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For a panel of cancer related proteins, the aim was to shed light on which molecular level
the expression of each protein was mainly regulated in breast tumors, and to investigate
whether differences in regulation were reflected in different molecular subtypes. DNA,
mRNA and protein lysates from 251 breast tumor specimens were analyzed using appro-
priate microarray technologies. Data from all three levels were available for 52 proteins
selected for their known involvement in cancer, primarily through the PI3K/Akt pathway.
For every protein, in cis Spearman rank correlations between the three molecular levels
were calculated across all samples and within each intrinsic gene expression subtype,
enabling 63 comparisons altogether due to multiple gene probes matching to single pro-
teins. Subtype-specific relationships between the three molecular levels were studied by
calculating the variance of subtype-specific correlation and differences between overall
and average subtype-specific correlation. The findings were validated in an external data-
set comprising 703 breast tumor specimens. The proteins were sorted into four groups
based on the calculated rank correlation values between the three molecular levels. Group
A consisted of eight proteins with significant correlation between DNA copy number levels
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bridization; FE, Feature Extraction; KS, Kolmogorov—Smirnov; VSC, variance of subtype-specific correlation.
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and mRNA expression, and between mRNA expression and protein expression (Bonferroni
adjusted p < 0.05). Group B consisted of 14 proteins with significant correlation between
mRNA expression and protein expression. Group C consisted of 15 proteins with significant
correlation between copy number levels and mRNA expression. For the remaining 25 pro-
teins (group D), no significant correlations was observed. Stratification of tumors according
to intrinsic subtype enabled identification of positive correlations between copy number
levels, mRNA and protein expression that were undetectable when considering the entire
sample set. Protein pairings that either demonstrated high variance in correlation values
between subtypes, or between subtypes and the total dataset were studied in particular.
The protein expression of cleaved caspase 7 was most highly expressed, and correlated
highest to CASP7 gene expression within the basal-like subtype, accompanied by the
lowest amounts of hsa-miR-29c. Luminal A-like subtype demonstrated highest amounts
of hsa-miR-29c (a miRNA with a putative target sequence in CASP7 mRNA), low expression
of cleaved caspase 7 and low correlation to CASP7 gene expression. Such pattern might be
an indication of hsa-miR-29c miRNA functioning as a repressor of translation of CASP7
within the luminal-A subtype. Across the entire cohort no correlation was found between
CCNB1 copy number and gene expression. However, within most gene intrinsic subtypes,
mRNA and protein expression of cyclin B1 was found positively correlated to copy number
data, suggesting that copy number can affect the overall expression of this protein. Aber-
rations of cyclin B1 copy number also identified patients with reduced overall survival
within each subtype. Based on correlation between the three molecular levels, genes and
their products could be sorted into four groups for which the expression was likely to be
regulated at different molecular levels. Further stratification suggested subtype-specific

regulation that was not evident across the entire sample set.

© 2013 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.

Cyclin B1
CASP7
1. Introduction

Breast cancer is a heterogeneous disease from a molecular as
well as a clinical point of view. Features at the DNA, mRNA
and protein level (in the following referred to as “molecular
levels”) have been utilized to identify clinically relevant sub-
groups of breast cancers. Protein expression of estrogen re-
ceptor (ER), progesterone receptor (PR) and human epidermal
growth factor receptor 2 (HER2/ERBB2) are routinely analyzed
by immunohistochemical staining methods and utilized in
prognostic evaluation and for treatment decision (Fisher
et al., 1989, 1980; Varley et al., 1987). ER and HER2 are impor-
tant in regulation of proliferation of cancer cells, and thera-
pies targeting these receptors have improved the prognosis
for patients with tumors expressing these proteins (Geyer
et al.,, 2006; Murphy and Fornier, 2010; Early Breast Cancer
Trialists’ Collaborative Group, 1998). Elevated HER2 protein
expression is highly correlated to both elevated ERBB2 gene
expression and amplification of the ERBB2 chromosomal re-
gion 17q11.2—q12 (Pauletti et al., 1996). Protein expression of
ER is highly correlated to the expression of the ESRI gene,
however copy number gain of ESR1 is rarely observed
(Horlings et al., 2008). Evidently, the major regulatory mecha-
nisms driving the expression of these two receptors are
different, as the low frequency of ESR1 aberrations at the chro-
mosomal level cannot explain the broad span of gene and pro-
tein expression (ESR1 and ER, respectively). Regulatory
mechanisms involving transcription factors, miRNA, linc-
RNA, DNA methylation, and other translational and post-
translational modifications as well as protein stability all

play roles in regulating mRNA and protein abundance
(deConinck et al., 1995; Jaenisch and Bird, 2003; Wilusz et al.,
2009; Zhao and Jensen, 2009; Stingele et al., 2012). Phosphory-
lation and de-phosphorylation of specific protein epitopes
regulate protein activity and how proteins communicate in
signal transduction pathways such as the PI3K/Akt pathway
(Supplementary Figure 1). The Akt proteins phosphorylate
serine and threonine residues on a number of proteins, and
thus regulate cellular processes such as protein synthesis,
proliferation, apoptosis, synaptic signaling, and homeostasis
and glucose metabolism. In cellular quiescence, the PI3K/Akt
pathway remains dormant, but during carcinogenesis, activa-
tion and dysregulation of this pathway commonly occur. The
molecular mechanisms involved in dysregulation of this
pathway are important for understanding the biology of can-
cer and for discovering potential new drug targets
(Castaneda et al., 2010). We therefore wanted to study the in-
fluence of copy number levels and mRNA expression on pro-
tein levels of selected proteins, and whether the relationship
between these molecular levels differed between the previ-
ously identified molecular intrinsic subtypes of breast cancer
(Sorlie et al., 2001). In this study, 52 proteins known to be
involved in the PI3K/Akt pathway and other cancer related pro-
cesses were selected. We compared DNA copy number, mRNA
expression and protein expression (assessed by aCGH, whole
genome gene expression microarrays and RPPA respectively)
across intersections of a total of 251 breast tumors
(Supplementary Figure 2). Correlation analyses were utilized
to sort 63 possible pairings of the 52 unique proteins into four
groups on the basis of the inferred molecular level of regulation.
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2. Materials and methods
2.1. Patient material

