a clinical tool to
guide personalized prognostication and treatment deci-
sions for breast cancer patients, we aimed to validate
CMTC using an updated training cohort with a longer
follow-up, a second larger and independent prospective
cohort and a new external validation cohort to demon-
strate that CMTC is reproducible, independent and
clinically relevant.

Methods

Patients and samples

The study was funded by Genome Canada and the
University Health Network, and was approved by institu-
tional research ethics boards at University Health Network
and Mount Sinai Hospital (Toronto, ON, Canada). All
surgical patients with new breast cancers at the Princess
Margaret Cancer Centre of University Health Network
and Mount Sinai Hospital were approached and all pa-
tients who consented were included. A total of 501 pa-
tients with breast tumors were recruited and divided into
two internal cohorts in this study. The first 149 consecu-
tive evaluable invasive breast cancers were recruited be-
tween 2003 and 2008. They were used as the training
cohort in developing the ClinicoMolecular Triad Classifi-
cation as reported previously [4]. In this study, we updated
the clinical status of these patients for an additional two
years of follow-up. Two cases were excluded due to loss in
follow-up, and the remaining 147 patients were included
in the analyses. The second internal cohort included the
next 340 consecutive surgical patients with newly diag-
nosed breast cancers recruited between 2008 and 2010.
Fine-needle aspiration biopsies (FNAB) were taken be-
fore surgery for all the patients in the second cohort by
using the method described previously [4]. FNAB speci-
mens were snap-frozen to —80°C for later processing.
After excluding tumors with low RNA vyield (n = 8, suc-
cess rate 97%), non-invasive cancers (n = 27) and insuf-
ficient follow-up (n = 21), the remaining 284 invasive
breast cancers formed the second internal cohort for
the purpose of this validation study. All 501 internal pa-
tients and their clinical, pathological and microarray in-
formation are tabulated in Table S1 in Additional file 1.
The clinical outcome data were updated for all the pa-
tients in both internal cohorts until July 2012.
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RNA extraction and microarray experiment

The RNA extraction and microarray experiment of the
first internal cohort has been reported previously [4]. The
microarray data were generated using version 2 of the
genome-wide Illumina Human Ref-8 BeadChip (Illumina
Inc, San Diego, CA, USA). For the second internal cohort,
the microarray experiment was performed similar to the
first cohort except that version 3 of Illumina Human Ref-8
BeadChip (Illumina Inc) was used instead. In brief, the fro-
zen FNAB lysates were thawed and RNAs were extracted
with RNeasy Mini Kit (Qiagen, Valencia, CA, USA). The
quality and quantity of the RNA were analyzed using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto,
CA, USA). The DNA microarray process was performed
according to the Illumina Whole-Genome Gene Expres-
sion direct hybridization assay protocols (Illumina Inc) at
The Centre of Applied Genomics (Toronto, ON, Canada).
First, 250 ng of total RNA were reverse-transcribed into
c¢DNA, followed by in vitro transcription amplification to
generate biotin-labeled cRNA using the Ambion - Illumina
TotalPrep-96 RNA Amplification Kit (Applied Biosys-
tems/Ambion, Austin, TX, USA). Next, 750 ng of the la-
beled cRNA were hybridized to Illumina Human Ref-8 v3
BeadChip. The scanned Illumina microarray image data
were extracted by the Gene Expression Module for Gen-
ome Studio V2011.1 (Illumina Inc) using background sub-
traction and quantile normalization methods for direct
hybridization assays.

Microarray datasets

The microarray data of the two internal breast cancer co-
horts (n = 501) is available at the Gene Expression Omni-
bus website [5] as GEO series GSE16987 for the original
internal training set reported previously [4] and GSE45725
for the internal validation set in this current study, respect-
ively. We also used the microarray data of 4,420 breast can-
cers from two external databases: 1) 2,239 breast cancers
reported in the original study by combining 13 external
datasets using Affymetix and Agilent platforms [4]; and
2) 2,181 breast cancers from two gene expression datasets
using the Illumina platform reported recently from the
Gene Expression Omnibus as GEO series GSE22219 [6]
and the European Genome-Phenome Archive website [7]
as EGA accession number EGAS00000000083 [8]. The data
processing for the different microarray platforms has been
described previously [4].

Data analyses and statistics

The classifications of CMTC, scoring and integration of
published prognostic gene signatures and oncogenic
pathways have been presented previously in detail [4].
The chi-square test and Fisher's exact test were used to test
the statistical significance of the clinical and pathological
variables between different classifications. Disease-free
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survival was used to evaluate clinical outcomes includ-
ing all types of recurrence and breast cancer-specific
death. Kaplan-Meier analysis was used to compare pa-
tients’ survivals in differential clinical and gene expres-
sion groups, and their statistical significances were
determined by the Log-rank test. The Cox proportional
hazard method was performed for the univariate and
multivariate analyses of prognostic factors. Pearson cor-
relation was used to determine the relationships among
the gene signatures and oncogenic pathways. All re-
ported P values were two-sided, and a P value of less
than 0.05 was considered statistically significant.

Results

Prospective follow-up of the original training cohort

We followed all the patients [4] from the original train-
ing cohort (n = 149) prospectively between 2010 and
2012 except for two patients who were lost to follow-up
due to relocation. The clinical status of the remaining
147 patients was updated prospectively (Figure 1A and
B). Compared to our first study (median follow-up = 30
months), a longer median follow-up of 55 months
yielded three additional recurrences (one in CMTC-2
and two in CMTC-3) leading to a statistically significant
difference (P <0.05) in relapse-free survival among the
patients in the three CMTC groups (Figure 1B).

