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Abstract Pregnancy-associated breast cancers (PABC) gen-
erally present at advanced stages and have a poor prognosis.
The reasons are unclear but we hypothesized that the contin-
uous high levels of estrogens and progesterone were involved.
We have now carried out a detailed analysis of PABC com-
pared to tumors of age-matched nonpregnant (non-PABC)
women. Malignant epithelia and tumor-associated stroma of
PABC and non-PABC were isolated by laser capture micro-
dissection and gene expression profiled. Additionally, normal
breast epithelia and stroma adjacent to the two tumor types
were analyzed. Lastly, subsets of previously identified E- and
P-regulated genes were defined in all tissues. We find that
PABC signatures cluster with established breast cancer sub-
types. Major hormone-regulated genes whose expression cor-
related with epithelia of PABC dealt with regulation of cell
proliferation, metabolism, and tumor aggressiveness,
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including genes used to predict tumor recurrence. Compared
to normal epithelia, a significant number of genes associated
with cell cycle processes were enriched in PABC, many of
which are hormone regulated. Thus, compared to normal
epithelia, many of the genes that were differentially expressed
in epithelia of PABC were distinct from those differentially
expressed in non-PABC. With regard to the tumor microenvi-
ronment, immune-related genes were enriched in tumor-
associated stroma of PABC. Compared to normal stroma,
PABC-associated stroma overexpressed immune response
genes, while genes involved in angiogenesis and extracellular
matrix deposition were more commonly downregulated. This
suggests that the heightened aggressiveness of PABC may
involve a predisposition to metastasis through extracellular
matrix degradation, plus angiogenesis independence.
Moreover, genes encoding cell proliferative factors, signaling,
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immunomodulators and cell death, were hormone regulated in
stroma. In sum, these analyses demonstrate complex patterns
of enrichment and hormonal regulation of genes in PABC and
suggest that it may have a distinct biological nature.

Abbreviations

PABC Pregnancy associated breast cancer
Non-PABC Nonpregnancy associated breast cancer
E Estrogen(s)

P Progesterone(s)

ER Estrogen receptor

PR Progesterone receptor

ECM Extracellular matrix

LCM Laser capture microdissection

RMA Robust multi-array average

SNR Signal-to-noise ratio

GSEA Gene set-enrichment analysis

KEGG Kyoto Encyclopedia of Genes and Genomes
GO Gene ontology

Introduction

Pregnancy associated breast cancers (PABC) variably in-
clude cases diagnosed during gestation, lactation, within
1 year of delivery, or up to 5-10 years postpartum [1, 2].
In the European registry, the average age of patients with
PABC is 33 years (range, 2347 years) and the median
gestation age at diagnosis is 21 weeks [2]. Among all breast
cancer patients, 0.2-3.8 % have a pregnancy-related disease,
comprising 1:10,000—-1:3,000 pregnancies and about 3,500
cases in the USA each year [3]. However, among
premenopausal women—the only population at risk for this
overlap—the numbers are much higher, with 10-25 % of
breast cancers estimated to be pregnancy-associated when
defined as pregnant or within 1 year [3]. The postpartum
subset of PABC, those diagnosed after, but within 5 years of
a completed pregnancy, represents 40-50 % of all breast
cancer cases under age 45 [1]. Some studies suggest that
older maternal age at first pregnancy and a family history or
carrying a BRCA2 mutation represent a specific high-risk
group for PABC [1].

The most common (75-90 %) histologic type of PABC is
invasive ductal carcinoma, with the majority of women
diagnosed during or immediately following a completed
pregnancy, often with advanced stage disease [2]. PABC is
also characterized by higher (56—89 %) rates of lymph node
involvement compared to nonpregnant (non-PABC), age-
matched women (38-55 %) [2]. Estrogen (ER) and proges-
terone receptors (PR) are often negative (~70 % of tumors)
in PABC [2]. However whether ER negativity is increased
above the rate expected in age-matched non-PABC controls

is unclear, and the high negativity rate may reflect cases
diagnosed strictly during pregnancy [4]. These tumors may
be falsely classified as ER and PR negative due to
downregulation of the receptors in the face of high circulat-
ing estrogen (E) and progesterone (P) levels. Ligand-
dependent ER and PR downregulation is a well-described
phenomenon that paradoxically is a sign of active functional
transcription involving the receptors [5].