A total of 251 fresh frozen tumor specimens were available for
patients in the “DBCG82 b & c¢” trials diagnosed between
October 1982 and March 1990. Patients in these studies were
defined as “high-risk”; positive lymph nodes, and/or tumor in-
vasion to surrounding skin or pectoral fascia, and/or tumor size
larger than five cm. The patients were randomized to receive
radiation therapy (RT) or no radiation therapy after mastec-
tomy. All patients received adjuvant therapy. Premenopausal
women were given the “DBCG b”-protocol involving CMF
(cyclophosphamide, methotrexate, fluorouracil; eight cycles
if they got RT or 9 cycles if no RT) (Kyndi et al., 2009). Postmen-
opausal women were given the “DBCG c”-protocol involving
30 mg Tamoxifen daily for 1 year. The patients were followed
up at regular intervals the first 10 years or until the first recur-
rence, death or new primary cancer. Recorded endpoints were
locoregional recurrence (LRR), distant metastases (DM),
contralateral breast cancer (CBC) and death (Nielsen et al,,
2006). In the survival analyses of CCNB1 copy number, the orig-
inal dataset was expanded by additional four patient cohorts
named “MDG” (Haakensen et al., 2010),”Uppsala” (Muggerud
et al.,, 2010), “ULL”(Langerod et al., 2007; Russnes et al., 2010),
and “MicMa” (Naume et al., 2007; Wiedswang et al., 2003). Vali-
dation of the correlations was performed utilizing copy num-
ber, mRNA expression and protein expression data for 703
invasive breast carcinomas in The Cancer Genome Atlas data
portal (TCGA, http://tcga-data.nci.nih.gov/tcga/ (2012a)).

2.1.1. Sample handling

All tumor specimens were cut in three while placed on dry ice.
Individual sections from the center piece were used for total
RNA extraction, DNA and protein extraction. Sections were
prepared from the two flanking pieces and used for histopath-
ological analyses including Hematoxylin and Eosin (HE) stain-
ing. In total, 251 tumor biopsies were utilized to generate DNA
copy number, mRNA expression and/or protein expression
data, the intersection of samples is shown in Supplementary
Figure 2.

2.2.  Microarray experiments

2.2.1. Reverse phase protein array

Protein expression was analyzed using reverse phase protein
array (RPPA) developed for analyzing the expression of single
proteins across multiple samples simultaneously (Tibes et al.,
2006). In contrast to forward phase array format, the reverse
phase array immobilizes the samples to be analyzed (to a
nitrocellulose-coated slide), and each array is incubated with
an antibody specific for a protein of interest (Charboneau
et al., 2002; Espina et al., 2003). The antibodies utilized in this
study were primarily targeting proteins involved in PI3K/Akt
pathway or otherwise cancer related. The RPPA data were
load control-adjusted, log,-transformed and protein centered.
RPPA data was available for 210 of the 251 tumors. The RPPA
dataset has been previously published and described
(Hennessy et al., 2010).

2.2.2. aCGH — array Comparative Genomic Hybridization
DNA copy number was assessed using Comparative Genomic
Hybridization 244K Agilent Microarrays (Agilent Technologies,
Santa Clara, CA). The array contains ~ 236,000 oligonucleotide
probes (60-mers) spanning coding and non-coding genomic
regions. The median spacing in coding and non-coding re-
gions is 7.4 kb and 16.5 kb respectively (Kirchhoff et al.,
2009). Experimental handling of the data has been described
previously (Baumbusch et al., 2008; Russnes et al., 2010).
aCGH data were available for 196 out of 251 patients.

2.2.3. Gene expression analyses

To measure gene (MRNA) expression, we utilized the Human
Genome Survey Microarray version 2.0 (Applied Biosystem).
The whole genome array contains 32,878 probes (60-mers)
covering 29,098 transcripts. Quality was assessed by the QC-
parameters of the internal controls, and 20 arrays were
removed due to reduced quality or low present call, returning
a total of 194 unique samples with good quality gene expres-
sion data. No filtering of probes was applied in order to gain
data for all genes coding for the selected proteins in the study.
Data were log,-transformed, quantile normalized and median
gene centered. Gene expression data were available for 194
out of 251 patients. The mRNA expression data are available
from GEO (GSE24117), and experimental details of this dataset
have been described previously (Myhre et al., 2010).

2.2.4. miRNA expression analyses

miRNA expression was measured by one-color microarray
“Human miRNA Microarray Kit (V2) (Agilent Technologies) ac-
cording to protocol supplied by manufacturer (miRNA Micro-
array System v1.5). This miRNA array is based on miRBase
release 10.1 and contains 723 human and 76 human viral miR-
NAs. The array contains 15,744 features (60-mers) including
953 control probes, thus each miRNA is in average replicated
~18 times on the array. In brief, total RNA was isolated with
TRIzol (Invitrogen), and 100 ng RNA was used as input for la-
beling and hybridization to the array. Scanning was per-
formed on Agilent Scanner G2565A. miRNA data were
processed using Feature Extraction (FE) version 11, log,-trans-
formed and quantile normalized in Genespring v.10.0 (Agilent
Technologies). Quality was assessed by the QC parameters in
FE. miRNAs with a present call in less than 20% of samples
were removed resulting in 408 miRNAs considered to be
expressed in this set of human breast tumor.

2.3.  Matching of proteins and gene-probes

To perform cis-correlation (correlation between DNA, mRNA
and protein for the same genomic region) analyzes across
the three molecular levels, the aCGH- and mRNA probes
were matched to the corresponding 52 proteins from the
RPPA platform. For proteins, where expression data were
available for both total protein and phosphorylated epitopes,
data from each antibody were matched to the same gene
expression probe (e.g. ER, ERp118, ERp167 were all matched
to ESR1 gene probe). In cases where one protein was composed
of several subunits (multiple compartment protein) encoded
for by more than one mRNA transcript, expression of that total
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protein was matched to each individual gene probe (e.g. AMPK
protein consists of gene products from seven different genes
PRKAA1, PRKAA2, PRKAB1, PRKAB2, PRKAGI1, PRKAG2, and
PRKAGS3). In cases where multiple gene probes were available
for the same gene (i.e. one gene product), each gene probe
was matched to the corresponding protein (total protein and
phosphorylated epitopes). E.g. IGF1R-probe id “186013” and
“159991” were both matched to IGFR1 and IGFR1p. Finally,
the gene expression probes were matched to all aCGH probes
that spanned the genomic region of the gene. For each sample
the probes representing the genomic region of a single gene
showed identical copy number values. Hence, the signal
from one single probe was utilized as representative for that
genomic region. In instances where the annotated genomic
region for a specific gene differed between the gene expres-
sion and aCGH platforms, the aCGH probe showing the best
correlation value was selected. The complete matching details
are listed in Supplementary Table 1.