Reproducibility and validation of CMTC in the second
internal cohort

To validate CMTC using a completely different internal
cohort, another 284 breast cancers were classified using
the expression levels of the CMTC 803-gene set [4] that
matched 1,142 probes and 775 genes in the HumanRef-8
v3 array. Similar to the original study, the 284 breast
cancers were divided into three similarly sized groups
with distinct distributions of clinicopathological parame-
ters including clinical receptor status and tumor grade
(Table 1 and Figure 2A). CMTC-1 tumors were mostly
estrogen receptor (ER) + (99%) and lower grade (Grade
3 = 14%), CMTC-2 tumors were mostly ER + (100%)
and high grade (Grade 3 = 60%), whereas most CMTC-3
tumors were HER2+/TN (80%) and high grade (Grade 3
= 77%). The second internal cohort had a larger number
of patients (n = 284) but a similar duration of follow-up
(median follow-up = 32 months) as the training cohort
during our first study (median follow-up = 30 months).
The recurrence rates were statistically different among
the groups (Table 1), that is, the lowest in CMTC-1
(1.1%), followed by CMTC2 (5.7%) and CMTC-3
(12.8%). The patients in the CMTC-1 group had a better
prognosis than those in the CMTC-2 and CMTC-3
groups (P <0.01) as demonstrated by Kaplan-Meier ana-
lysis and Log-rank test (Figure 1C). When the two
internal cohorts were combined (n = 431, median follow-
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up = 36 months) the differences in recurrence rates
(Figure 1D) became more statistically significant (P <0.001).

Reproducibility and validation of CMTC in the external
validation cohort

The ability of CMTC to predict prognosis of breast can-
cers was strongly supported by the analyses on the first
external validation cohort reported previously [4]. This
cohort consisted of 2,239 breast cancers collected from
13 breast cancer datasets using Affymetrix and Agilent
microarray platforms, and had a median follow-up of
6.33 years. In this study, we added two recently available
[llumina microarray datasets to make up a new valid-
ation cohort. The first Illumina external dataset con-
tained gene expression data from 216 breast cancers and
had a median follow-up of 10 years [6]. The microarray
data were generated by using the Illumina HumanRef-8
vl BeadChip, in which 916 gene probes (732 genes)
matched the CMTC 803-gene set, and they were used
for CMTC classification. The second Illumina external
dataset contained gene expression data of 1,992 breast
cancers [8]. Excluding the cases with missing critical
histology and follow-up data, 1,965 breast cancers were
included in this study. The patients in this dataset had a
median follow-up of 7.15 years, and the microarray data
were generated by using Illumina HumanHT-12 v3
Beadchip, in which a total of 1,142 probes (775 genes)
matched the CMTC 803-gene set, and they were used
for CMTC classification. The two Illumina datasets were
combined as our new external validation cohort (n =
2,181) in this study. As shown in Table 1, by using the
CMTC classifier described above, the 2,181 breast can-
cers were divided into three similarly sized groups:
CMTC-1 (37%), CMTC-2 (28%) and CMTC-3 (35%).
The clinical and pathological profiles of the three CMTC
groups were very similar to our internal cohorts and the
original external cohort: CMTC-1 tumors were mostly
ER + (96%) and low grade (Grade 3 = 18%), CMTC-2
tumors were mostly ER + (97%) and high grade
(Grade 3 = 51%), whereas CMTC-3 tumors were
mostly HER2+/TN (77%) and high grade (Grade 3 =
79%). Using Kaplan-Meier analysis for relapse-free
survivals (Figure 1E), the patients in CMTC-1 had a
much better prognosis than those in CMTC-2 and
CMTC-3 (P = 7.24E-29). The difference in relapse-
free survivals (Figure 1F) was even more pronounced
(P = 4.20E-53) when we combined all the patients
from the original external validation cohort and the
new external validation cohort (n = 4,420).

CMTC and gene expression prognostic signatures

When we created the CMTC signature to predict the
outcome of breast cancers by using gene expression pro-
filing of the training set, we excluded 501 genes that
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Figure 1 Kaplan-Meier analyses of relapse-free survivals of the three CMTC groups in internal and external breast cancer cohorts.

(A) The 147 patients in the original training cohort with a median follow-up of 30.13 months in 2010. (B) The 147 patients in the same training
cohort with an updated follow-up of 54.97 months in this study. (C) The 284 patients in the new independent internal cohort with a median
follow-up of 32.13 months. (D) The combined 431 patients in both internal cohorts. (E) The 2,181 patients in the new external validation cohort
with a median follow-up of 7.45 years. (F) The combined 4,420 patients in the two external cohorts from the original study and this study. The
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P values were determined using the log-rank test based on overall comparisons.

overlapped with 14 published prognostic gene signatures
and two gene sets for molecular subtypes in the original
study to eliminate any potential confounding effects with
these prognostic signatures. Finally, the gene expression
profile of the resulting CMTC gene set still matched and
outperformed these known independent gene signatures
[4]. In this study, the CMTC prognostic framework with
12 microarray-based gene signatures [9-20] was repro-
duced in the internal validation cohort with 284 breast
cancers (Figure 2B). Similar to the training cohort, most
CMTC-3 tumors in the validation cohort were classified
as ‘poor prognosis’ based on the scores of the 12

prognostic gene signatures, and most CMTC-1 tumors
were categorized as ‘good prognosis’. In both the internal
training cohort [4] and the validation cohort (Figure 2B),
the CMTC-3 group was closely correlated to gene signa-
tures 70GS, P53GS and SDPP using pairwise analyses
(Figure S1A and S1B in Additional file 2). Based on Cox
proportional analyses of CMTC, receptor status and all
other prognostic factors, we observed the highest hazard
ratio (HR) when we compared CMTC-1 versus CMTC-3
(HR = 12.55, P <0.05), followed by IGS good versus IGS
poor (HR = 11.30, P <0.05) and CMTC-1 versus CMTC-
2 plus CMTC-3 (HR = 8.79, P <0.05) in the 284 breast
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Table 1 CMTC and clinicopathological variables in the internal and external validation cohorts

Variables Internal validation cohort (n = 284) External validation cohort (n = 2,181)
CMTC-1 CMTC-2 CMTC-3 P value CMTC-1 CMTC-2 CMTC-3 P value
number (%) number (%) number (%) number (%) number (%) number (%)