The influence of concomitant or recent pregnancy on
breast cancer prognosis is complex. On the whole, women
diagnosed and definitively treated for their breast cancer
during pregnancy have no significant differences in survival
after adjusting for age and stage at diagnosis, which sug-
gests that pregnancy is not an independent risk factor per se
[1, 2]. On the other hand, breast cancers diagnosed during
pregnancy tend to have a higher risk for nodal involvement,
higher grade, and more advanced stage at diagnosis [2].
Poor prognosis is often attributed to delayed diagnosis, since
masses in the breast may be masked by normal gestational
changes. However, an underlying alteration of the tumor
biology contributing to poor prognosis of breast cancers
diagnosed during or in recent proximity to pregnancy may
reflect the incompletely understood influences of hormones,
which increase several fold during the course of pregnancy
[6]. More recently, a distinction between the prognoses of
PABC diagnosed during pregnancy compared to cases di-
agnosed up to 5 years postpartum has been reported, with
postpartum diagnoses having a poorer prognosis not attrib-
utable to standard clinical prognostic factors [1]. There is a
significant body of evidence supporting the existence of a
delay in diagnosis of breast cancer in pregnancy which
would result in a transfer of some pregnant women with
breast cancer into the postpartum group. Therefore, more
studies need to be done to distinguish tumor growth-
mediated effects occurring during pregnancy and following
pregnancy.

To define possible roles of gestational hormones on breast
cancer, we evaluated gene expression patterns in PABC from
patients diagnosed during pregnancy or <2 month postpartum,
vs. age-matched, non-PABC controls, defined as at least
5 years from last completed childbirth. The two major cell
populations of the breast are epithelial, which line the ducts
and milk-producing lobules and are considered to be the major
targets of pregnancy hormones, and stromal, which contribute
connective tissue elements including vasculature, immune
cells, basement membrane, and extracellular matrix (ECM).
To differentiate between malignant epithelium and tumor-
associated stroma, the two cell types were separated by
laser-capture microdissection (LCM) in tumors and adjacent
normal tissues. We find that compared to non-PABC, the
epithelia of PABC have enhanced expression of genes, many
hormone regulated, associated with immune responses and
cell cycle regulation. Malignant stroma of PABC is
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characterized by hormone mediated processes related to im-
mune response, cell signaling and factors associated with cell
proliferation, and cell death.

Methods

Tissue Acquisition Surgical specimens were obtained
through application to and approval from the University of
Colorado Cancer Center Tissue Bank. The tissue bank
operates under a prospective, institutional review board-
approved protocol that includes patient consent for the use
of normal breast and tumor tissue for research purposes.
These cases were provided with full clinical annotation for
the pertinent characteristics of the patient and their tumor
diagnosis. Cases were identified from the tissue bank as
under age 45, diagnosed with an invasive breast cancer,
and having fresh frozen tissue available prior to any
systemic therapy. Cases were stratified into PABC or
non-PABC based on their obstetrical history. PABC
was defined as diagnosed during pregnancy while non-
PABC were cases in either nulliparous women or wom-
en beyond 5 years postpartum at diagnosis. The defini-
tion was liberalized for adjacent normal epithelium, with
cases added that were less than 2 years postpartum and
controls that were more than 2 years postpartum.
Tumors and adjacent normal tissues had been flash
frozen in liquid nitrogen and stored at —8 °C.