The multiple protein epitopes (including phosphorylated
epitopes), aCGH probes and gene probes were arranged in 135
possible cis-combinations for 52 unique proteins. In order to
reduce redundancy in the comparison, one DNA and gene-
probe for each unique gene/protein representative for each mo-
lecular level (DNA, mRNA and protein) was selected, favoring
probes that returned the highest in cis-correlation for each pair-
ing. At the protein level antibodies targeting the total protein
were selected for most pairings except for HER2 and Stat6,
due to technical issues for these two total-protein directed an-
tibodies. Hence, for HER2 and Stat6, the phosphorylated epi-
topes HER2-p1248 and Stat6-p641 were included instead of
total protein. HER2-p1248 represents the activated form of the
protein, which thus enabled us to study the functional form of
HER2. For the proteins caspase 7 and PARP, RPPA data was
only available for antibodies targeting the cleaved (and active)
version of the proteins. For proteins consisting of multiple
gene products, all genes were included. The comparisons of
correlations between phosphorylated epitopes- and total pro-
tein and copy number and gene expression are available as
Supplementary material (Supplementary Table 2). Copy num-
ber logR-values, mRNA expression and protein expression for
the pairings are available in supplementary data files 1,2 and 3.

2.4. Gene expression subtyping

Gene expression based subtyping of the tumor samples was
performed based on the intrinsic gene list of Sorlie et al.
(2003). From the original intrinsic gene list containing 561
gene probes, we identified 374 gene probes on our gene
expression platform by matching entrez gene id and gene
symbol. Gene expression data for these genes were median-
centered per probe across 194 samples. Pearson correlation
between each tumor specimen and each of the 5 subtype cen-
troids was estimated using the 374 gene probes. Each sample
was annotated with the subtype of the respective centroid to
which the sample correlated highest. A minimum Pearson
correlation threshold >0.15 was applied. Samples achieving
a maximum correlation below 0.15 were annotated “unclassi-
fied”. The following classification was obtained Luminal A
(n = 63), Luminal B (n = 25), HER2-enriched (n = 27), Basal-
like (n = 29) and Normal-like (n = 32), unclassified (n = 18).

2.5. Inter-platform correlation between genes and
proteins

A Kolmogorov—Smirnov (KS) test was utilized to test for a
normal distribution in each of the three datasets. A KS-test
calculates maximum distance between the cumulative fre-
quency curve and the best-fit normal curve of the data, and
determines the significance of this distance. If the KS-test
returns a low (significant) p-value ( p < 0.05) the normal distri-
bution hypothesis is rejected. If the KS test returns a high p-
value the normality assumption is not falsified. In SPSS a KS
test for normality was done for each genomic DNA probe,
mRNA expression probe and antibody (protein expression).
The KS tests returned highly significant p-values for the
copy number data, and mostly non-significant p-values for
the mRNA- and protein expression data. Due to the non-
normally distribution of aCGH data, Spearman rank correla-
tion was selected as correlation estimator in all comparisons
(Gry et al., 2009; Spearman, 2010). For each pair of gene—gene
or gene—protein the Spearman rank cis-correlation was esti-
mated across the three platforms using SPSS 17. After Bonfer-
roni adjustment Spearman correlation values >0.3 reflected
statistically significant positive correlations ( p-value < 0.05).
Correlation values were categorized as “high” >0.5, “medium”
between 0.5 and 0.3, “low” between 0.3 and 0.15, “none” be-
tween 0.15 and —0.15 and “negative” <—0.15. Correlations be-
tween copy number and mRNA expression were estimated for
the selected genes, using 154 breast tumor samples. Correla-
tions between mRNA expression and protein expression
were found using 164 breast tumor samples, and correlations
between copy number and protein expression for the 62 pair-
ings (52 unique proteins) of gene/proteins were found using
161 breast tumors (Supplementary Figure 2).

2.5.1. Correlation within five gene expression subtypes
Correlation analyses between the three molecular levels of
expression were performed within each of the five molecular
subtypes. The in cis-correlations between copy number and
mRNA expression were calculated for a total of 140 samples
divided into 5 subtypes. The in cis-correlations between
mRNA expression and protein expression were calculated
for a total of 151 samples divided into 5 subtypes. The in cis-
correlation between copy number and protein expression
were calculated for a total of 122 samples divided into 5 sub-
types (Table 1).

In order to assess subtype-specific correlations the vari-
ance of the subtype-specific correlations was calculated (the
variance of these correlations were called VSC). A high VSC
pointed to candidate genes and proteins with potential regula-
tory differences between subtypes.

In order to compare overall correlation to subtype-
specific correlations, a variable “Z” was defined. Let “A;”
be overall Spearman correlation coefficient “A” of protein
“”, and “B;” be the weighted mean (weighted by number
of samples in each subtype) of the five subtype-specific cor-
relations “B” of protein “”. Given the difference A; — Bi=Z a
positive Z indicates lower subtype-specific correlations,
while a negative Z indicates higher subtype-specific correla-
tions compared to the overall correlation for the given
protein.
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Table 1 — Number of samples in the five gene-expression subtypes utilized in subtype specific correlation estimates across three molecular levels.

Comparison Luminal A Luminal B HER2-enr. Basal Normal Total
CN-GX 52 20 20 25 23 140
GX-PX 55 22 21 25 29 151
CN-PX 44 19 16 22 21 122
2.6. miRNA target prediction
3. Results
For the two gene (proteins) PECAM1 (CD31), and CASP7, all . i . .
3.1. Classification of proteins based on correlation

miRNAs predicted to have “conserved” targets in the base-
sequences of these two genes were identified using Targets-
can [www.targetscan.org] (2012b). After filtering the miRNA
data by present call in at least 20% of the samples, five miRNAs
with predicted target in CASP7, and two miRNAs with pre-
dicted target in PECAM1 were identified. Analysis of variance
(ANOVA) was utilized to test for significant differences in
expression of proteins and miRNAs (cleaved caspase 7 and
CD31 and targeted miRNAs) between the five expression
subtypes.