Total 92(324) 106(37.3) 86(30.3) 805(36.9) 603(27.6) 773(35.4)

Age
<50 24(26.1) 34(32.1) 21(24.4) 4.52E-01 156(19.4) 92(15.3) 242(31.3) 4.03E-13
> =150 68(73.9) 72(67.9) 65(75.6) 649(80.6) 511(84.7) 531(68.7)

Size
<=2cm 56(60.9) 47(44.3) 40(46.5) 4.71E-02 412(51.6) 221(37.1) 294(38.7) 6.01E-09
>2.cm 36(39.1) 59(55.7) 46(53.5) 387(484) 374(62.9) 465(61.3)

LN
=) 59(64.1) 68(64.2) 56(65.1) 9.88E-01 499(62.1) 298(49.5) 358(46.6) 6.49E-10
() 33(35.9) 38(35.8) 30(34.9) 305(37.9) 304(50.5) 411(534)

Grade
1 20(21.7) 5(4.7) 2(2.3) 8.34E-17 161(21.4) 30(5.2) 16(2.2) 1.36E-125
2 59(64.1) 37(34.9) 18(20.9) 454(60.3) 253(43.8) 143(19.4)
3 13(14.1) 64(60.4) 66(76.7) 138(18.3) 294(51.0) 580(78.5)

ER
=) 1(1.1) 0(0.0) 57(66.3) 2.20E-35 34(4.2) 17(2.8) 554(71.7) 4.26E-251
+) 91(98.9) 106(100.0) 29(33.7) 771(95.8) 586(97.2) 219(28.3)

HER2+/TN
No 90(97.8) 89(84.0) 17(19.8) 4.63E-32 776(96.4) 542(89.9) 180(23.3) 2.58E-251
Yes 222) 17(16.0) 69(80.2) 29(3.6) 61(10.1) 593(76.7)

Event®
No 91(98.9) 100(94.3) 75(87.2) 5.54E-03 686(85.2) 415(68.8) 494(63.9) 3.15E-22
Yes 100.1) 6(5.7) 11(12.8) 119(14.8) 188(31.2) 279(36.1)

Follow-up event, recurrence in internal validation cohort, and distant relapse and died from the specific disease in the external validation cohort. CMTC,
ClinicoMolecular Triad Classification; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; LN, lymph node status; TN, triple-negative.

cancers from the new internal cohort. In the 2,181 breast
cancers from the new external cohort, the highest HR was
found when we compared CMTC-1 versus CMTC-3
(HR = 3.28, P <0.01), followed by ERGS good versus
ERGS poor (HR = 3.06, P <0.01) and CMTC-1 versus
CMTC-2 plus CMTC-3 (HR = 2.90, P <0.01) (Table S2
in Additional file 2). CMTC also had the highest HR in
the original external validation cohort among the 12
known gene signatures as prognostic indicators for
breast cancer relapse [4]. These results demonstrated
the reproducibility of CMTC as one of the best inde-
pendent prognostic predictors when compared to these
12 other known prognostic gene signatures.

CMTC and oncogenic pathway activities

Each CMTC group displayed a distinct pattern of onco-
genic pathway activities [21,22] as reported in the in-
ternal training cohort before [4]. In this study, this
oncogenic pathway pattern in CMTC classes was clearly
reproduced in the second internal cohort (Figure 2C):

the highest activities in oncogenic pathways Myc, E2F1,
Ras and p-catenin were seen again in the CMTC-3
group, with the worst outcome, as shown in the original
study. As well, high activities of HER2, TNF and IFN
pathways were also observed in the CMTC-3 group.
Conversely, ER, progesterone receptor (PR) and wild-
type p53 pathways had the lowest activity in CMTC-3
breast cancers. This portfolio of pathway activities was
completely opposite to that of CMTC-1, in which the
breast cancer patients had a better prognosis. CMTC-2
was distinct from the other two groups with high or
moderate activities in most of the pathways that differ-
entiated CMTC-1 from CMTC-3. In a pairwise analysis,
ER, PR and wild-type p53 pathways had the highest cor-
relation with CMTC-1; in contrast, Myc, E2F1, Ras and
B-catenin pathways were closely related to CMTC-3 in
both internal cohorts (Figure S1C and S1D in Additional
file 2). These results confirmed that the three CMTC
groups have distinct molecular signatures and activities
in the selected oncogenic pathways.
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Figure 2 CMTC portfolios of 284 breast cancers in the new internal cohort. The 284 breast cancers are grouped by CMTC with their
portfolios shown in columns. Rows presented: (A) Tumor receptor status, grade, recurrence and molecular subtypes. The multi-color bars indicate
the following: HER2+/TN: HER2+ (human epidermal growth factor receptor 2 positive), deep pink; and TN (triple-negative), dark blue. ER (estrogen
receptor): positive, deep pink; negative, empty. Grade: grade 1, dark blue; grade 2, dark orange; and grade 3, deep pink. Recurrence: yes, deep pink; no,
empty. The subtype (intrinsic subtype) and PAM50 (prediction analysis of microarray of 50 genes): normal-like, lime; luminal A, blue; luminal B,
dark orange; basal-like, dark blue; and Her2+, deep pink. (B) The scores of prognostic gene signatures: TGFBRII (type Il TGF-B receptor [9]), 70GS
(MammaPrint™ [10]), P53GS (mutated P53 GS [11]), SDPP (stroma-derived prognostic predictor [12]), 37GS (lethal phenotype GS [13]), 76GS (Rotterdam
signature [14]), 97GS (genomic grade index [15]); ERGS (estrogen-regulated GS [16]), Proliferation (proliferation metagene GS [17]), IGS (invasiveness GS
[18]), ESGS (embryonic stem cell-like GS [19]), and WS (Wound-response GS [20]). (C) The scores of oncogenic signaling pathways. The abbreviation of
pathways: STAT3 (signal transducer and activator of transcription 3), EGFR (epidermal growth factor receptor), TTGF{ (transforming growth factor beta),
E2F3 (E2F transcriptional factor 3), IFNa (interferon alpha), IFNy (interferon gamma), E2F1 (E2F transcriptional factor 1), PI3K (phosphatidylinositol
3-kinase), and TNFa (tumor necrosis factor alpha).
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CMTC, receptor status and molecular subtypes internal and external cohorts (Table 1), and in 4,851
CMTC was originally derived from the molecular pheno-  available breast cancers by combining all the internal
type of HER2+ and TN breast cancers [4]. In this study a  and external cohorts (Figure 3A and B). While both gene
strong correlation between the three CMTC groups with  signatures for classical intrinsic subtype [23] and PAMS50-
tumor receptor status is again reproduced in the second based subtypes [24] correlated well with CMTC groups,
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Figure 3 The association between clinicopathological variables and the three CMTC groups in the 4,851 overall breast cancers. (A) ER
status, (B) HER2/TN status, (C) patient age, (D) tumor size, (E) lymph node status and (F) tumor grade. The P values were determined using the
Chi-square test and Fisher's exact test. CMTC, ClinicoMolecular Triad Classification; ER, estrogen receptor; HER2, human epidermal growth factor
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PAM50-based subtypes had a stronger correlation with
CMTC than the classical intrinsic subtype: most normal-
like and luminal A subtypes were found in CMTC-1; most
of luminal B tumors were found in CMTC-2; and most
HER2 and basal-like (similar to TN) were found in
CMTC-3 in both the internal training cohort [4] and the
internal validation cohort (Figure 2A). PAM50 classification
also had a higher HR than the classical intrinsic subtype to
predict recurrence in the 284 internal and the 2,181 exter-
nal breast cancer patients (Table S2 in Additional file 2).
We wanted to know if the prognostic significance of
CMTC can be replicated using PAM50 molecular sub-
types by simply grouping normal-like and luminal A
subtypes into group 1, luminal B into group 2 and
HER2+ and basal-like into group 3. Kaplan-Meier ana-
lyses of all available patients (n = 4,851) showed that
CMTC remained the most powerful prognostic predictor