Laser Capture Microdissection Frozen tissues were embed-
ded in OCT medium (Sakura Finetek, Torrance, CA) and cut
at 8 um in a —2 °C cryostat. Sections were adhered to Fisher
brand Superfrost charged slides (Fischer Scientific,
Hampton, NH, USA), immediately placed on a flat piece
of dry ice, and stored in a chilled slide box at =8 °C. A
reference slide was created for each specimen. Sections
were stained with hematoxylin and eosin and analyzed by
a pathologist who marked the exact location in the epitheli-
um and stroma to be dissected. Unstained serial sections
underwent dehydration in a graded series of ethanol
followed by xylene using a HistoGene LCM Frozen
Section Staining Kit (Arcturus) according to the manufac-
turer’s instruction (staining step was not performed). RNAse
inhibitor was included in all dehydration solutions except
xylene, in which it is insoluble. Slides were air dried for
5 min and subjected to LCM. Epithelial and stromal cells
were separated by microdissection (Pixcell II LCM sys-
tem, Arcturus, Mountain View, CA, USA) within 1 h of
tissue dehydration. Cells were marked and captured at
10x microscopy using a 13-16 pm diameter laser. At
least 2,000 cells were collected into CapSure HS LCM
caps and extracted to RNase-free microtubes using ex-
traction buffer.
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Gene Expression Profiling RNA was isolated using the
PicoPure RNA isolation Kit (Arcturus) and RNA 28S/18S
rRNA peak quality was assessed (Bioanalyzer 2100, Agilent
Technologies). RNA was amplified with the WT-Ovation
FFPE System based on Ribo-SPIA technology (Nugen
Technologies, Inc.), which enables mRNA amplification
from as little as 500 pg of total RNA. Single-stranded
cDNA were quantified using NanoDrop ND-100 (Nugen
Technologies, Inc.). Target preparation for microarray anal-
ysis used 5 png of amplified cDNA, which was then
fragmented and labeled using FL-Ovation cDNA Biotin
Module V2 (Nugen). Fragmented and biotin-labeled targets
were hybridized to HG-U133 Plus 2.0 (Affymetrix) gene
chips for analysis of over 54,000 probe sets. Microarray data
have been submitted to Gene Expression Omnibus (acces-
sion number GSE31192).

Microarray Data Normalization Probe sets level data were
preprocessed and normalized using robust multi-array aver-
age [7], available in the BioConductor package. Probe sets
representing the same gene were collapsed based on maxi-
mum values.

Hierarchical Clustering To perform hierarchical clustering,
we used the CLUSTER 3.0 program and visualized the
cluster dendrogram in JavaTree. For statistical significance
test of the clusters, we used the R package pvclust, with
10,000 boostraps. Clusters were considered as statistically
significant if approximately unbiased p values of <0.05.

Differentially Expressed Genes Analyses The signal-to-
noise ratio (SNR) [8] was used to identify differential
expressed genes in each comparison. Let [u(g), 12(g)]
and [o0(g), 0,(g)] denote the means and standard deviation
of the log base 2 of the expression levels of gene g. SNR is
based on the null hypothesis that the mean of expression
level in group 1 is the same as the one in the group 2 (Hy:
()= pa(g), Hi: pa(g)#112(g)). For each gene g, SNR is

obtained by SNR, = %, where / is group 1 and 2 is

group 2. SNR, reflect differences between the groups rela-
tive to the standard deviation within the groups. Large
values of ’SNRg‘ indicate a strong correlation between the
gene expression and the group difference, while the direc-
tion of SNR, either positive or negative corresponds to g
being more highly expressed in groups 1 or 2. Assuming
that the values of SNR, for all genes have a normal distri-
bution, we converted SNR, values to Z statistic values and
used p value=0.05 as the cutoff for determining statistically
significant response in either positive or negative direction.

Functional Analyses Over-representation analysis of differ-
entially expressed genes by SNR was performed using the
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Database for Annotation, Visualization and Integrated
Discovery (DAVID) bioinformatics resources v.6.7 from
the National Institute of Allergy and Infectious Diseases
(NIAID/NIH) [9] to identify enriched gene ontology (GO)
[10] categories and/or pathways. The predefined pathways
we used are compiled from the Kyoto Encyclopedia of
Genes and Genomes (KEGQG) database (2007 August ver-
sion) [11]. The KEGG gene sets database contains 395
human pathways that include metabolism, genetic informa-
tion processing, environmental information processing, cel-
lular processes, and human diseases. The group enrichment
score, the geometric mean of member’s p values in a corre-
sponding GO group or pathway, is used to rank their func-
tional significance. The GO enrichment analysis was
confirmed by Gene Set Enrichment Analysis (GSEA; data
not shown) against experimentally validated published
genes producing the same functions and pathways from
the NIH DAVID [9] with the differentially expressed
genes. GSEA offers an unbiased global search for genes
that are coordinately regulated in predefined pathways (in
this case, as per the KEGG database) [11] with permutation
test.