2.7. Cyclin B1 in relation to outcome

For each molecular level the samples were divided in three
groups (GAIN/HIGH, NONE/MEDIUM and LOSS/LOW) ac-
cording to their copy number and expression levels of cyclin
B1. At the copy number level an extended dataset of 506
cancer patients with 15 years overall survival was utilized
to increase the numbers of gains and loss in this region.
Samples with a copy number value (LogR) >0.20 were
assigned to the GAIN-group and <-0.20 were assigned to
the LOSS group, and the remaining to the NONE-group.
For mRNA and protein expression the samples were
assigned to the groups using the 25%—75% percentile bor-
ders of expression. Using 15 years overall survival as
outcome, Kaplan—Meier plots and log rank tests were used
for assessing significance of overall survival for CN, GX
and PX expression of CCNB1/cyclin B1.

2.8. Validation

An external validation set was utilized to validate the correla-
tion values observed in the original dataset. Data on copy num-
ber-, mRNA expression- and RPPA data were available for 39 out
of the 52 protein pairings for a total of 703 invasive breast carci-
nomas in The Cancer Genome Atlas database (TCGA (2012a)).
With a minimum overlap of 388 samples (Supplementary
Figure 3), Spearman rank correlations were calculated for the
three comparisons and the 39 protein pairings
(Supplementary Table 9). In order to test whether the pattern
of correlation was similar, the correlation values from the vali-
dation set were correlated to the correlation values of the orig-
inal set across these 39 protein pairings both overall and within
each subtype (PAMS50). Data were available for luminal A
(n = 220), luminal B (n = 127), ERBB2-like (n = 55), basal-like
(n = 93) and normal-like (n = 8). Spearman correlation was
calculated across all 503 samples, and within each subtype
(except for the normal-like subtype that had too few samples).

between molecular levels

In-cis correlations were calculated between all three molecular
levels (DNA copy number, mRNA and protein expression) for
the 52 selected proteins (63 pairings to mRNA probes). Based
on the pattern of the correlation values, the proteins were
categorized into four groups A—D (Figure 1a). Figure 2 exem-
plifies scatterplots between the three levels for one protein
from each of the four groups.

3.1.1. Group A: protein-expression influenced by copy number
levels (CN-PX)

Group A consisted of eight pairs for which copy number was
significantly correlated to mRNA expression, and mRNA
expression was significantly correlated to protein expression
(Spearman’s rank correlation >0.3) (Figure 1a, Figure 2). Copy
number level was significantly correlated to protein expres-
sion for five of the proteins (HER2p1248, p70S6 Kinase,
IGFR1, Rab25, and PDK1) and correlated positively (albeit not
significantly) for the remaining three (4ebp1l, Cyclin D1 and
stat3). The positive correlation across the three molecular
levels indicated that copy number level variations made an
impact on expression of these proteins. High copy number
gain or loss (for this purpose defined as [logR| > 0.4) in corre-
sponding genomic regions, were observed in more than 15%
of the samples for 6 of the 8 proteins. For the remaining two
genes, IGF1R and STAT3, high copy number gain or loss was
5%, and 7% respectively. Variance in copy number values
was on average four-fold higher in group A compared to group
B, C and D (Supplementary Table 3) supporting copy number
as a major driver of expression of the group A proteins.

3.1.2. Group B: protein-expression influenced by mRNA
expression levels only (GX-PX)

Group B consisted of 14 protein pairings for which the only
significant correlation observed was between mRNA
expression and protein expression (Spearman’s rank corre-
lation >0.3) (Figure 1a, Figure 2). These proteins were cKit,
ER, Caveolin 1, PR, cyclin B1, Cyclin E1, Akt, p110a, cMYC,
PTEN, PAI1, CD31, PKCe, and COX2. In contrast to group A,
only 5 out of 14 proteins in group B showed [logR| > 0.4 in
corresponding genomic regions in more than 15% of the
samples. Thus, the lower variance in copy number levels
reduced the likelihood for copy number aberrations of these
genes to be major drivers of mRNA and protein expression.
As observed for PTEN, Rb, BRCA1, MEK1 and p53 (see Sec-
tion 3.1.5).
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Figure 1 — Multilevel correlation. a) Overall correlation between copy number and mRNA expression (CN-GX), mRNA expression and protein

expression (GX-PX) and copy number and protein expression (CN-PX). Gene and proteins are divided into 4 groups: “A” protein expression

influenced by copy number, “B” protein expression significantly influenced by mRNA expression but not copy number, “C” mRNA expression

significantly influenced by copy number, but not correlated to protein. “D” gene/proteins show no significant correlation between any molecular

levels. Red arrows with “*” denote proteins demonstrating a significant correlation to copy number after reducing the effect of non-aberrant

samples. b) Subtype specific correlations for all three comparisons. Proteins with highest VSC (Variance in subtype-specific correlation) and |Z-

scores| (absolute difference in average subtype-specific correlation and overall correlation) are indicated with red arrows.

3.1.3.  Group C: copy number levels influence mRNA
expression but not protein expression (CN-GX)

Group C consisted of 15 pairings for which the only significant
correlation was between copy number and mRNA expression
(Spearman’s rank correlation > 0.3) (Figure 1a, Figure 2). In this
group, we find Rb, cleaved PARP, S6, TSC2, B-catenin, MAPKp,
p383, BRCA1, MEK1, E-cadherin, cleaved caspase 7, mTor,
CDK4, ERK2 and AMPK (for AMPK significant correlation was
found for one out of 7 pairings to genes encoding subunits of
this protein). Strikingly, only 4 out of 15 genes in group C
showed [logR| > 0.4 in more than 15% of the samples, less
than what was observed for group B which demonstrated no
positive correlation to copy number. Hence, low copy number

variance was not the sole explanation for low correlation be-
tween copy number and mRNA expression in group B.