(Figure S2 in Additional file 2) for disease-free survival (P =
2.04E-55) compared to the three PAM50 based groupings
(P = 5.11E-54), HER2/TN status (P = 9.30E-26) and ER
status (P = 2.40E-20). Based on Cox proportional analysis,
we obtained the highest HR when we compared CMTC-1
to CMTC-2 (HR = 191, P = 2.20E-12), and CMTC1 to
CMTC-3 (HR = 1.86, P = 1.60E-08) followed by PAM-50,
HER2/TN and ER status. CMTC was also found to be an
independent predictor of relapse-free survival when we
controlled for receptor status (ER- versus ER+ cancers,
and non-HER2+/TN versus HER2+/TN cancers) as
shown in Figure S3 in Additional file 2.

CMTC and clinicopathological variables

As in our previous study [4], this study showed that
CMTC-1 was again correlated with low tumor grade, and
CMTC-2 and CMTC-3 were associated with high grade in
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both the second internal cohort (Figure 2A) and the new
external validation cohort (Table 1). Patient’s age, tumor
size and lymph node status were not associated with
CMTC in the internal validation cohort of the 284 breast
cancers, but these variables became statistically significant
in the new larger external validation cohort of 2,181 breast
cancers: more younger patients were found in CMTC-3
than in CMTC1-1 and CMTC-2; more patients with a lar-
ger tumor size or lymph node positive disease were found
in CMTC-2 and CMTC-3 than in CMTC-1 (Table 1). The
association of these clinical variables with CMTC was
more pronounced when all 4,851 available breast cancers
were examined (Figure 3C-3F). To understand the associ-
ation of these clinicopathological variables with the prog-
nostic significance of CMTC classification, all 3,963 breast
cancers with complete relevant clinicopathological and
follow-up data in the overall cohort were analyzed (Figure
S4 in Additional file 2). Kaplan-Meier analysis and Log-
rank test verified that CMTC (P = 6.61E-45) had the high-
est predictive power for relapse-free survival when com-
pared to tumor size (P = 3.31E-31, ranked in 2nd), nodal
disease and patient’s age. The CMTC classifier remained
an independent predictor of relapse-free survival when we
controlled for tumor size, nodal status and patient’s age
(Figure S5 in Additional file 2). Table 2 shows the results
of the multivariate Cox proportional hazards analyses
comparing CMTC to receptor status and other clinico-
pathological variables. Tumor grade and tumor size had
higher HR ratios than receptor status; however, the
patients in CMTC-2 (HR = 2.06, P = 1.00E-15) and
CMCT-3 (HR = 2.01, P = 3.30E-10) have the highest HRs
compared to the patients in CMTC-1.

CMTC and microarray platforms
The microarray data from external datasets were generated
by using one of the three major commercial microarray

Table 2 Multivariate Cox proportional hazards analyses
of clinicopathological variables and CMTC as prognostic
indicators in the 3,963 overall breast cancers

Variables Hazard ratio  95% CI P value
ER (+) versus (-) 1.10 0.89to 1.36  4.00E-01
Non-HER2/TN versus HER2+/TN 1.26 1.03 to 1.54  2.20E-02
Age <50 versus > = 50 0.85 0.74t0 096  1.10E-02
Size < =2 c¢m versus >2 cm 1.78 1.56 to 202 0.00E + 00
LN (=) versus (+) 0.68 0.60to 0.77 820E-10
Grade1 versus 2 1.50 117 t0 191 1.30E-03
Grade1 versus 3 1.40 1.09to 1.81  9.80E-03
CMTC-1 versus 2 2.06 1.73t0 246 1.00E-15
CMTC-1 versus 3 201 16210 250 3.30E-10