Results

We speculated that the hormonal milieu of pregnancy con-
tributes to the advanced stage at diagnosis and aggressive-
ness of PABC [6]. To investigate the molecular nature of this
phenotype, cancers of six women diagnosed during preg-
nancy, and four nonpregnant, age-matched control patients
were separated into “epithelial” and “stromal” components
by LCM and expression profiled. Table 1 summarizes the
clinicopathologic characteristics and ER, PR, HER2, and
BRCAL status of the tumors. All were invasive ductal
carcinomas. The majority of patients had no lymph node
involvement and stage III disease, with a mean age at
diagnosis of 36 years (range, 30—45). All PABC samples
were retrieved during pregnancy, except one that was
8 weeks postpartum and all were obtained prior to treatment.
In addition to malignant epithelia and tumor-associated stro-
ma, adjacent “normal” tissues were also captured from two
PABC and one non-PABC. Paraffin blocks of four addition-
al patients with breast cancer contained only normal tissues.
These were nevertheless laser captured and in some cases
separated into stromal and epithelial components.
Clinicopathologic characteristics of these adjacent normal
samples are shown in Fig. 1. In total, 31 tissue samples were
profiled.

Unsupervised Hierarchal Clustering To determine the re-
latedness among the 31 samples, unsupervised hierarchal
clustering was performed (Fig. 1a). Samples clustered into

two statistically significant clusters (p<0.05): the first clus-
ter contains “morphologically normal tissue” and “tumor-
associated stroma”; whereas the second cluster contains
“tumor epithelium” (Fig. 1b). Their separation demonstrates
that LCM resulted in highly enriched populations of normal
epithelium, tumor, and stroma. Interestingly, only the “nor-
mal” group tended to cluster based on parity, irrespective of
stromal vs. epithelial type. This indicates that “normal”
stroma and epithelia are more closely related to each other
than to the same tissue type isolated from tumors. Thus,
malignancy confers a unique gene fingerprint to both epi-
thelia and stroma that distinguishes them from normal tis-
sues. Tumor stroma and epithelia stratified separately, with
parity not a significant discriminant, and tumor epithelia but
not stroma stratified based on ER status. Next, we sought to
identify whether the PABC samples were enriched in certain
breast cancer subtypes. We performed unsupervised hierar-
chical clustering of the PABC samples with published breast
cancer samples using the intrinsic subtype signature [12].
We found that PABC samples were clustered with dif-
ferent subtypes (i.e., luminal to basal-like; Fig. 1c) and
captures the spectrum of breast cancer. The clusters
formed by the hierarchical clustering were statistically
significant (p<0.05).

Epithelial-Specific Genes of PABC vs. non-PABC Next, to
determine the differentially expressed genes between PABC
and non-PABC, we performed candidate genes discovery
approach using SNR method. From this analysis, 1,097
genes were identified as differentially expressed between
the two tumor types, with 570 genes upregulated and 527
downregulated in PABC at a significance of p<0.05. A heat
map is shown in Fig. 2a and a complete gene list is in
Electronic Supplementary Material (ESM) Table 1. These
data demonstrate that the underlying gene expression pat-
terns between PABC and non-PABC are distinct from one
another. Functional analysis of over-represented annotations
and pathways [9, 13] (ESM Table 2al and a2) showed that
biological processes overrepresented in PABC include “cel-

EERNT3

lular lipid catabolism”, “response to molecules of biological
origin”, “lymphocyte activation”, “positive regulation of the
immune system”, and “leukocyte differentiation”, plus
genes related to cytokine activity. Biological processes un-
derrepresented in PABC were “appendage and limb mor-
phogenesis” and “protein metabolism”. These data suggest
increased expression of immune response mediators in
PABC.