3.1.4. Group D: protein expression with no significant

correlation to mRNA expression and copy number levels

Group D consisted of the remaining 25 pairings that showed
no significant correlation between any of the molecular levels
(Figure 1a, Figure 2). This group included p53, bcl2, AMPK (6
genes encoding 6 out of 7 subunits of this protein-complex),
p27, GSK3 (two genes encoding two subunits), XIAP, Stat6p641,
LKB1, cJun, VEGFR2, Src, p21, Collagen VI, Stathmin, EGFR,
JNK, p38, and SGK. Only 2 out of 25 genomic regions in group
D showed [logR| > 0.4 in more than 15% of the samples. This
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Figure 2 — Group A—D scatterplot examples. The four groups of correlation (A—D) are exemplified with scatterplots for one gene/protein pairing

within each group and for all three comparisons. Group A is exemplified by ERBB2 that demonstrates how copy number correlates to protein

expression via high correlation to mRNA. Group B is exemplified by ESR1 for which mRINA expression correlates highly with protein expression

but not with copy number. Group C is exemplified by RPS6 that demonstrates a high correlation between copy number and mRNA expression, but

not with protein expression. Group D is exemplified by cJUN that demonstrates no evidence of correlation between any molecular levels of

expression.

low number of copy number aberrations was a probable
explanation for the lack of copy number driven mRNA and/
or protein expression in this group.

3.1.5. Correlation among samples with most extreme copy
number values

Low observed correlation between copy number and mRNA/pro-
tein expression may be caused either by an actual lack of associ-
ation or insufficient variability in copy number levels in the
respective genomic regions. To minimize the dilutive effect of
non-aberrant cases, samples populating the top and bottom 10
percentiles of copy number values were selected for each protein
pairing (data not shown). The correlations obtained from these
subsets of analyses increased, and despite the reduced power
due to reduced sample-size, five additional proteins for which
copy number levels correlated significantly to protein expression
were identified: Rb (RB1), p53 (TP53), BRCA1 (BRCA1), MEK1
(MAP2K1), PTEN (PTEN) (Highlighted in Figure 1a). In addition,
an increase in copy number to mRNA expression correlation
was observed for Akt, p110a, cMyc, EGFR, CD31 and PAI1 (data
not shown). This demonstrates that lack of copy number varia-
tion can result in lowered correlation.

3.2. Within-subtype correlation

To explore subtype-specific regulatory relationships, correla-
tions were calculated within each intrinsic molecular subtype
separately (Sorlie et al., 2001). Next, the variance of these
within-subtype correlations (henceforth referred to as

variance of subtype-specific correlations, or VSC) was calcu-
lated for each protein for each comparison. A high VSC points
to protein pairings that demonstrate large differences in corre-
lation between the molecular levels. These differences could
be a result of variable levels of heterogeneity in expression
values at one or more molecular levels between the subtypes,
or be an indication of differences in molecular regulatory rela-
tionships between subtypes. CASP7 and PECAM1 were selected
based on high VSC as potential candidates for subtype-specific
miRNA regulation. (Figure 1, Figure 3, Supplementary Tables
4—6, see Section 3.2.1). Validation of subtype-specific correla-
tion was performed using an external breast tumor data set
from the Cancer Genome Atlas (TCGA) (http://tcga-data.nci.-
nih.gov/) (2012a) (see Materials and Methods). Positive and sig-
nificant correlations were observed for most subtypes between
the within subtype correlation values of the original dataset
and the validation set (Supplementary Table 7).

3.2.1. Differences in cleaved caspase 7 expression across
subtypes may be due to miRNA repressed translation

Cleaved caspase 7 protein demonstrated a high VSC in com-
parisons of both copy number and mRNA expression corre-
lated to protein expression (Supplementary Table 6). The
subtype-specific correlations ranged from -0.27 (Normal-
like) to 0.65 (HER2 enriched) (Supplementary Table 5,
Figure 1b). In order to test whether these correlation differ-
ences could be assigned to differences in CASP7 expression
between subtypes, multigroup comparisons were performed
at the three molecular levels. Although, a Kruskal-Wallis
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Figure 3 — CASP7-, cleaved caspase 7- and hsa-mir29c-expression across subtypes. Box-plot of expression of CASP7 mRNA in the top panel

demonstrates no significant difference in expression levels between subtypes (ANOVA p-value = 0.061). A highly significant difference in protein

expression across subtypes is observed for cleaved caspase 7 (ANOVA p-value < 0.001), and a significant but opposite pattern of expression is
observed for the miRNA hsa-mir-29¢ (p < 0.001), predicted to target C4SP7 mRNA. The mean expression curves from the ANOVA analyses are

included for visualization of the mirror like expression patterns across subtypes for cleaved caspase 7 and the hsa-mir-29c.

test identified a significant difference in CASP7 copy number-
levels between the HER2-enriched and normal-like subtypes
(p = 0.04), ANOVA analyses of mRNA and protein expression
identified no significant differences in mRNA expression
levels of CASP7 between any of the subtypes (most significant
p-value = 0.07 between luminal B and Her2-enriched). At the
protein level the basal-like subtype demonstrated signifi-
cantly higher level of cleaved caspase 7 protein expression
compared to all other subtypes (p < 0.001) (Figure 3). This
was surprising considering that the antibody selectively re-
acts with cleaved caspase 7 suggesting that total protein level
contributes at least in part to cleavage. Since mRNA expres-
sion of CASP7 could not explain the differences in protein
expression, expression of six miRNAs predicted (www.tar-
getscan.org) to target CASP7 mRNA was explored
(supplementary data file 4). The hypothesis was that reduced

correlation to protein expression could be caused by a corre-
sponding repression of translation due to increased expres-
sion of miRNAs targeting CASP7. Three miRNAs predicted to
target CASP7 mRNA were found significantly differentially
expressed between subtypes; hsa-miR-29a, hsa-miR-29c and
hsa-miR-29c*. Strikingly, the expression pattern of hsa-miR-
29¢ (and hsa-miR-29¢*) showed a mirrored-like image to
expression of cleaved caspase 7 protein across the five sub-
types (Figure 3). Thus, the higher level of cleaved caspase 7
expression observed in basal-like tumors could be an effect
of less repression of translation by hsa-miR-29c.