Cl, confidence interval; CMTC, ClinicoMolecular Triad Classification; ER,
estrogen receptor; HER2, human epidermal growth factor receptor 2; LN,
lymph node status; TN, triple-negative.
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platforms: Affymetrix GeneChip, Agilent oligonucleotide
microarray and Illumina BeadChip. In the previous study,
the Illumina platform was used in our training cohort,
whereas Affymetrix and Agilent platforms were used in
the external validation cohort [4]. In this study, the Illu-
mina platform was used in our second internal cohort and
the two newly published external breast cancer datasets.
To examine the effects of the microarray platform on
CMTC and its prognostic significance, we divided all
4,851 breast cancers based on their microarray platforms
and assessed the clinical outcomes by their CMTC
classification. We observed the same pattern of clinical
outcome among the CMTC groups (better in CMTC-1
and worse in CMTC-2 and CMTC-3) across all three
platforms. The prognostic effects and profiles were also
comparable among the three microarray platforms
(Figures S6A-S6C in Additional file 2). To demonstrate
that CMTC can be applied across different commercial
microarray platforms, we observed comparable prog-
nostic profiles in 2,449 randomly selected breast can-
cers (Figure S6D in Additional file 2) and in all 4,851
breast cancers (Figure S2D in Additional file 2).

Discussion

CMTC was developed to provide a comprehensive test
to guide personalized breast cancer treatments. DNA
microarray was used as it was the first molecular
technology capable of surveying the entire genome re-
producibly. While newer technologies exist, such as
next-generation sequencing (NGS), it is undeniable that
DNA microarray technology is much more mature, low
cost and simpler in terms of data storage and analysis,
when compared to NGS. Furthermore, there is much
more DNA microarray data in the public databases
available for independent validation. With a genomic
approach, CMTC can provide much more information
than other commercially available gene signatures, such
as Mammaprint™ [10], that only examine subsets of
genes. Our recent study showed that CMTC correlated
with many clinical and biological variables known to
have prognostic significance in breast cancers. Although
the prognostic significance of CMTC was only demon-
strated in the first external validation cohort (n = 2,239),
the relapse-free survivals in the 149 training cases were
not statistically significant due to a low event rate with a
median follow up of 31 months [4]. In this study, we pro-
spectively followed the training cohort for an additional
two years. Figure 1A and B showed that by having a longer
follow-up in the training cohort (median follow up of 55
months), CMTC reached a statistically significant diffe-
rence in relapse-free survival among the CMTC groups.
As in the external cohort in the first study [4], the patients
in CMTC-1 had a better relapse-free survival than the
patients in CMTC-2 or CMTC-3. To further validate
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the prognostic significance of CMTC, we used another
set of breast cancer patients as an independent internal
cohort and a new external cohort in this study. We ob-
served a comparable prognostic significance in the new in-
ternal cohort with 284 breast cancers (Figure 1C) and the
new external cohort with 2,181 breast cancers (Figure 1E).
The prognostic significance of CMTC can also be repro-
duced in 431 overall internal breast cancers (Figure 1D),
and in 4,420 overall external breast cancers (Figure 1F), as
well in 4,851 of all available breast cancers by combining
all internal and external cohorts (Figure S2D in Additional
file 2). Thus, the prognostic significance of CMTC can be
reproduced in different independent microarray gene
expression datasets.

The gene expression pattern of the CMTC profile can
also be used to correlate with independently developed
prognostic gene signatures and oncogenic pathway activ-
ities as in our previous study [4]. All the gene signatures
predicted a poor prognosis in either CMTC-3 alone, or
in both CMCT-2 and CMTC-3, but rarely in CMTC-1
(Figure 2B). In both the internal training cohort and the
validation cohort (Figure S1A and S1B in Additional file
2), pairwise correlation analyses showed CMTC-3 cen-
troid values were most closely correlated to the scores of
prognostic gene signatures 70GS [10], P53GS [11] and
SDPP [12]. Cox proportional analysis of the new internal
(n = 284) and external (n = 2,181) breast cancer cohorts
(n = 431) (Table S2 in Additional file 2), yielded the
highest HR between CMTC-1 and CMTC-3 when we
analyzed CMTC and all other prognostic gene signa-
tures. This was the first time that we have demonstrated
that CMTC was the best predictor of relapse-free sur-
vival among all other prognostic gene signatures using
prospective data. To ensure that the prognostic significance
of CMTC was not confounded by the expression levels of
genes that were part of other prognostic gene signatures,
we removed all 501 overlapping genes with 14 known prog-
nostic gene signatures (including two non-microarray-
based gene signatures) and two gene signatures for mo-
lecular subtypes [4] and hence, none of the 803 genes in
the CMTC signature can be found in these gene signa-
tures. In this study, once again, we have confirmed that
CMTC was reproducible and it was an independent prog-
nostic factor from those known gene signatures using a
number of independent breast cancer datasets. We also
showed that the CMTC-3 group had the highest activities
in the oncogenic pathways Myc, E2F1, Ras and [-catenin
with higher activities in HER2, TNF and IEN pathways
(Figure 2C). The scores of these pathway activities are
most closely correlated with CMTC-3 centroid values in
both internal cohorts (Figure S1C and 1D in Additional
file 2). Conversely, the scores of oncogenic pathway ac-
tivity of ER, PR and wild-type p53 were the lowest in
CMTC-3 group. These results suggest that the gene
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expression pattern of CMTC-3 with the worst clinical
outcome can be linked to specific networks of onco-
genic pathways which may help us to understand the
molecular derangements in these cancers.