Hormone-Regulated Gene Signatures in PABC Epithelium To
assess the role of pregnancy-associated steroid hormones,
estrogen (E)- and progesterone (P)-regulated genes among
the 1,097 pregnancy-associated genes in Fig. 2a were com-
pared to the union of six, previously published independent
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Table 1 Patient characteristics

Patient Pregnancy Age Invasive Ductal Adjacent Lymph Tumor TumorER TumorPR TumorHER2 Tumor
history Carcinoma Normal Node Status Grade BRCA1
PABC 52 Pregnant 35  EpiStr - 0 2 + + - BRCA2
20 Pregnant 36  EpiStr - 0 3 - - - BRCA1
55 Pregnant 31  EpiStr - 0 2 + + - Neg
29 Pregnant 30  EpiStr - 0 3 - - - BRCA2
103 8 Weeks 33 Epi,Str Epi,Str >10+ 3 - - - Neg
post
72 Pregnant 39  Epi,Str Epi,Str 0 3 + + + Neg
47 Pregnant 42 - Epi,Str 0 1 + + - NT
Non-PABC 25 No (6 years) 37  Epi,Str - 0 2 + - Neg
49 No (14 years) 44  Epi,Str - 0 3 + + - BRCA 1
24 No (nullip) 28  Epi,Str - 0 3 - - BRCA 1
57 No (7 years) 38  Epi - 0 3 + + - NT
37 No 31 - Epi,Str 1+ 3 - - - NT
19 No 45 - Epi,Str 0 3 - - - NT
21 No (11 years) 43 - i 0 3 + + + NT

Epi epithelial cells, Str stroma cells, NT no known test results, x years years since last completed pregnancy

lists of E- or P-regulated genes, generated by us [14—18] and
others [19, 20]. Of these, the majority (71 %) matched the
current dataset. There were 113 E-regulated (Fig. 2b) and 78
P-regulated genes (Fig. 2c) whose clustering dendrograms
are shown in Fig. 2, and whose gene names and fold
changes are listed in ESM Table 2b and c. E- and
P-regulated genes distinguish between tumors from preg-
nant vs. nonpregnant women suggesting that hormones play
a role in the distinct biological behavior of the two types of
breast cancers. The most abundant functional process
among E-regulated genes was “regulation of cell prolifera-
tion” with 13 genes differentially expressed in pregnancy
(ESM Table 3a). Among P-regulated genes the top category
was “regulation of cellular metabolism” with 22 genes dif-
ferentially expressed (ESM Table 3b). Importantly, in-
creased cell proliferation and metabolism are hallmarks of
tumor aggressiveness and poor outcome [21].

Tumor Progression Takes Different Genomic Pathways in
Epithelia of PABC vs. Non-PABC Nine hundred seventy-
nine genes differed between normal and malignant epithelia
of non-PABC and 1,075 differed in PABC. Only 200 of
these overlapped, however, suggesting that some of these
genes are likely to be related to differences in the neoplastic
process between PABC vs. non-PABC. A list of up- and
downregulated genes in epithelia of both PABC and non-
PABC compared to adjacent normal epithelia as baseline are
shown in ESM Tables 4a—d. Based on functional analysis,
the biological processes associated with these differentially
expressed genes are shown in ESM Table 5a—d. The most
significantly up- or downregulated gene ontology terms in
malignant epithelia of non-PABC (blue bars) and PABC (red
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bars) when compared to adjacent normal epithelium are
shown in ESM Fig. 1. Upregulated in PABC were genes
involved in “M phase”, “cell cycle”, “nuclear division”, and
“mitosis”. Only subtle differences were observed between
the two types of cancers for downregulated genes. However,
several tumor suppressor genes (phosphatase and tensin
homolog, caveolin 1, growth arrest-specific protein 1, p63
and a large number of ribosomal genes (RPL17, RPL35,
RPS8, RPS7, RPL18A, RPL32, RPL6, RPL13A, RPSI12,
RPL3, RPL10, RPL10A, RPL4)) were under-expressed in
PABC compared to adjacent normal epithelium. In some
cancers, low expression of ribosomal proteins correlates
with a more aggressive clinical course; high expression
correlates with a more favorable outcome [22]. Of note,
while there are several cancer-related pathways associated
with tumor progression for both PABC and non-PABC, an
additional upregulated pathway unique to PABC involves
cell cycle-related genes.