3.2.2. Within-subtype correlation versus between-subtype
correlation

For each of the three comparisons of correlation and for each
protein a parameter Z was calculated. Z describes the
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difference between the “overall correlation” and the “average
of the five subtype-specific correlation values”, weighted by
the number of samples in each subtype. Hence, Z quantifies
the discrepancy between across-subtype correlation and
average within-subtype correlation. A large positive Z signi-
fied the presence of low correlations within subtypes, com-
bined with substantial inter-subtype differences that
resulted in high overall correlation. A large negative Z on
the other hand, indicates the presence of high correlations
within subtypes, masked by inter-subtype differences that
resulted in low overall correlation (Supplementary Tables
4—6). HER2p1248 (ERBB2) obtained the largest positive Z score
in the copy number to mRNA expression and mRNA expres-
sion to protein expression comparisons, and the second
largest score (after PDK1) in the copy number to protein
expression comparison. The lower subtype-specific correla-
tion values can be explained by a more homogenous expres-
sion of ERBB2 in most subtypes, except for luminal B, as
shown in Supplementary Figure 4.

3.2.3.  Subtype stratification identifies copy number as a
minor driver of cyclin B1 expression

The largest negative Z was found for cyclin B1 (CCNB1) in both
the copy number to mRNA expression and the copy number to
protein expression comparison. A negative Z means that the
overall correlation (across the entire dataset) is lower than
the mean correlation value across the five subtypes for this
pairing. Since supervised subtyping in principle reduces the
within-group variance and thus penalizes conditions for
obtaining a positive correlation, a negative Z is a rare phenom-
enon that can disclose hidden regulatory relationship being
masked in the overall dataset. The overall correlation between
CCNB1 copy number and mRNA expression was —0.07, while
the weighted mean subtype correlation was 0.33 (Z = —0.40)
(Supplementary Table 4, Figure 1b). Thus, although no overall
correlation between copy number and mRNA expression of
CCNB1 was observed, a positive copy number to mRNA
expression correlation across tumors within each of the five
subtypes was found (significant p < 0.05 in four subtypes,

CCNB1 copy number across subtypes
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CCNBI across subtypes (middle panel), and mean protein expression of cyclin B1 across subtypes (bottom panel).
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not significant in luminal A (Figure 4a)). Box-plots demon-
strated a similar pattern for mRNA and protein levels, and
distinct from what was observed for copy number of CCNB1
between subtypes (Figure 4b). The subtype-dependent correla-
tions between copy number and gene expression of CCNB1
were validated in an external breast tumor dataset (TCGA,
http://tcga-data.nci.nih.gov/). As observed in the original
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dataset, no evidence for significant correlation between
CCNB1 copy number and gene expression was found across
a sample set of 481 breast tumors (R = 0.01), however signifi-
cant positive correlations ranging from R = 0.22 to R = 0.47
were observed within each subtype (classified by PAMS5O0,
Supplementary Table 8). The normal-like class was omitted
due to few samples (for details see materials and methods).

b) CCNB1 Protein expr.

1.04 T L~ HIGH
§ -~ LOW
= MED
$ 08
>
(2]

2 0.61
kS
g 041 e
)
©02]
0.0 p-val<0.001
0 50 100 150 200
Overall Survival (months)
d)
CCNB1 copy number (GAIN vs NONE)
_ 101 iwj - GAIN
S 0.8 g NONE
£ 0.8
>
(%]
o 0.61
=
©
S 0.4
IS
>
© 0.24
0.0 p-val=0.07
0 50 100 150 200
f) Overall Survival (months)

CCNB1 Copy number in ER neg

-~ GAIN
-~ LOSS

1.0
NONE
0.8 -

0.61 L

Cumulative survival

0.0 p-val=0.02

0 50 100 150 200
Overall Survival (months)
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within ER negative patients.
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3.2.4. Copy number, mRNA and protein expression of cyclin
B1 and overall survival

Increased levels of cyclin B1 protein have been reported as a
marker for poor prognosis in breast cancer (Aaltonen et al.,
2009; Agarwal et al., 2009; Nimeus-Malmstrom et al., 2010).
In accordance with these studies, we observed that both
elevated mRNA and protein expression were associated with
significantly worse 15 years overall survival (Figure 5a—c).
Since the number of samples with CCNB1 copy number aber-
rations was low (Figure 4a), this effect on overall survival
was further assessed in an extended tumor set including
copy number data (aCGH) from 506 breast tumors
(Supplementary datafile 5). Since, mRNA and protein expres-
sion data were not available for this extended sample set, sub-
types could not be constructed for all samples. Hence, a
stratification according to ER-status was performed in order
to obtain groups with sufficient events (Table 2, Figure 5d—f).
Copy number loss of CCNB1 (LOSS-group) was associated
with reduced overall survival (p-value < 0.001). Also, copy
number gain of CCNB1 (GAIN-group) demonstrated borderline
significant reduced overall survival compared to NONE-group
(p-value = 0.068).

As observed earlier, cyclin B1 measured at all three molecu-
lar levels differed between breast cancer subtypes. Basal-like
subtype (represented in here with the ER-negative group) was
a confounder with copy number loss in the CCNBI1 region, and
luminal subtypes (associated with ER-positivity) were con-
founding with CCNB1 copy number gain. Within the ER-
positive tumors, the CCNB1 GAIN-group demonstrated worse
overall survival although not significant (p-value = 0.112)
compared to NONE-group (no tumors in the ER-positive group
showed loss of CCNB1) (Figure 5d—f). Reduced overall survival
observed in the LOSS-group was most likely related to the
adverse prognosis of ER-negative and/or basal-like tumors.
While the reduced overall survival in the GAIN-group could be
a result of copy number driven elevated cyclin B1 expression.

