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ABSTRACT: Reasoning that overexpression of multiple E2F-responsive genes might be a useful marker for RB1 dysfunction, we compiled a list of E2F-

responsive genes from the literature and evaluated their expression in publicly available gene expression microarray data of patients with breast cancer, serous

ovarian cancer, and prostate cancer. In breast cancer, a group of tumors was identified, each of which simultaneously overexpressed multiple E2F-responsive

genes. Seventy percent of these genes were concerned with cell cycle progression, DNA repair, or mitosis. These E2F-responsive gene overexpressing

(ERGO) tumors frequently exhibited additional evidence of Rb/E2F axis dysfunction, were mostly triple negative, and preferentially overexpressed mul-

tiple basal cytokeratins, suggesting that they overlapped substantially with the basal-like tumor subset. ERGO tumors were also identified in serous ovarian

cancer and prostate cancer. In these cancer types, there was no evidence for a tumor subset comparable to the breast cancer basal-like subset. A core group

of about 30 E2F-responsive genes were overexpressed in all three cancer types. Thus, it appears that disorders of the Rb/E2F axis can arise at multiple organ

sites and produce tumors that simultaneously overexpress multiple E2F-responsive genes.
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Introduction

Retinoblastoma (pRb) is a multifunctional protein that is
frequently lost or mutated in various types of human cancer
(cf, Classon and Harlow!). Here we will focus on its role in the
inhibition of cell cycle progression.

Activated Rb protein ordinarily binds E2Fs, a family of
transcription factors. Rb can be constitutively inactivated by
various mechanisms, including phosphorylation, RB1 gene loss,
mutation, or by protein sequestration in the hyperphosphory-
lated state.? Cyclin D phosphorylates Rb that is complexed with

E2Fs, freeing E2Fs to upregulate multiple E2F-responsive genes,
including those required for the initiation of DNA replication.®

Early studies suggested that 10-40% of human breast
cancers have lost retinoblastoma gene function (reviewed in*).
Rb/E2F dysfunctional tumors have been studied using gene
expression microarrays.>® The dysregulation of genes involved
in DNA replication and progression through mitosis has been
a common finding.

Over the past decade, several molecular subtypes of breast
cancer have been recognized. The basal-like subtype has been
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of special interest (see’ and reviews by Metzger-Filho et al.®
and Badve et al.” and references therein). In brief, the major
distinctive features of this subtype are that they overexpress
basal-like cytokeratins, and they are “triple negative,” ie, they
do not overexpress HER2, estrogen receptor (ER), or proges-
terone receptor (PR). Breast cancers that arise in patients with
hereditary BRCA1 mutations are commonly of the basal-like
subtype.l? Therapeutic options for patients with these cancers
are limited, because they are not candidates for hormonal
therapy or targeted therapy against HER2.® While they may
respond to chemotherapy initially, these responses are often of
brief duration, and survival times for most patients with these
tumors are relatively short.

A link between Rb and the basal-like breast cancer sub-
type has been recognized. Herschkowitz et al.! used RB1 loss
of heterozygosity, low RNA expression levels of RB1, and
high levels of p16"%* (a functional marker for Rb loss) to show
that the loss of Rb was a common occurrence in basal-like
and luminal B breast cancers and identified an Rb-gene signa-
ture that included many S-phase and mitotic genes. A recently
published comprehensive multiplatform genomic analysis of
breast cancers'? has confirmed much of what is known about
basal-like breast cancers at the molecular level, including loss
of RB1 (see below), their association with BRCA1 mutations,
and high levels of activity of the PI3K/Akt pathway.!3

In view of the difficulties in identifying loss of Rb func-
tion directly, we reasoned that Rb/E2F dysfunctional tumors
might best be distinguished by the criterion of overexpression
of multiple E2F-responsive genes in each tumor. The require-
ment for the overexpression of multiple genes might provide
for a more robust test of Rb/E2F dysfunction, as well as a
more direct measure of the functional effects of Rb dysfunc-

tion than p16ik#

overexpression or even direct assessment of
Rb expression and localization by immunohistochemistry.
In addition, characterization of a subset of tumors by a set
of multiple genes that they overexpress simultaneously may
lead to a better understanding of this subset’s pathobiology
and provide insights for developing therapeutic strategies that
utilize multiple targeted agents. Finally, we wondered if such
a functional subtype would coincide or overlap with recog-
nized subtypes of breast cancer, and with basal-like cancers
in particular.

In this paper we have identified a novel subgroup of breast
cancers that individually overexpress multiple E2F-responsive
genes simultaneously. This subgroup overlaps substantially
with the subset of basal-like breast cancers. We also identified
subgroups of tumors that simultaneously overexpress multiple
E2F-responsive genes in ovarian cancer and prostate cancer.
Many of the overexpressed genes in these cancers were often
the same overexpressed E2F-responsive genes that were found
in breast cancer. Since overexpressed normal cell constituents
in cancer cells are potential candidates for targeted therapy,
these genes could provide the basis for a rational approach to
multitargeted systemic therapy regardless of site of origin.

Materials and Methods

Compilation of E2F-responsive gene list. In prior
work,* we conducted a review of the English literature
through 2008 for genes whose expression is altered in response
to changes in the expression of Rb or members of the E2F
gene family, which yielded 1000 potential E2F1-3 responsive
genes. Of these, 325 were confirmed to be E2F responsive by
at least two microarray studies or by at least one microarray
study plus one alternative method, such as Real-Time Poly-
merase Chain Reaction (RT-PCR) or Northern blot analysis.
These 325 genes (Supplementary Table 1) made up the list of
E2F-responsive genes used in the present study.