Hormones Regulate Unique Sets of Genes in Adjacent Normal
Epithelia vs. Tumors Our studies allowed us to identify
E- and P-regulated genes differentially expressed between
adjacent normal epithelia, and malignant epithelia of PABC
or non-PABC (ESM Table 6a—b) and the functional catego-
ries associated with these genes (ESM Table 6¢—d).
Figure 3a represents E-regulated genes that differed between
normal vs. non-PABC epithelia (blue) and normal vs. PABC
epithelia (red). E-regulated genes are shown in yellow.
Different sets of genes were E-regulated in non-PABC com-
pared to adjacent normal as baseline (115 unique genes) and
in PABC (128 unique genes) compared to adjacent normal
as baseline, with 26 overlapping. E-regulated genes among
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Fig. 1 Unsupervised hierarchical clustering reveals samples cluster
primarily on tumor status and cell type. a Unsupervised hierarchical
clustering of human breast tumor samples analyzed using Affymetrix
HG-U133 Plus 2.0 gene chips as described in the “Methods” section.
To avoid redundancy, a single probe set was used for each gene. b
Hierarchal clustering of 20,761 genes revealed three main groups:

“normal”, “tumor associated stroma”, and “epithelial tumor”. A

scaled-down representation of the entire cluster is shown. Branches

the 1,075 differentially expressed PABC genes were domi-
nated (50 %) by mitosis, cell cycle, and M phase regulation,
while fewer than 10 % fell into this category in normal
tissues of non-PABC. This suggests that in PABC epitheli-
um, the increased E of pregnancy is stimulating massive
proliferative changes.

We carried out a similar comparison of P-regulated genes
(Fig. 3b) in non-PABC (blue) or PABC (red) epithelia com-
pared to adjacent normal epithelium. There were 51 and 71
unique genes in non-PABC and PABC compared to adjacent
normal, respectively, with 23 common to both. The top
pathways enriched among P-regulated genes in normal ep-
ithelium associated with PABC were also ones regulating
cell proliferation. Overall, the data support the conclusion
that in addition to targeting tumor cells, E and P contribute
to tumor aggressiveness by targeting cell cycle and cell

w
)
]
£
E
3
=

Normal Basal Her2

are color coded according to the group with which the corresponding
tumor sample showed the highest correlation. Samples are also color
coded based on normal (pink) versus tumor (red), epithelial (blue)
versus stroma (purple), PABC (orange) versus non-PABC (green),
and ER-positive (gray) versus ER-negative status (white). ¢
Dendogram showing PABC samples cluster with different breast can-
cer subtypes. Samples are color coded based on luminal A/B (blue),
normal (light brown), basal (green), her2 (light pink)

proliferation pathways in “normal” epithelia adjacent to
PABC.

Stromal Genes in PABC vs. Non-PABC To analyze the mi-
croenvironment of PABC vs. non-PABC, their surrounding
tumor-associated stroma were isolated and profiled.
Compared to malignant epithelia in which 1,097 genes were
differentially expressed between the two tumor types, 331
genes were significantly (p<0.05) different between stroma
of the two tumor types with 195 uniquely upregulated and
136 downregulated in PABC-associated stroma. A heat map
(Fig. 4a) demonstrates the ability of the 331 genes to dis-
criminate between stroma of PABC and non-PABC. These
genes (ESM Table 7) consist of many known stromal-related
genes including chemokine CXCL13 [23], chemokine li-
gand CCL20 [23], metalloproteinases MT3-MMP/MMP16
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Fig. 2 Subsets of E- and P-regulated genes clustered samples based on
pregnancy status in epithelial tumors. Each column represents a single
sample and each row a single gene. Red upregulated expression, green
downregulated expression. a Hierarchal clustering of the most highly
up- or downregulated differentially expressed genes (1,097) identified