4. Discussion

Protein levels are influenced by regulation of transcription,
translation and protein stability. Estimations of how much of
the variance of protein abundance can be explained by mRNA
abundance varies (Lu et al., 2007; Stranger et al., 2007). Our re-
sults from the panel of 52 proteins indicate that mRNA expres-
sion correlates significantly to protein expression for about
~35% of the proteins (in cis). However, although statistically
significant these correlation values are in range between 0.3
and 0.9, and mRNA expression data cannot account for all pro-
tein expression data. The impact copy number levels have on

mRNA expression depends on the extent of chromosomal ab-
errations in the genomic region in question, and it has been
proposed that copy number variation capture ~18% of varia-
tion in gene expression across diseases (Stranger et al., 2007).
Breast cancer is a heterogeneous disease and copy number ab-
errations vary within and between breast tumors, and between
breast cancer subtypes (Russnes et al., 2010; Hyman et al., 2002;
Pollack et al., 2002). Therefore the number of genes and pro-
teins having their expression directly influenced by copy num-
ber aberrations is likely to vary between subtypes. Overall, we
observed that copy number had a significantimpact on expres-
sion of 35% of the genes (genome-wide), and on about 12—15%
of the selected proteins in this study. However, the study was
based on a set of proteins, selected for their proposed roles in
breast cancer, and not for the purpose of representing the pro-
teome as a whole. Several proteins were also measured by us-
ing antibodies directed toward their functionally active
configuration (eg. HER2p1248, Cleaved caspase 7, Cleaved
PARP). Extrapolating the percentages of significantly correlated
pairings onto a whole genome or proteome setting is therefore
not valid.

4.1. Correlation as a basis for proposing regulation of
protein expression

Although correlation does not imply causation, the biological
established relationship between DNA copy number levels,
mRNA and protein expression makes the assumption of causa-
tion less bold. For copy number levels of a genomic region to be
identified as a possible driver of increased or decreased mRNA
and protein expression the region must be affected by aberra-
tions. The majority of the genomic regions corresponding to
the proteins in group A have been reported to be commonly
affected by copy number aberrations in breast cancer
(Barbareschi et al., 1997; Cheng et al., 2004; Hui et al., 1996;
Maurer et al., 2009; Reis-Filho et al., 2006; Rojo et al., 2007; Roy
etal., 2010). Hence, based on the positive correlation observed,
expression of the eight proteins in group A was proposed to be
under significant copy number influence (in cis).

The 14 proteins in group B demonstrated medium (R > 0.3)
or high (R > 0.5) mRNA expression to protein expression corre-
lation but low or no correlation of either to copy number.
Hence, expression of the proteins in group B waslikely tobe un-
der direct influence of mRNA expression levels (in cis) but not
copy number. The mechanisms regulating expression of these
proteins are likely to be others than copy number aberrations
(e.g. transcription factor activity, methylation, mutations).

The mRNA expression of proteins in group C was influ-
enced by copy number levels, but no evidence was found for
correlation between mRNA and protein expression. For some

Table 2 — Number of samples with gain, loss or none-aberrations of CCNB1 within subtypes, ER positive, and ER negative tumors of the 506-

tumor dataset.

Luminal A Luminal B HER2 enr Basal-like Normal-like ER + ER —
None 123 31 43 19 35 273 97
Gain 15 4 1 0 6 31 5
Loss 4 6 10 31 4 34 44
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proteins this lack of correlation might be due to post-
translational cleavage. For instance caspase 7 is activated
through its cleavage by caspase 3 and calpain-1 (Gafni et al.,
2009), and PARP1 is cleaved by caspases in order to prevent en-
ergy depletion and necrosis, and to promote apoptosis
(D’Amours et al., 2001). In this study only antibodies targeting
the cleaved version of these two proteins were utilized and
correlation can be disrupted if the extent of protein cleavage
is independent of levels of mRNA expression.

Low correlation between all levels, as observed for the
remaining proteins (group D), could be an effect of multiple
factors. A high proportion of non-aberrant tumors may dilute
potential direct relationships between copy number and
mRNA expression. Indeed, a general increase in copy number
to mRNA expression correlations was observed when only
including tumor samples with copy number aberrations in
the analysis.

Degradation of both mRNA and protein would make an
impact on the mRNA expression to protein expression correla-
tion (in both group C and D). In addition, two of the proteins in
group (C) and D consist of two or more subunits, and each sub-
unit is encoded by different genes (two genes for GSK3 and
seven for AMPK). Proteins encoded by a single gene have
higher probability of achieving positive correlation, simply
due to a more linear relationship. Noise can also be introduced
by an unspecific antibody. This was observed for EGFR, as the
antibody targeting EGFR used in this study also detected high
levels of HER2 protein. Hence, nonspecific detection of HER2
may have disrupted mRNA expression to protein expression
correlation of EGFR, rendering unreliable data for this protein.
Also, the genetic libraries are under constant review, and
although the human genome sequence is known, probe anno-
tation is often modified and erroneous matching of probes to
genes and proteins may occur. Gene probes on the microarray
might also detect alternative splice variants which can
contribute noise into the comparisons (Shi et al., 2006).
Improvement and optimization of antibodies and technolo-
gies have likely led to the higher correlations observed for
the validation set. However, the correlation values obtained
from comparing the two datasets were highly significant, giv-
ing support to the proposed regulatory relationships.

4.2. Variance, heterogeneity and possible impact on
correlation

High correlation requires systematic heterogeneity in the
data, and variance is a measure of heterogeneity. Indeed,
the variance of copy number values was on average four-
fold higher for group A proteins compared to those in group
B, C and D (Supplementary Table 3). Similarly, proteins in
group B showed the highest variance of both mRNA, and pro-
tein expression values. Since different proteins and genes can
differ in their range of expression (signal distribution), the
level of variance is not directly comparable between different
proteins. However, the variance of expression values (copy
number, mRNA and protein expression) for the same protein
was comparable between subtypes. When low correlation
was observed in subtypes showing equal or higher variance
as a subtype demonstrating high correlation, the resulting

high VSC indicates subtype-specific differences in regulatory
mechanisms (e.g CASP?).