Microarray and RNA-Seq data sets. The gene expres-
sion microarray data set of 117 breast cancers published by

van't Veer et al.,"°

available at http://www.rii/com/publications/
default.htm, was used to investigate human breast cancer. For
this study, 98 primary breast cancers were selected, out of which,
34 developed distant metastases within 5 years, 44 remained
disease free after a period of at least 5 years, 18 were hereditary
BRCA1 mutation carriers, and 2 were BRCA2 carriers. The
samples were analyzed for mRNA expression using an Agilent
Hu25K array platform. Two microarray breast cancer data sets
were used to investigate the reproducibility of results in the van't
Veer data set. The first data set was published by Dai et al.,!®
obtained on a different custom Agilent microarray platform.
The Dai data set is available from the National Center for Bio-
technology Information’s (NCBI) Gene Expression Omnibus
(GEO) data repository as series GSE2845. Among 311 sam-
ples studied by Dai et al, there were cases that overlapped
with those in the van’t Veer study, and these were excluded
prior to analysis in the present study. In the second breast can-
cer microarray data set by Jénsson et al.,'” available at NCBI
GEO as series GSE25307, gene expression profiling was per-
formed on 577 breast tumors, including 73 breast tumors from
BRCA1/2 mutation carriers. Thirty-three BRCAl-mutated,
36 BRCA2-mutated, and 48 non—-BRCA1/2-mutated breast
tumors were analyzed in this study.

We further examined data sets from two additional tumor
types, prostate and ovarian, to test the generality of the mecha-
nism across tissues of origin. An expression microarray data set
from the prostate cancer series retrieved from NCBI GEO as
series GSE6919'81 was also studied, as well as the ovarian high-
grade serous cancer expression microarray data set from series
GSE10971,2%! also found in the NCBI GEO data repository. In
the prostate cancer data set, using Affymetrix U95v2 oligonucle-
otide arrays, gene expression profiles of 24 androgen ablation—
resistant metastatic samples obtained from four patients and a
previously published data set of 64 primary prostate tumor samples
were analyzed. In the ovarian cancer data, gene expression profiles
of laser capture microdissected nonmalignant distal fallopian tube
epithelium from 12 known BRCA1/2 mutation carriers and 12
control women during the luteal and follicular phase as well as
13 high-grade tubal and ovarian SerCa were collected using the
Aftymetrix Human Genome U133 Plus 2.0 Array platform.
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Finally, we examined reproducibility of the results with
respect to the data type by examining RNA-Seq data sets
drawn from The Cancer Genome Atlas (TCGA) data sets for

t,1? prostate, and ovarian cancers.?? The number of sam-

breas
ples in the TCGA breast, prostate, and ovarian cancer data
sets were 779, 419, and 419, respectively.

Identification of E2F-responsive gene-overexpressing
tumors. In order to identify E2F-responsive gene-overexpressing
tumors, it is necessary to distinguish biologically significant
levels of overexpression from normal levels of gene expres-
sion. A twofold difference above reference is a commonly used
threshold for this purpose. However, tumor cell heterogene-
ity?® and a variety of technical factors may conspire to alter
the appropriate threshold. This issue has been studied exten-
sively in distinguishing HER2 amplification/overexpression
for purposes of patient selection for trastuzumab treatment. In
this instance, a threshold of 1.8 has been adopted by consen-
sus, below which amplification/overexpression by fluorescence
in situ hybridization is excluded.?* Since the diluting effect of
tumor cell heterogeneity would be expected to apply to expres-
sion microarrays as well, we have adopted a threshold of 1.8-
fold expression above reference to distinguish overexpressed
from non-overexpressed genes. Its reciprocal was used to dis-
tinguish underexpressed genes. Genes that were between these
thresholds, ie, neither underexpressed nor overexpressed, were
classified as non-overexpressed genes. For RNA-Seq data, a
different protocol was required to address the lack of a defined
normal control. For those data, we normalized each gene in
each data set to mean 0 and standard deviation 1 across all
the samples in the data set. We then used a threshold of 1.8
for distinguishing the overexpressed, underexpressed, and non-
overexpressed genes.

Setting boundaries for E2F-responsive gene over-
expressing tumors and the E2F-responsive genes asso-
ciated with them. When tumors were sorted and rank
ordered with respect to the number of E2F-responsive genes
they overexpress, and the E2F-responsive genes were sorted
and rank ordered with respect to the number of tumors that
overexpress them, it became apparent that there was a group
of tumors that overexpressed multiple E2F-responsive genes
(Fig. 1A). In order to set optimal boundaries for distin-
guishing Area 1 from Area 2, we used a strategy that mini-
mizes a weighted version of the Shannon’s entropy?>?¢ of
the classification. Shannon’s entropy for Area 1 in Figure 1

is given by,
~(fy xlog, (/) + (1= f))log, (1= /). &)
Entropy for Area 2 in Figure 1 is given by,

_(fZXlogz(f2)+(l_f2)log2(1_fz)): (2)

and the total weighted entropy E is given by,

E=—n/(f xlog,(f,)+ 1= f)log,(1= £)))
—n,(f, X1og,(f5)+ (1~ f,)log,(1- £,)), 3)

where,

/1 = fraction of overexpressed genes in Area 1,

/, = fraction of overexpressed genes in Area 2,

n, = total number of gene entries in Area 1,

n, = total number of gene entries in Area 2.

We search for the tumor and gene boundaries that pro-
duce a minimum value for Equation (3) by iteratively stripping
away tumor columns and gene rows from Area 1 and adding
them to Area 2, recalculating the value of Equation (3), and
re-sorting and rank-ordering the tumors and genes remaining
in Area 1. The procedure is summarized as follows:

1. Let boundary = [gene boundary, tumor boundary], where
initially gene boundary = total genes — 1 and tumor bound-
ary = total tumors — 1.

2. Compute E as described in Equation (3), where Area 1
is defined to consist of the entries between rows [, gene
boundary] and columns [1, fumor boundary).