[24], ADAMTSI15 [24], and several components of the
ECM: collagens including COL2A1 [24], COL6A1 [24]
and COL9A2 [24], integrin associated protein CD47 [24],
and the elastin EMILIN2 [24]. Interestingly, both COL6A1
[25] and ADAMTSI15 [26] predict survival in human breast
cancers, and according to Nagahara et al. [27] CD47 pre-
dicts breast cancer recurrence.

Major biological processes [9, 13] (ESM Table 8al) over-
represented in tumor-associated stroma of PABC compared
to non-PABC were “immune system development”, “phos-
pholipid catabolic process”, “hematopoietic or lymphoid
organ development”, “lymphocyte activation”, “leukocyte
differentiation”, and “B cell activation”. Enrichment of im-
mune response genes was also observed in PABC epitheli-
um (ESM Table 2a) and is consistent with an influx of
immune cells during breast remodeling associated with
pregnancy, which may contribute to breast cancer progres-
sion [28]. Top biological processes associated with genes
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2029 52 72 103 55 25 57 49 24

PABC PABC PABC

202952 72 103 55 57 25 49 24

between PABC and non-PABC epithelium. b Hierarchal clustering of
113 E-regulated gene subset and ¢ 78 P-regulated gene subset differ-
entially expressed between PABC and non-PABC. E-and P-regulated
genes were identified as described in the “Methods” section

downregulated in stroma of PABC compared to non-PABC
(ESM Table 8a2) were “angiogenesis”, “vascular develop-
ment”, “regulation of cellular carbohydrate metabolic pro-
cess”, and “blood vessel morphogenesis” suggesting a
paradoxical suppression of angiogenic signaling by
tumor-associated stroma in PABC as reported previously

by Ma et al. [29].

Hormone-Regulated Gene Signatures in PABC-Associated
Stroma Recent data show that low levels of ER are found in
breast tumor-associated stroma [29]. We identified 25 E-
regulated (Fig. 4b) and 20 P-regulated (Fig. 4c) genes dif-
ferentially regulated in stroma associated with PABC vs.
non-PABC. Both E- and P-regulated datasets separated
PABC- and non-PABC-associated stroma into distinct clus-
ters (Fig. 4b and c¢) and their gene names and fold changes
are listed in ESM Tables 8b—c. Interestingly, ERx tran-
scripts were present in all stromal samples and did not differ
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Fig. 3 Venn diagram shows little overlap of hormone-regulated
genes associated with tumor progression in the epithelium of
PABC compared to non-PABC tumors. Venn diagrams display
the number of genes associated with tumor progression in PABC
(red) and non-PABC (blue) epithelium. The intersection indicates

significantly between PABC and non-PABC (data not
shown). Molecular biological processes associated with the-
se E- and P-regulated genes are listed in ESM Table 9a—b.
Among these stromal genes are several encoding chromatin-
associated proteins and proliferative factors. Many are also
associated with cell signaling pathways mediated by
integrins, neuropeptides, p53, wnt, chemokines and cyto-
kines, JAK-STAT, and TGFf{3.

Tumor Progression Involves Different Genomic Pathways in
PABC vs. Non-PABC-Associated Stroma Compared to
Normal We studied gene expression differences in tumor-
associated stroma of PABC (red) and non-PABC (blue)
compared to genes in stroma of histologically normal
inter- and intralobular regions of the breast A total of
1,217 genes were differentially regulated in normal vs.
PABC-associated stroma; 1,119 differed in normal vs. non-
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the number of probe sets that were changed by both experimental
groups for a E-regulated genes and b P-regulated genes. Pie
charts indicate the top functional categories represented among
the hormone-regulated genes identified in each group. The bold
lines indicate related functional categories

PABC-associated stroma. Comparisons between “normal”
stroma derived from either PABC or non-PABC yielded 945
genes that were different (ESM Table 10a—c). We found
very little (144 combined genes) overlap among “normal”
stromal genes vs. tumor-associated stromal genes of either
PABC or non-PABC (113 genes), or even between the two
types of “normal” stroma (31 genes). This finding is analo-
gous to our finding in “normal” epithelia.