Using an unsupervised hierarchical clustering analysis
of genome-wide expression microarray data, the classical
molecular classification divided breast cancers into five
intrinsic subtypes: normal-like, luminal A, luminal B,
HER2+ and basal-like subtypes [23]. The PAMS50 classi-
fication was later developed using a training set of
breast cancers with known molecular intrinsic subtypes
(supervised) to select 10 genes from each of the 5 intrin-
sic subtypes so that quantitative reverse transcriptase
polymerase chain reactions of the 50 genes could be
used to reproduce the molecular classification [24]. Re-
cently, PAM50 has been commercialized using the
NanoString platform under the trade name Progsigna
(NanoString Technologies Inc, Seattle, WA, USA). For
comparison purposes, PAM50 classifications in this
study were done using the available genome-wide
microarray data rather than the NanoString platform.
Although likely representative, we understand that this
is one of the limitations of our study as comparison
across different molecular technology platforms (Nano-
String and Illumina) can be problematic. Interestingly,
we observed that the PAM50 subtype appeared to be
more comparable to CMTC both in the internal training
cohort [4] and in the internal validation cohort than the
classical molecular classification (Figure 1A): most
normal-like and luminal A subtypes were found in the
CMTC-1 group; most luminal B were found in the
CMTC-2 group; and HER2 and basal-like were found in
the CMTC-3 group. Because the normal-like subtype
has been regarded as normal ‘contamination’ in the
tumor specimen, it has been removed from PAM50-
based classification [24,25]. In CMTC, HER2+ and TN
(similar to basal-like subtype) were grouped together in
CMTC-3, and most normal-like and luminal A subtypes
were grouped together in CMTC-1. Here, we report that
the CMTC can predict clinical outcome better than the
classical molecular subtype classification in the 284 in-
ternal and 2,181 external breast cancers (Table S2 in
Additional file 2) and in the 4,851 overall breast cancers
(Figure S2C and S2D in Additional file 2).

CMTC was shown to have a close association with
clinical receptor status and a number of clinicopatho-
logical variables in the previous study [4]. In this study,
the association has been reproduced in the internal va-
lidation cohort and the new external validation cohort
(Table 1), as well in the 4,851 overall breast cancers
(Figure 3). CMTC-1 breast cancers were generally ER+,
smaller tumor size, low grade and node negative;
CMTC-2 breast cancers were ER+, but larger tumor
size, higher grade and more nodal disease; and CMTC-3
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breast cancers are more commonly found in younger
patients, HER2+/TN, larger tumor size, and more nodal
disease.

Comparing with the receptor status of ER, PR, HER2,
TN and HER2+/TN, CMTC was proven to be the best
prognostic indicator in the 284 internal and 2,181 external
patients (Table S2 in Additional file 2). The superiority of
CMTC prognostic prediction can be further demonstrated
in the analysis using the 4,851 overall patients in the
multivariate models (Figure S2 in Additional file 2). The
prognostic significance of CMTC remained very strong
even if we divided the breast cancers into ER- or ER+ tu-
mors, and non-HER2+/TN or HER2+/TN tumors (Figure
S3 in Additional file 2).

Using 3,936 patients with complete clinicopathological
data, factors such as younger patient age, larger tumor
size, positive node disease and higher tumor grade were
associated with an increased risk of poor clinical out-
come in Kaplan-Meier analyses (Figure S4 in Additional
file 2) and in multivariate analyses using Cox propor-
tional hazards (Table 2). However, CMTC-2 and CMCT-
3 groups were found to have the worst outcome when
compared to all these clinical and pathological factors.
CMTC remained the strongest prognostic predictor even
when we controlled for age, and tumor size, tumor grade
and nodal status (Figure S5 in Additional file 2). These
results clearly show that the prognostic significance of
CMTC is independent of these clinical and pathological
factors.

A number of gene signatures for breast cancer are
commercially available to predict prognosis in specific
patient populations using central laboratory facilities [2,3].
In this study, we were able to reproduce the CMTC using
three different major commercial microarray plat-
forms and independent external datasets (Figure S6
in Additional file 2). We chose to use a genome-wide
microarray platform because we believe that this
approach can provide breast cancer patients more
comprehensive information on prognosis, treatment
prediction and pathway patterns for personalized medi-
cine than other commercial gene signatures. Once the
genome-wide gene expression data is collected, it can be
used for personalized medicine and it can also be anon-
ymized and deposited into public databases to help us
understand the disease better.

In the previous study, we proposed that CMTC could
also be used as a platform to personalize treatments:
CMTC-1 breast cancers in general can be treated with
surgery and endocrine therapy alone; CMTC-2 breast
cancers may require additional treatments such as
chemotherapy; and neo-adjuvant chemotherapy should
be considered for CMTC-3 tumors [4]. Our future
study will aim to verify the prediction of treatment out-
comes using CMTC classification.
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Conclusions

Our study demonstrates the reproducibility of CMTC
and its prognostic significance in both internal and ex-
ternal validation cohorts. CMTC has been shown to be
an independent prognostic predictor. It outperformed 12
other known prognostic gene signatures and subtypes,
and all standard clinicopathological factors. The robust-
ness of CMTC, independent prediction of clinical out-
come, and the ability to provide a portfolio of equivalent
scores of different gene signatures and oncogenic path-
way activities can potentially make CMTC a useful tool
to find novel treatment strategies and provide a bio-
logical basis to guide personalized breast cancer treat-
ments. The ability to use fine needle aspiration biopsy to
generate a CMTC portfolio prior to surgery gives it a
distinct advantage over other currently available prog-
nostic gene signatures.

Additional files

Additional file 1: Table S1. Patient information and tumor pathological
data of 501 breast tumors in internal training cohort (GSE16987) and
internal validation cohort (GSE45725).

Additional file 2: Table S2. Comparison of Cox proportional hazards in
receptor status, CMTC, subtype and other gene expression signatures as
prognostic indicators for recurrence in the 284 internal and 2,181 external
breast cancer patients. Figure S1. Pairwise comparisons of CMTC with
gene signatures and oncogenic signaling pathway activities between the
internal training cohort and validation cohort. Figure S2. Comparison of
the prognostic significance between receptor status, molecular subtypes
and CMTC in the 4,851 overall breast cancers. Figure S3. The assessment
of the prognostic significance of CMTC among different groups based on
the receptor status in the 4,851 overall breast cancers. Figure S4. The
assessment of the prognostic significance of CMTC among different
groups based on other clinicopathologic variables in the 3,963 breast
cancers with complete clinical information. Figure S5. The assessment of
the prognostic significance of CMTC among different groups based on
different clinical variable status in the 4,851 overall breast cancers.
Figure S6. The assessment of the prognostic significance of CMTC
among different groups based on the different microarray platforms in
the 4,851 overall breast cancers.