3. Set minE = E and minBoundary = [ gene boundary, tumor
boundary].

4. Repeat the following until gene boundary or tumor bound-
ary becomes 1:

a. Compute E, with boundary, = [gene boundary — 1,
tumor boundary).

b.  Compute E, with boundary, = [gene boundary, tumor
boundary — 1].

c. If(E, <E,), then set gene boundary = gene bound-
ary — 1, else set tumor boundary = tumor boundary
-1.

d. Re-sort columns to order columns in decreasing
order of number of overexpressed rows in Area 1
and rows in decreasing order of number of overex-
pressed columns in Area 1.

e. If(E, <E,) and(E, < minE), then set minE = E,
and minBoundary = boundary,.

f.  If (E, < E) and (E, < minE), then set minE = E,
and minBoundary = boundary,.

5. Return minE and minBoundary.

We note that this procedure is a heuristic local optimizer
but would not, in general, be guaranteed to find a globally
optimal partitioning of tumors and genes.

Principal Component Analysis (PCA), as described in
Data analysis and visualization section, was also found to
be useful sorting out E2F-responsive gene overexpressing
(ERGO) tumors and their associated genes.

Dataanalysis and visualization. Microsoft Excel was used
for data visualization, performing common statistical tests, and
data formatting. The entropy minimization routine was imple-
mented in Matlab. PCA was performed using the Multiple
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Figure 1. Features of the van't Veer breast cancer data set (S1). Data for individual genes are thresholded: red boxes representing genes that were
overexpressed at least 1.8-fold times the normal reference; green areas represent gene levels of expression less than 0.556-fold the normal reference;

white areas represent genes that were between these levels, and were neither o
the vertical axis and are sorted by increasing frequency of overexpression (lowe

verexpressed nor underexpressed. (A) E2F-responsive genes lie along
r to upper) among tumors. Tumors lie along the horizontal axis and

are sorted by increasing frequency of overexpression of E2F-responsive genes per tumor (right to left). Vertical and horizontal border lines enclose a
subset of tumors that overexpressed a relatively large number of E2F-responsive genes per tumor and a subset of E2F-responsive genes that were

simultaneously overexpressed in the largest proportions of these tumors. The re

maining tumors were organized by triple-negative, HER2-positive, and

ER/PR-positive groups from left to right. (B) Selected gene expression profile for data set S1. Top tier: RB1, CDKN2A; Tier 2, ERBB2, ESR1 PGR, next
line, EGFR; Tier 3, KRT5, KRT6A, KRT6B, KRT14, KRT17; Tier 4, E2F1, E2F2, E2F3. Color coding as in Figure 1A.

Array Viewer software application?” available at http//www.
TM4.org. Adobe Illustrator was used to compose figures.

Results

The ERGO tumor subset of human breast cancers.
A list of 325 E2F-responsive genes that met quality assurance
criteria (see Materials and Methods section) were used with
the gene expression microarray data set published by van’t

Veer et al.’® to determine which breast cancers overexpressed
them, and which E2F-responsive genes they overexpressed.
We considered this to be a particularly useful data set, since it
contained 18 tumors from patients with known BRCA1 muta-
tions that could serve as additional valuable markers for the
basal-like tumor subset.

Initially, the tumors in the van't Veer data set were rank
ordered by frequency of overexpressed E2F-responsive genes
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per tumor, and the E2F-responsive genes were rank ordered
by their frequency of overexpression across tumors (Fig. 1A).
It is clear from the data that there was a subset of 25-30%
of tumors where each member overexpressed multiple E2F-
responsive genes simultaneously (ERGO tumors). It is also
notable that the most abundantly overexpressed genes were
frequently underexpressed in non-ERGO tumors (Fig. 1A).

In order to examine the characteristics of the ERGO
tumor subset in greater detail, an optimal classification of the
ERGO tumor subset was determined by entropy minimization
(see Methods section). The ERGO tumor subset was found to
include 35 tumors and 121 E2F-responsive genes. This gene
list is provided in Supplementary Table 2. The ERGO subset
of tumors overexpressed a minimum of 20 E2F-responsive
genes per tumor, a maximum of 73, and a mean of 41 E2F-
responsive genes per tumor.

A gene expression profile for ERGO tumors consist-
ing of ERGO and non-ERGO genes of particular interest is
shown in Figure 1B. RB1 was preferentially underexpressed
in ERGO tumors in comparison with non-ERGO tumors
(Table 1). CDKN2A and CCNE1 or CCNE2, both mark-
ers for Rb loss,? were preferentially overexpressed in ERGO
tumors, as was E2F1 overexpression. All these results were
highly significant statistically (Pvalues < 0.003). With regard
to basal-like markers, the ERGO tumor subset was mostly tri-
ple negative (30/35, or 88%), and ERGO tumors preferentially
overexpressed at least two basal cytokeratins; these results
were also highly significant statistically (P values < 0.0001;
Table 1).

Seventeen of the 18 BRCA1 tumors were triple nega-
tive. Twelve of 18 BRCA1 tumors (67%) were ERGO tumors,
and 8/12 (67%) overexpressed at least two basal cytokeratins.
The remaining six BRCA1 tumors were non-ERGO triple
negatives, and 2/6 (33%) overexpressed at least two basal-like
markers. Thus, most BRCA1 tumors were members of the
ERGO tumor subset, and most expressed at least two basal-
like markers. EGF receptor overexpression was more common
in the ERGO tumor subset (4/35, or 11%) than in non-ERGO
tumors (4/82, or 5%), but the difference was not significant
statistically, and EGFR expression was not otherwise helpful
in identifying basal-like tumor patterns.