4.3.  Tissue heterogeneity

Tissue heterogeneity within each tumor can potentially bring
noise to the data. Microdissection was not performed, and
different cell types could potentially contribute differently
into the amounts of DNA, mRNA and protein. The correlations
were a study of tumors as heterogeneous “organ” and not an
examination of tumor epithelial cells specifically. However, a
previous gene expression study of the DBCG 82 b & c cohort,
took pathologic information regarding amount of tumor
epithelial-, stromal- and adipocytic cells into account, and
concluded that variance in mRNA expression related to meta-
static disease was derived from tumor epithelial cells (Myhre
et al,, 2010). Although the DNA, mRNA and protein lysates
were prepared from adjacent pieces of the same tumor, they
were not derived from the exact same cell fraction. Retrospec-
tively, it would have been preferable to prepare isolates of
DNA, mRNA and protein from one piece of the tumor and
divided it into three fractions for downstream isolations.
The issue of intratumoral heterogeneity has previously been
studied in a technical assessment of RPPA data in comparison
with gene expression and the levels of intratumor protein
levels were found to be much less variable than intertumoral
levels. Hence, despite challenges with intratumoral heteroge-
neity, RPPA provided accurate and reproducible analysis of
protein expression (Hennessy et al., 2010).

4.4. miRNA regulation of cleaved caspase 7 expression

High VSC was observed for both copy number level to protein
expression and mRNA expression to protein expression for
cleaved caspase 7. Except for the normal-like subtype the vari-
ance in expression values were similar between subtypes that
demonstrated high (Luminal B, HER2-enriched and basal) and
low (luminal A) correlation values. Hence, differences in vari-
ance could not solely explain differences in correlation. Sur-
prisingly cleaved caspase 7 correlated with mRNA levels
suggesting that total caspase 7 contributes to the frequency
of cleaved caspase 7 potentially due to increase substrate
levels. Caspase 7 is cleaved by Calpain 1 (CAPN1) and caspase
3 (CASP3) but the basal-like subtype did not demonstrate
higher expression levels of these two genes that potentially
could explain the higher levels of cleaved caspase 7 protein.
However, at the miRNA level the basal-like subtype demon-
strated lowest expression of hsa-miR-29¢c which is predicted
to target CASP7. Thus, the increased protein level in basal-
like tumors could be an effect of less translational repression,
rather than increased level of CASP7 mRNA expression or
excessive cleavage activity by CAPN1 or CASP3. The higher
expression of these miRNAs in basal-like subtype was further
supported by a recent publication of miRNA expression from
101 early-stage breast carcinomas where both hsa-miR-29c
and hsa-mir-29c* were found to be among the top miRNAs
that discriminated basal-like from luminal A subtypes
(Enerly et al., 2011). Elevated expression of hsa-miR-29¢c has
been reported to be associated with favorable prognosis and
decreased proliferation, migration, invasion and colony
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formation in mesothelioma cell lines (Pass et al., 2010). How-
ever, miRNAs exhibit a somewhat promiscuous nature in
terms of which mRNA they can target, target prediction
methods are uncertain, and their proposed “fine-tuning” reg-
ulatory functions can both repress translation as well as
destabilize mRNA. Therefore the biological signal-to-noise ra-
tio in such data is expected to be low (Baek et al., 2008; Bartel,
2009; Guo et al., 2010), and functional studies are necessary to
investigate the specific effect of these miRNAs.

4.5. Correlation within mRNA expression subtypes
compared to overall correlation

Subdivision of samples into molecular gene-expression sub-
types was expected to influence correlation since variance in
the overall group was divided into more homogeneous groups
with expectedly less within-group variance. Thus, subtyping
penalized correlation as the variance in copy number and/or
mRNA and protein expression values was reduced. In addition
the sample sizes were smaller, making an impact on statisti-
cal power, and since more tests were performed more false
positives would appear. A large positive Z (high overall corre-
lation across all samples and low mean subtype-specific cor-
relation) was observed for ERBB2/HER2p1248 correlations,
and was a consequence of dividing heterogeneous data into
homogenous subgroups (such as the HER2-enriched group).
However, negative Z (low overall correlation and a high
mean subtype-specific correlation) as observed for CCNB1
copy number to mRNA correlation cannot be explained by
the same mechanism. Due to the before mentioned sample
size reduction and additional test issue, it was important to
be able to validate the positive cyclin B1 correlation between
copy number and mRNA expression within each subtype in
the TCGA dataset. Stratification according to subtypes in
both the original and the validation sample set demonstrated
that copy number levels of the CCNB1 genomic region indeed
did influence the total expression level of CCNB1. However,
the majority of expression differences of CCNB1 observed be-
tween subtypes seemed to be driven by regulatory features
other than copy number. This further emphasizes that ana-
lyses of larger heterogeneous datasets might mask associa-
tions that become evident when including subtype-specific
information.

4.6. Cyclin B1 and clinical outcome

In a study of three cyclins (cyclin B1, D1 and E1) across molec-
ular subtypes, cyclin B1 was found over-expressed in basal-
like breast tumors, both at the gene and protein level
(Agarwal et al., 2009). Cyclin B1 is known to have important
regulatory functions in the G2-M checkpoint, and other
studies have reported cyclin B1 as a marker for neoplasticity
and aggressiveness in breast cancer (Aaltonen et al., 2009;
Androic et al., 2008; Megha et al., 1999). In this study copy
number loss of CCNB1 was primarily observed in the basal-
like subtype (Supplementary Figure 5). Hence, “basal-likeness”
was a confounder of CCNB1 copy number loss and the poor
prognosis observed in the LOSS-group was likely a confound-
ing effect (Agarwal et al., 2009). Gain of CCNB1 was observed
solely in the luminal-like and the normal-like groups (mostly

ER-positive tumors) (Table 2) and showed slightly worse prog-
nosis compared to the non-aberration group ( p-value = 0.12)
of patients with ER-positive tumors (Figure 5e). The reduced
survival in this group may be due to the resulting elevated
CCNBI1 expression within this group (Figure Sb—c).

5. Conclusion

Correlation studies involving multiple molecular levels can
propose regulatory relationships between DNA copy number,
mRNA and protein expression. Based on correlation patterns
across such comparisons, we were able to sort genes and pro-
teins into different groups with proposed different regulatory
mechanisms. Further stratification into gene expression sub-
types was instrumental in discovering hidden associations
across these levels. The variance in correlation between sub-
types was utilized to identify possible subtype-specific regula-
tory differences. High expression of cleaved caspase 7 protein
was associated with low expression of hsa-miR-29c. Loss of
CCNB1 copy number was associated with, but was not a prob-
able driver of the poor overall survival observed for basal-like
tumors. Copy number gain of CCNB1 identified patients with
increased cyclin B1 protein (and gene) expression and worse
prognosis within the ER-positive (luminal-like) group.
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