Abbreviations

CMTC: ClinicoMolecular Triad Classification; ER: estrogen receptor;
FNAB: fine-needle aspiration biopsy; Her2: human epidermal growth
factor receptor 2 (also known as ERBB2); HR: hazard ratio; IFN: interferon;
PR: progesterone receptor; TN: triple-negative (ER-/PR-/Her2-);

TGF: transforming growth factor; TNF: tumor necrosis factor.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

DYW and WLL designed the project and analyzed the data. DRM and WLL
contributed to the collection of clinical material. SJD was the associated
pathologist. The manuscript was prepared by DYW and WLL, and proofread
by SJD and DRM. All authors read and approved the final manuscript.

Acknowledgements

The authors thank Drs. Scott Boerner and Supriya Kulkarni for their inputs on
cyto-pathology and radiology, respectively; Vietty Wong, Al Sadi and Manoj
Mathew for technical assistance, patient recruitment, and clinical samples
and data collection. This project was supported by Genome Canada grant


http://www.biomedcentral.com/content/supplementary/bcr3686-S1.pdf
http://www.biomedcentral.com/content/supplementary/bcr3686-S2.pdf

Wang et al. Breast Cancer Research 2014, 16:R71
http://breast-cancer-research.com/content/16/4/R71

777606577 (WLL) and the University Health Network Clinical Research
Program.

Author details

'Department of Surgical Oncology, Princess Margaret Cancer Centre,
University Health Network, Toronto, ON M5G 2M9, Canada. “Department of
Pathology, Princess Margaret Cancer Centre, University Health Network,
Toronto, ON M5G 2M9, Canada. 3Campbell Family Institute of Breast Cancer
Research, Princess Margaret Cancer Centre, University Health Network,
Toronto, ON M5G 2M9, Canada. *Department of Surgical Oncology and
Campbell Family Institute of Cancer Research, Princess Margaret Cancer
Centre, University Health Network, University of Toronto, 610 University
Avenue, Toronto, ON M5G 2M9, Canada.

Received: 10 October 2013 Accepted: 25 June 2014
Published: 4 July 2014

References

1. Serlie T, Perou CM, Tibshirani R, Aas T, Geisler S, Johnsen H, Hastie T, Eisen
MB, van de Rijn M, Jeffrey SS, Thorsen T, Quist H, Matese JC, Brown PO,
Botstein D, Lenning PE, Barresen-Dale AL: Gene expression patterns of
breast carcinomas distinguish tumor subclasses with clinical
implications. Proc Natl Acad Sci U S A 2001, 98:10869-10874.

2. Reis-Filho JS, Pusztai L: Gene expression profiling in breast cancer:
classification, prognostication, and prediction. Lancet 2011, 378:1812-1823.

3. Prat A, Ellis MJ, Perou CM: Practical implications of gene-expression-based
assays for breast oncologists. Nat Rev Clin Oncol 2012, 9:48-57.

4. Wang DY, Done SJ, McCready DR, Boerner S, Kulkarni S, Leong WL: A new
gene expression signature, the ClinicoMolecular Triad Classification, may
improve prediction and prognostication of breast cancer at the time of
diagnosis. Breast Cancer Res 2011, 13:R92.

5. Gene Expression Omnibus (GEQ). [http://www.ncbinlm.nih.gov/geo/]

6. Buffa FM, Camps C, Winchester L, Snell CE, Gee HE, Sheldon H, Taylor M,
Harris AL, Ragoussis J: microRNA-associated progression pathways and
potential therapeutic targets identified by integrated mRNA and
microRNA expression profiling in breast cancer. Cancer Res 2011,
71:5635-5645.

7. European Genome-Phenome Archive (EGA). [http://www.ebiac.uk/ega/]

8. Curtis C, Shah SP, Chin SF, Turashvili G, Rueda OM, Dunning MJ, Speed D,
Lynch AG, Samarajiwa S, Yuan Y, Graf S, Ha G, Haffari G, Bashashati A, Russell
R, McKinney S, METABRIC Group, Langergd A, Green A, Provenzano E,
Wishart G, Pinder S, Watson P, Markowetz F, Murphy L, Ellis I, Purushotham
A, Barresen-Dale AL, Brenton JD, Tavaré S, Caldas C, Aparicio S: The
genomic and transcriptomic architecture of 2,000 breast tumours reveals
novel subgroups. Nature 2012, 486:346-352.

9. Bierie B, Chung CH, Parker JS, Stover DG, Cheng N, Chytil A, Aakre M, Shyr Y,
Moses HL: Abrogation of TGF-beta signaling enhances chemokine
production and correlates with prognosis in human breast cancer. J Clin
Invest 2009, 119:1571-1582.

10.  van de Vijver MJ, He YD, van't Veer LJ, Dai H, Hart AA, Voskuil DW, Schreiber GJ,
Peterse JL, Roberts C, Marton MJ, Parrish M, Atsma D, Witteveen A, Glas A,
Delahaye L, van der Velde T, Bartelink H, Rodenhuis S, Rutgers ET, Friend SH,
Bernards R: A gene-expression signature as a predictor of survival in breast
cancer. N £ngl J Med 2002, 347:1999-2009.

11. Miller LD, Smeds J, George J, Vega VB, Vergara L, Ploner A, Pawitan Y, Hall P,
Klaar S, Liu ET, Bergh J: An expression signature for p53 status in human
breast cancer predicts mutation status, transcriptional effects, and
patient survival. Proc Natl Acad Sci U S A 2005, 102:13550-13555.