Thus, we have identified a group of ERGO breast cancers,
where each tumor in the group simultaneously overexpressed
multiple E2F-responsive genes. This is a novel finding. This
group of tumors also shows statistically significant differences
in Rb expression and markers for Rb dysfunction, as well as
specific markers for the basal-like tumor subset, including
hereditary BRCA1 mutations, in keeping with known proper-
ties of the basal-like tumor subset. These findings suggest that
the ERGO tumor subset overlaps with the basal-like subset,
based on similar immunohistochemical criteria for basal-like
tumors.?® There were basal-like tumors that did not overex-
press multiple E2F-responsive genes simultaneously and were
clearly excluded from the ERGO tumor subset. There were

also ERGO tumors that were triple negative but did not over-
express cytokeratins, which appears to exclude them from
the basal-like subset. However, other histologic markers for
the basal-like subset did mark cytokeratin-negative ERGO
tumors and cytokeratin-negative non-ERGO BRCA1 tumors
(see below).

Of the E2F-responsive genes that were overexpressed
in ERGO tumors from the van’t Veer data set, 60% were
involved in DNA synthesis, DNA repair, or mitosis, based
on associated Gene Ontogeny (GO) terms. The list of mitotic
E2F-responsive genes overexpressed in ERGO tumors was
significantly enriched (2.2-fold) over that of all E2F-responsive
genes (chi-squared, P < 0.0001). The degree of enrichment of
E2F-responsive genes involved in DNA repair was not statis-
tically significant, and for E2F-responsive genes involved in
DNA synthesis, the degree of enrichment was of borderline sig-
nificance (P < 0.0496). The results thus show that the category
of mitosis is significantly enriched and the category of DNA
synthesis weakly enriched within the ERGO-associated gene
setrelative to the full 325 E2F-responsive genes. We performed
a further unbiased analysis with the GOrilla tool for measur-
ing statistical association of GO terms with a gene set, com-
paring the ERGO gene set to the full E2F-responsive gene set.
The term “cell cycle process” showed up as the most significant
(Pvalue 9 x 1078).

Reproducibility of the list of overexpressed E2F-re-
sponsive genes in ERGO tumors. To determine if the find-
ings in the van’t Veer data set (S1) are unique to that data set,

we used three breast cancer data sets reported by Dai et al.’®

(referred to here as S2), Jonsson et al,'” (S3), and the TCGA
RNA-Seq data set (S4). Cases in the Dai set that overlapped
with the van’t Veer data set were excluded from analysis of the
Dai data set. Thus, analysis of the S1, S2, S3, and S4 data sets
were performed on entirely different patients and on different
platforms. ERGO tumor subsets were also identified in S2,
S3, and S4, and the boundaries for partitioning tumors and
genes in S2, 53, and 5S4 were determined by the entropy mini-
mization method. Fifty-three ERGO tumors and 128 ERGO
E2F-responsive genes were identified on S2. Similarly, 142
ERGO tumors, 61 ERGO E2F-responsive genes, 125 ERGO
tumors, and 156 ERGO E2F-responsive genes were identified
on S3 and S4, respectively. When the lists of ERGO E2F-
responsive genes in data sets S1 and S2 were compared, 115
of the ERGO genes were shared between S1 and S2 and 95
(82.6%) of them were identified by the entropy minimization
method on S2. In many other respects, the two data sets were
similar (Table 1). Both supported preferential overexpression
of cytokeratins in ERGO tumors, and both indicated a prefer-
ential defect in the Rb/E2F axis in ERGO tumors. A similar
observation can be made about the other two breast cancer
data sets, S3 and S4 (see also Table 1). There was significant
overlap in the ERGO genes identified between S1 and both
S3 and S4. As with S1 and S2, there was preferential over-
expression of CDKN2A and CCNE1 in the ERGO tumors
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Table 1. Comparison of properties of data sets S1, S2, S3 and S4.

Number of tumor samples 117 262 577 779

E2F genes 325 315 165 250

ERGO tumors 35 53 142 125

ERGO E2F-responsive genes 121 128 61 156
Common ERGO E2F-responsive genes 121 115 86 89
Matched common ERGO E2F-responsive genes 121 95 45 77

P value P < 0.0001 P =0.0339 P < 0.0001
>1 basal Cytokeratins overexpressed in ERGO tumors 17 1" N/A 15

>1 basal Cytokeratins overexpressed in non-ERGO tumors 5 16 N/A 9

P value P < 0.0001 P=0.0278 P < 0.0001
Rb underexpressed in ERGO tumors 14 17 25 7

Rb underexpressed in non-ERGO tumors 7 18 11 1

P value P=0.0028 P < 0.0005 P < 0.0001 P < 0.0001
CDKN2A overexpressed in ERGO tumors 22 22 21 27
CDKN2A overexpressed in non-ERGO tumors 6 5 2 12

P value P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001
CCNE1 or CCCIMEZ2 overexpressed in ERGO tumors 14 20 85 19

CCNE1 or CCNE2 overexpressed in non-ERGO tumors 1 6 20 10

P value P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001
E2F1 overexpressed in ERGO tumors 9 14 2 35

E2F1 overexpressed in non-ERGO tumors 1 7 1 12

P value P < 0.0005 P < 0.0001 P=0.1538 P < 0.0001

aChi-squared test, or Fisher’s exact test for n < 6; statistically significant at <0.05.

for both S3 and S4. S4 exhibited a statistically significant
defect in the Rb/E2F axis in ERGO tumors, similar to S1
and S2. GO analysis of the TCGA ERGO genes using the
E2F-responsive genes as background resulted in 56.7% of the
genes being associated with DNA replication, DNA repair, or
mitosis. The “cell cycle process” GO category that had showed
up as most significant for S1 also showed up as significant for
S2, S3, and S4 (P value < 4 x 107 in each case) and was the
most significant category for all but S4 (where “DNA meta-
bolic process” was most significant).

Principal component analysis and the basal-like
subset. PCA can cluster data subsets based on their distinctive
features, but the results of PCA alone can often be difficult to
interpret. It was hoped that insights gained from partitioning
the tumors by entropy minimization might inform the inter-
pretation of the PCA findings. It was also hoped that PCA
might, in turn, shed more light on the relationship between
the ERGO tumor subset and the basal-like tumor subset.

PCA of the van’t Veer data set revealed a tumor cluster
(Group 1) consisting of 38 samples (Fig. 2A, red spheres), all
of which underexpressed ER, and 35/38 (92%) of which were
triple negative. Twenty of 38 cluster members overexpressed
at least two basal-like cytokeratins (53%), compared with only
2/79 tumors not in the cluster (3%). Conversely, 91% of all

tumors that overexpressed at least two basal-like cytokeratins
were found in the cluster. In addition, 17 of 18 BRCA1 tumors
were found in the Group 1 cluster.

Others have found that additional biomarkers for basal-
like breast cancer either clustered with the basal cytokeratins

2930 or have been shown to be

in expression microarray studies
statistically significantly more frequent in basal-like tumors
in immunohistochemical studies. It has been suggested that
triple-negative basal cytokeratin-negative tumors can still
be identified as basal-like tumors using such immunohis-
tochemical markers.”! Figure 2B1 compares the patterns of
overexpression in Group 1 versus Group 2 of 10 such alter-
native markers gathered from the literature. These markers
and their references are listed in Supplementary Table 3. The
differences in frequencies of the alternative marker overex-
pression between Group 1 and Group 2 were all statistically
significant, with all P values less than 0.0001 (Fisher’s exact
test). Figure 2B2 compares the patterns of overexpression in
Group 1 versus Group 2 of the basal cytokeratins. Eighteen of
20 (90%) tumors in Group 1 that overexpressed at least two
basal cytokeratin markers also overexpressed at least three of
the alternate markers. However, the number of tumors over-
expressing at least three alternative markers identified seven
additional Group 1 tumors as potential basal-like tumors,
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Figure 2. PCA results for breast cancer data set S1. (A) PCA results using input of all genes and all tumors and output of tumor clustering. Red spheres
represent a distinct tumor cluster that consists mostly of basal-like tumors, including 28/35 ERGO tumors and 17/18 BRCA1 tumors (Group 1); Group

2 contains the non—basal-like tumors. (B,) A comparison of gene expression patterns in Group 1 and Group 2 using published alternative basal-like
markers; markers and literature references are found in Supplementary Table 3. (B,) A comparison of gene expression patterns in Group 1 and Group
2 for basal-like cytokeratins. (C) PCA results using input of 325 E2F-responsive genes only and all tumors and output of tumor clustering. Red spheres
represent a distinct tumor cluster that contains 27/28 of the ERGO tumors found in the basal-like cluster (A), and 12/17 of the BRCA1 tumors found in A.

bringing the total to 27/38 (71%). Six of the seven (86%) were
triple negative. In Group 2, of the 2/79 (3%) of tumors that
overexpressed at least two cytokeratins, only one overexpressed
at least three alternative markers, and in Group 2 there were
no tumors that overexpressed at least three alternative markers
without overexpressing at least two cytokeratins.

It appears that the Group 1 PCA cluster contained a
mixture that consisted mostly of basal-like tumors (~70%),
plus a minor component of tumors that did not meet criteria
of basal cytokeratin or alternative marker overexpression. Fur-
thermore, Group 1 contained almost all the tumors in the data
set that did meet the criteria for basal-like tumors. Therefore,
we shall treat Group 1 tumors as the PCA basal-like subset.

PCA and the ERGO tumor subset. The Group 1 PCA
basal-like cluster included 28/35 ERGO tumors that were
identified by the entropy minimization method. Again, this
would indicate that the ERGO tumors overlapped substan-
tially with the basal-like tumor subset.

Since the unique feature of the ERGO tumors was the
simultaneous overexpression of multiple E2F-responsive
genes, one might expect that by restricting the PCA input to
E2F-responsive genes, PCA tumor clustering would distin-
guish the ERGO tumors from the non-ERGO tumors in the
more inclusive basal-like cluster and perhaps identify ERGO
tumors that were not in the cluster. The red cluster shown in
Figure 2C contained 27 of the 28 ERGO tumors that were
included in the Group 1 PCA basal-like subset. Twelve of the
18 BRCA1 tumors were included in this cluster. This rein-
forces the conclusion that the ERGO tumor subset overlaps

substantially with the basal-like tumor subset but does not
account for the ERGO tumors not identified by PCA. Of the
28 ERGO tumors identified both by PCA and entropy mini-
mization, 19 overexpressed basal cytokeratins and/or alter-
native basal markers. Of the six cases identified as ERGO
tumors by entropy minimization that were not identified by
PCA, none overexpressed multiple basal cytokeratins or alter-
native basal-like markers. Comparison by Fisher’s exact test
produced a Pvalue of <0.003, suggesting that the latter group
does not share identifiable basal-like features with the former
and that the overlap between ERGO tumors and basal-like
tumors is not complete.

For the 28 ERGO tumors found by PCA, we examined
the top 100 overexpressed E2F-responsive genes (by frequency
of overexpression across tumors). The differences in mean
expression levels between ERGO and non-ERGO tumors
were statistically significant for 94 genes, with P values rang-
ing from 1 x 1073 to <1 x 1071¢ (Student’s # test). For the 121
overexpressed E2F-responsive genes identified by the entropy
minimization method, the differences in mean expression lev-
els between ERGO and non-ERGO tumors were statistically
significant for 96 genes, with Pvalues ranging from 2 X 107 to
<1 x 107. Ninety-two overexpressed E2F-responsive genes
were common to both lists (Supplementary Fig. 1). Thus, with
either method, substantially the same commonly overex-
pressed E2F-responsive genes were more highly overexpressed
in ERGO tumors.