12. Finak G, Bertos N, Pepin F, Sadekova S, Souleimanova M, Zhao H, Chen H,
Omeroglu G, Meterissian S, Omeroglu A, Hallett M, Park M: Stromal gene
expression predicts clinical outcome in breast cancer. Nat Med 2008,
14:518-527.

13.  Loberg RD, Bradley DA, Tomlins SA, Chinnaiyan AM, Pienta KJ: The lethal
phenotype of cancer: the molecular basis of death due to malignancy.
CA Cancer J Clin 2007, 57:225-241.

14. Wang Y, Klijn JG, Zhang Y, Sieuwerts AM, Look MP, Yang F, Talantov D,
Timmermans M, Meijer-van Gelder ME, Yu J, Jatkoe T, Berns EM, Atkins D,
Foekens JA: Gene-expression profiles to predict distant metastasis of
lymph-node-negative primary breast cancer. Lancet 2005, 365:671-679.

15. Sotiriou C, Wirapati P, Loi S, Harris A, Fox S, Smeds J, Nordgren H, Farmer P,
Praz V, Haibe-Kains B, Desmedt C, Larsimont D, Cardoso F, Peterse H, Nuyten D,

Page 11 of 11

Buyse M, Van de Vijver MJ, Bergh J, Piccart M, Delorenzi M: Gene expression
profiling in breast cancer: understanding the molecular basis of histologic
grade to improve prognosis. J Natl Cancer Inst 2006, 98:262-272.

16. Oh DS, Troester MA, Usary J, Hu Z, He X, Fan C, Wu J, Carey LA, Perou CM:
Estrogen-regulated genes predict survival in hormone receptor-positive
breast cancers. J Clin Oncol 2006, 24:1656-1664.

17. Schmidt M, Bohm D, von Térmne C, Steiner E, Puhl A, Pilch H, Lehr HA,
Hengstler JG, Kolbl H, Gehrmann M: The humoral immune system has a
key prognostic impact in node-negative breast cancer. Cancer Res 2008,
68:5405-5413.

18. Liu R, Wang X, Chen GY, Dalerba P, Gurney A, Hoey T, Sherlock G, Lewicki J,
Shedden K, Clarke MF: The prognostic role of a gene signature from
tumorigenic breast-cancer cells. N Engl J Med 2007, 356:217-226.

19.  Ben-Porath |, Thomson MW, Carey VJ, Ge R, Bell GW, Regev A, Weinberg RA: An
embryonic stem cell-like gene expression signature in poorly differentiated
aggressive human tumors. Nat Genet 2008, 40:499-507.

20. Chang HY, Sneddon JB, Alizadeh AA, Sood R, West RB, Montgomery K, Chi JT,
van de Rijn M, Botstein D, Brown PO: Gene expression signature of fibroblast
serum response predicts human cancer progression: similarities between
tumors and wounds. PLoS Biol 2004, 2:E7.

21, Bild AH, Yao G, Chang JT, Wang Q, Potti A, Chasse D, Joshi MB, Harpole D,
Lancaster JM, Berchuck A, Olson JA Jr, Marks JR, Dressman HK, West M,
Nevins JR: Oncogenic pathway signatures in human cancers as a guide
to targeted therapies. Nature 2006, 439:353-357.

22. Gatza ML, Lucas JE, Barry WT, Kim JW, Wang Q, Crawford MD, Datto MB,
Kelley M, Mathey-Prevot B, Potti A, Nevins JR: A pathway-based classification
of human breast cancer. Proc Natl Acad Sci U S A 2010, 107:6994-6999.

23.  Serlie T, Tibshirani R, Parker J, Hastie T, Marron JS, Nobel A, Deng S, Johnsen H,
Pesich R, Geisler S, Demeter J, Perou CM, Lanning PE, Brown PO, Barresen-Dale
AL, Botstein D: Repeated observation of breast tumor subtypes in
independent gene expression data sets. Proc Nat/ Acad Sci U S A 2003,
100:8418-8423.

24, Parker JS, Mullins M, Cheang MC, Leung S, Voduc D, Vickery T, Davies S,
Fauron C, He X, Hu Z, Quackenbush JF, Stijleman IJ, Palazzo J, Marron JS,
Nobel AB, Mardis E, Nielsen TO, Ellis MJ, Perou CM, Bernard PS: Supervised
risk predictor of breast cancer based on intrinsic subtypes. J Clin Oncol
2009, 27:1160-1167.

25, Ellis MJ, Suman VJ, Hoog J, Lin L, Snider J, Prat A, Parker JS, Luo J,
DeSchryver K, Allred DC, Esserman LJ, Unzeitig GW, Margenthaler J, Babiera
GV, Marcom PK, Guenther JM, Watson MA, Leitch M, Hunt K, Olson JA:
Randomized phase Il neoadjuvant comparison between letrozole,
anastrozole, and exemestane for postmenopausal women with estrogen
receptor-rich stage 2 to 3 breast cancer: clinical and biomarker outcomes and
predictive value of the baseline PAM50-based intrinsic subtype-ACOSOG
Z103. J Clin Oncol 2011, 29:2342-2349.

doi:10.1186/bcr3686

Cite this article as: Wang et al.: Validation of the prognostic gene
portfolio, ClinicoMolecular Triad Classification, using an independent
prospective breast cancer cohort and external patient populations.
Breast Cancer Research 2014 16:R71.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central



http://www.ncbi.nlm.nih.gov/geo/
http://www.ebi.ac.uk/ega/

	Abstract
	Introduction
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Patients and samples
	RNA extraction and microarray experiment
	Microarray datasets
	Data analyses and statistics

	Results
	Prospective follow-up of the original training cohort
	Reproducibility and validation of CMTC in the second internal cohort
	Reproducibility and validation of CMTC in the external validation cohort
	CMTC and gene expression prognostic signatures
	CMTC and oncogenic pathway activities
	CMTC, receptor status and molecular subtypes
	CMTC and clinicopathological variables
	CMTC and microarray platforms

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