ERGO tumors arise at other organ sites. Here we show
that ERGO tumors are found at organ sites other than breast
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cancer, namely, high-grade serous ovarian cancer and prostate
cancer.

Ovarian cancer is of particular interest because, like breast
cancer, it arises in large proportions of patients with a heredi-
tary BRCA1 mutation (~50% of cases by age 70). Serous car-
cinoma is the predominant histological type of cancer arising
in such patients. Also of interest, BRCA1 mutation carriers
undergoing prophylactic surgery are frequently found to have
occult serous cancers of the fallopian tube, suggesting that this
is a preferred site of tumor formation in BRCA1 mutation car-

riers. Tone et al.20

studied normal fallopian tube epithelium
in BRCA1 mutation carriers and high-grade serous fallopian
tube and ovarian carcinomas in both BRCA1 gene mutation
carriers and noncarriers using expression microarrays. We
have analyzed these data, and our findings are presented in
Figure 3A.

High-grade serous carcinomas from fallopian tube and
ovary of both BRCA1 and non-BRCA1 mutation carri-
ers were all advanced ERGO tumors. Nearly all the top 50
ERGO tumor-associated E2F-responsive genes were overex-
pressed in 12 of the 13 tumors. Twelve of 13 tumors overex-
pressed E2F3, but none underexpressed RB1 or overexpressed
pl6i"k42, Thus, there appears to be an abnormality in the Rb/
E2F axis, but there is no clear indication from these data that
RB1 itself was affected. Twelve of 13 tumors overexpressed at
least one basal cytokeratin, and six overexpressed at least two
basal cytokeratins, raising the possibility of a connection to
the basal-like phenotype, but this phenotype does not appear
to be as well developed in high-grade serous ovarian cancers
as in breast cancers. Among the top 100 overexpressed genes
in high-grade serous ovarian cancers (by frequency of over-
expression per tumor), 60% were shared with ERGO tumor-
associated E2F-responsive genes in breast cancer.

None of the fallopian tube samples underexpressed RB1
or overexpressed pl6™*, Only one of the 12 fallopian tube
samples from BRCAI1 carriers overexpressed E2F3, and only
one overexpressed two cytokeratins. Ten of 12 fallopian tube
samples showed a paucity of overexpressed E2F-responsive
genes in comparison with the high-grade serous cancers. In the
remaining two fallopian tube samples, approximately half of
the top 50 ERGO tumor-associated genes were overexpressed.
'The findings in these two samples may be transitional evolution-
ary patterns on the way to aggressive cancer in BRCA1 carriers.

When we applied our entropy minimization method
on the TCGA ovarian cancer RNA-Seq data set, we again
found broad agreement in identified ERGO genes. Eighty-
five percent of the ERGO E2F-overexpressed genes from
the van’t Veer data set that were also present in the TCGA
data set were identified as ERGO associated. Furthermore,
CDKN2A, CCNE1, and E2F1 were preferentially overex-
pressed in ERGO tumors and RB1 was preferentially under-
expressed. Thus, this subset of ERGO ovarian cancer samples
overexpress the same set of basal-like markers as were noted
for the breast cancer case.

We conclude that these high-grade serous ovarian and
fallopian tube cancers, regardless of whether they were from
BRCA1, are advanced ERGO tumors. Our data generally
support the findings of the recently published comprehensive
breast cancer analysis showing that basal-like breast cancers
and high-grade serous ovarian cancers are closely related at
the molecular level.'?

Published studies have indicated that E2F3 overexpres-
sion plays a role in the development of prostate cancer, suggest-
ing the possibility that at least some might be ERGO tumors.
The study of Olsson et al.3? suggested that E2F3 overexpres-
sion together with loss of RB1 function increased the rate of
proliferation of prostate cancer cell lines. Sharma et al.33 have
further found indications of a specific role for Rb dysfunction
in progression of prostate cancers and development of resis-
tant forms with poor clinical prognosis acting via dysregula-
tion of androgen receptor mediated by E2F-responsive genes.
We therefore repeated our analyses using the GSE6919 data
set, available from the NCBI GEO site, which contained gene
expression microarray data on metastatic and primary prostate
cancer samples, as well as on data on normal prostate, which
was used for normalization. The data were published origi-
nally in a paper by Chandran et al.’

The data set includes multiple samples from each of
three cases of metastatic, androgen ablation—resistant prostate
cancer, and a single sample from a fourth metastatic tumor.
All metastatic samples showed fully developed ERGO tumor-
associated gene expression patterns (Fig. 3C). Rb was not
underexpressed in any of the tumor samples (data not shown).
Although the total number of patients is relatively small, the
fact that every one of these cases of metastatic prostate cancer
exhibited overexpression of large numbers of overexpressed
ERGO tumor-associated genes suggests that E2F3-driven
ERGO tumor development is a feature of advanced pros-
tate cancers. In the absence of any RB1 underexpression, it is
unclear whether RB1 was directly involved or whether a defect
occurred distal to Rb in the Rb/E2F pathway. None of the
metastatic samples overexpressed multiple cytokeratins, sug-
gesting that this feature is not a necessary component of the
ERGO tumor phenotype.

When PCA was applied to the cases of primary pros-
tate cancers without metastases in this data set using the
subset of 325 E2F-responsive genes as input, a separate sub-
set of primary tumors (red spheres, Fig. 3B) was identified
that exhibits many of the same features present in metastatic
tumor samples (PCA Pattern 1, Fig. 3C). In particular, 8/19
(42%) cases overexpressed CDKN2A, and 5/19 (26%) over-
expressed E2F3. This compares with 10/46 (21%) cases with
overexpression of CDKN2A with PCA Pattern 2 (Fig. 3C),
and 2/46 (4%) cases overexpressing E2F3. Cytokeratin over-
expression did not play a prominent role in PCA Pattern 1
or 2, with only 1/15 (7%) cases showing two overexpressed
cytokeratins in PCA Pattern 1, and 5/46 (11%) in PCA
Pattern 2.
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Figure 3. High-grade serous ovarian cancer and prostate cancer are ERGO tumors. (A) Fallopian tube (FT) samples of patients with BRCA1 mutations
(controls), compared with samples from 13 patients with high-grade serous ovarian cancer (horizontal axis). Genes lie along the vertical axis. Thresholds
and color coding as in Figure 1A. Top tier, RB1 and CDKN2A; Tier 2, E2F1-3; Tier 3, basal cytokeratins; Tier 4, top 100 overexpressed E2F-responsive
genes. (B) PCA results using 325 E2F-responsive genes and only primary prostate cancers as inputs, and tumor clustering as output. Pattern 1, red
spheres represent a cluster of primary tumors in which the patterns of most frequently overexpressed E2F-responsive genes are similar to those of
metastatic tumors (Pattern 1, see Fig. 3C). Pattern 2 represents the remainder of the primary tumors. (C) Comparison of patterns of gene overexpression
in metastatic tumors (left), primary tumors with PCA Pattern 1 (middle) and PCA Pattern 2 (right). Genes lie along the vertical axis. Line 1, CDKN2A;

Tier 1, E2F1-3; Tier 2, basal cytokeratins; Tier 3, top 100 overexpressed E2F-responsive genes. Thresholds and color coding as in Figure 1A.

Among the top 100 E2F-responsive genes (by frequency
of overexpression per tumor), mean frequency of overex-
pression was 50 for metastatic tumors, 46 for PCA Pattern
1 tumors, and 19 for PCA Pattern 2 tumors. The difference

between metastatic and PCA Pattern 1 tumors was not
statistically significant. The difference between PCA Pattern
1 tumors and PCA Pattern 2 tumors was highly significant
(P < 2x107). Thus, it appears that among primary tumors,
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there is a distinct subset that represents ~30% of all primary
tumors and is similar in its patterns of overexpression of E2F-
responsive genes to those of metastatic samples.

Among the top 100 overexpressed genes in primary
prostate cancers in the GSE6919 data set, 44 were shared
with the top ERGO tumor-associated E2F-responsive genes
in breast cancer and 44 were shared with the top 100 ERGO
tumor-associated E2F-responsive genes in ovarian cancer.
Thirty-one overexpressed E2F-responsive genes appeared in
each of the top 100 lists for breast cancer, ovarian cancer, and
prostate cancer.

We further applied the entropy minimization algorithm
on the TCGA RNA-Seq data set and it identified 87.6% of
the ERGO genes identified in the van’t Veer data set. Similar
to the other cancer types, the ERGO tumors showed prefer-
ential overexpression of CDKN2A, CCNE1, and E2F and
underexpression of RB1.

Together, these findings on multiple data sets from breast,
ovarian, and prostate tumors would suggest that there may be
a similar mechanism for ERGO tumor development that is
active at multiple organ sites.

Discussion
Cell cycle-related genes have been identified in previous
publications as being associated with cell proliferation and
134

tumor aggressiveness. Tabach et al.’* identified a group of
167 genes, which they called “the proliferation cluster,”
because the cluster was significantly enriched for cell cycle—
related genes. At least 66 of these genes appear on our list of
E2F-responsive genes that are overexpressed in ERGO can-
cers, and most of these are involved in progression through
G1/S or G2M cell cycle phase transit. Carter et al.> identified
a 70-gene signature of chromosomal instability that includes
41 cell cycle-related genes.>> At least 37 of these appear on
our list of E2F-responsive genes. Mosley and Keri*® showed
that cell cycle—related genes correlated with the prognostic
power of breast cancer gene lists from multiple studies. At
least 24 of these appear on our list of E2F-responsive genes.
It had previously been shown that E2F upregulates clusters
of genes that are involved in both the G1/S and in the G2/M
transition.1H12

Here we show for the first time that groups of genes that
contribute to the G1/S, DNA repair, and G2/M progression
make up the bulk of a core group of ~100 E2F-responsive
genes, many of which are often overexpressed simultane-
ously in individual members of a restricted subset of ERGO
human breast cancers. Many of these genes are also simulta-
neously overexpressed in other solid tumors. These genes are
not systematically overexpressed in non-ERGO breast cancer
subtypes. BRCA1 breast cancers were shown to be nearly all
basal-like cancers (17/18 samples) that were either ERGO or
non-ERGO tumors. These findings are in keeping with those
of Foulkes et al.,3” who showed that BRCA1 tumors are asso-
ciated with the basal-like phenotype.

Figure 4 presents a model for breast cancer evolution
consistent with the various findings of this study and intended
to summarize their possible implications for breast cancer
development and progression. Basal-like tumors are presumed
to arise mostly from HER2 nonamplified and ER-negative
precursors, and ERGO tumors develop from basal-like pre-
cursors. This is based on the findings by PCA that the tumor
subset that consists mostly of basal-like tumors also includes
most ERGO tumors and that PCA using E2F-responsive
genes only separates the ERGO tumors from the non-ERGO
basal-like tumors (see Fig. 2). A small group of ERGO tumors
identified only by the entropy minimization method do not
overexpress cytokeratins or alternative basal-like markers and
is presumed not to overlap with the basal-like subset. Two-
thirds of BRCA1-mutated breast cancers are ERGO tumors,
and almost all the remaining BRCA1 tumors are grouped
with the basal-like tumors. Since ERGO tumors represent a
more advanced evolutionary state than basal-like tumors, it is
reasonable to suppose that BRCA1-mutated tumors undergo
the transition from basal-like to ERGO cancers as they evolve.
'This remains to be shown directly. Preliminary data in ovar-
ian cancer and prostate cancer suggest that the basal-like to
ERGO transition might not be a prominent feature of ERGO

tumors that arise at other organ sites.

Triple negative tumors

Basal-like tumors

Figure 4. A conceptual model for the evolutionary development of ERGO
tumors qualitatively describing a governing hypothesis to explain the results
of the paper in terms of relationships between the related but distinct
categories of ERGO, triple-negative, basal-like, and BRCA1 tumors.
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Our data indicate that many ERGO breast cancers show
signs of Rb/E2F1 dysregulation at the functional level, in
agreement with Herschkowitz et al.! These include under-
expression of RB1 in approximately 40% of cases and overex-
pression of p16°*2 and/or Cyclin E, both established markers
for Rb dysfunction.’® E2F1 itself is overexpressed in 25% of
ERGO breast cancers. These abnormal patterns of expres-
sion are also present in non-ERGO basal-like tumors, but are
less common, and are rarely observed in the other subtypes of
breast cancer. E2F3 overexpression is commonly observed in
ERGO tumors that arise in ovarian and prostate cancer, indi-
cating a derangement in the Rb/E2F axis, but in the absence
of*’ widespread RB1 underexpression, it is not clear from our
findings that the molecular lesion involves RB1 itself. How-
ever, in the recently published comprehensive analysis of breast
cancer, Rb loss was identified as a feature of high-grade serous
ovarian cancers.!?

The fact that many of the ERGO tumor-associated
E2F-responsive genes are “simultaneously” overexpressed in
different tumor samples, and in different tumor types, raises
interesting questions regarding the mechanisms underlying
this phenomenon. Did these changes occur sequentially, one
gene ata time in each tumor, or did they occur as a consequence
of the activation of a multigene expression program? The latter
possibility is speculative, but it is appealing, if only because
it is parsimonious. Moreover, Rb is known to recruit histone
deacetylase 1, a histone-modifying enzyme.*>* Both Rb and
E2F participate in multiprotein complexes that alter chro-

42-44 ¢

matin and can affect E2F-dependent gene expression
multiple sites. The examination of patterns of E2F-responsive
gene expression in multiple contiguous samples from individ-
ual tumors may shed light on this issue.

The findings of the present study have potential clinical
applications in diagnosis, prognosis, and therapy. With regard
to therapeutic targeting, overexpressed E2F-responsive genes
that are associated with ERGO tumors are an unusually well-
suited group of potential candidate genes for targeted therapy.
Their provenance as defining genes for the ERGO tumor sub-
set, and the recurring patterns of their derangement in differ-
ent tumors at the same organ site and at a different organ site
would assign them substantial importance as potential drivers
of malignant progression. The fact that most of these overex-
pressed genes are involved in DNA synthesis, DNA repair, or
mitosis, and especially the last, makes these genes especially
attractive as cancer therapeutic targets.

Our novel finding that multiple members of a group of
E2F-responsive genes are overexpressed simultaneously in
“each” ERGO tumor makes it possible to focus on appropri-
ate targets, consider new strategies for combining targeted
therapies, and identify the specific subsets of patients who are
most likely to benefit from specific multitarget treatment regi-
mens. This focuses attention on a circumscribed, but relatively
long list of potential target genes that share similar critical
functions required for cell proliferation. While the ERGO

phenotype itself is restricted to a relatively small subset of
human breast cancers (20-30%), multiple therapeutic targets
of interest would be expected to occur together in the same
tumors. Therefore, it might be feasible to develop optimized
combinations of targeted agents in advance, with the expec-
tation that substantial numbers of patients could still ben-
efit from a particular combination. Similarly, the substantial
overlap in overexpression of ERGO tumor—associated E2F-
responsive genes across organ sites of tumor origin (~30%)
might be expected to further increase the number of potential
candidates that might respond to a particular multitargeted
drug combination.

'The patterns observed in primary prostate cancer offer a
promising lead with regard to the potential “prognostic” value
of patterns of E2F-responsive gene overexpression in ERGO
tumors. Primary prostate cancers were shown here to produce
two major patterns of E2F-responsive gene overexpression, one
of which was similar to the pattern found in metastatic tumors
(Fig. 3C, PCA Pattern 1) and the other of which was not
(Fig. 3C, PCA Pattern 2). We speculate that cases with PCA
Pattern 1 may be more likely to develop micrometastases prior
to diagnosis and later develop clinical recurrences than those
with PCA Pattern 2. This distinction has practical therapeutic
consequences in that it might help to clearly separate patients
who do not require surgery for their primary tumors from those
who might benefit from intensive systemic adjuvant therapy.
One must be cautious in deriving conclusions that depend on
small numbers of patients, however. While we have shown
through a variety of statistical analyses that there is a mean-
ingful and reproducible subset of E2F-responsive genes that
serve as ERGO markers, that result does not guarantee that
these genes will define a signature of clinically useful prognostic
value. These issues remain to be clarified in future studies.
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Supplementary Data

Supplementary Figure 1. A comparison of patterns
of overexpression of the PCA list of top overexpressed
E2F-responsive genes and the list of the top overexpressed
E2F-responsive genes derived from the entropy minimiza-
tion method (EM). For each gene in each list, the differ-

ences between levels of E2F-responsive gene overexpression
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between Group 1 and Group 2 were subjected to Student’s

¢ test, and in each list, the genes were sorted by P values in

ascending order (top down). For the EM list, each successive

group of 25 genes was color-coded from red to yellow, and

each color-coded gene that was shared by both lists was iden-
tified by color in the PCA list. Genes not shared by both lists

were color coded as white.

Supplementary Table 1. List of E2F responsive genes

compiled from the literature.

Supplementary Table 2. List of overexpressed E2F

responsive genes identified using the entropy minimization
method on the van’t Veer" dataset.

Supplementary Table 3. List of alternative markers for

basal-like breast cancers with associated references.
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