Biological processes up- or downregulated in tumor-
associated stroma of non-PABC (blue bars) and PABC (red
bars) are shown in ESM Fig. 2 (see also ESM Table 11a—d).
The top gene ontology categories among upregulated genes
were “positive regulation of immune response”, “inflamma-
tory response”, and “immune response-regulating signal
transduction”. Indeed, among 112 “macrophage response”
genes recently reported [30] to be consistently seen in a
subset of breast cancers, 62 were present in our dataset.
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Fig. 4 Subsets of E- and P-regulated genes clustered samples based on
pregnancy status in tumor associated stroma. Each column represents a
single sample and each row a single gene. Red upregulated expression,
green downregulated expression. a Hierarchal clustering of the most
highly up- or downregulated differentially expressed genes (1,097)

Downregulated genes in tumor-associated stroma (ESM
Fig. 2) tended to be associated with “vasculature develop-
ment”, “blood vessel morphogenesis”, “response to hor-
mone stimulus”, and “chordate embryonic development”.
Many were unique to PABC (red bars). Interestingly, several
HOX genes (HOXD9, HOXA3, HOXA4, HOXD3, HOXD4,
HOXA7, HOXD10, and HOXA9) were underexpressed in
PABC-associated stroma compared to non-PABC. Similar
losses have been correlated with tumor development and
progression [31].

Also of note, genes involved in “extracellular matrix”
(28), “cell—cell adhesion” (20), and “tight junctions” (12)
were more commonly downregulated in PABC, suggesting
that its heightened aggressiveness may involve ECM deg-
radation and predisposition to metastasis. Indeed, genes
encoding ECM and ECM-modifying proteins correlate with
poor breast cancer prognosis [24], ~20 % of which are up-
or downregulated in our datasets. Our dataset also
contain ~24 % of genes in a “stromal gene signature” related
to tumor progression [29]. In general, these genes are two to
three times more often identified in stroma of PABC than in

@ Springer

identified between PABC and non-PABC. b Hierarchal clustering of
25 E-regulated gene subset and ¢ 20 P-regulated gene subset differen-
tially expressed between PABC and non-PABC. E-and P-regulated
genes were identified as described in the “Methods” section

non-PABC. Together, these data point to a decrease in ECM
proteins and an increase in immune activity and macrophage
response in PABC-associated stroma.

Hormones Regulate Unique Sets of Genes in PABC
Stroma Venn diagrams quantify E- (Fig. 5a) and
P-regulated (Fig. 5b) genes differentially expressed between
“normal” stroma, and PABC-, or non-PABC-associated stro-
ma. As observed in the epithelium, hormones regulate
unique sets of genes (ESM Table 12a and b) in normal vs.
tumor-associated stroma. E-regulated terms that dominate in
PABC-associated stroma include “response to nutrient
levels”, “positive regulation of myeloid cell differentiation”,
“negative regulation of cellular metabolic process”, “nega-
tive regulation of nucleoside, nucleotide and nucleic acid
metabolic process”, and “regulation of cell death”.
Important gene sets were also associated with “regulation
of cell communication”, “toll-like receptor signaling”, and
“chemokine signaling”.

P-regulated processes enriched in stroma of PABC com-

pared to “normal” stroma tended to be “negative” as for
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Fig. 5 Venn diagram shows little overlap of hormone regulated
genes associated with tumor progression in the stroma of PABC
compared to non-PABC tumors. a Venn diagrams display the
number of genes associated with tumor progression in the stroma
of PABC (red) and non-PABC (blue). The intersection indicates

example “negative regulation of RNA metabolic process”,

ERINA3

“negative regulation of gene expression”, “negative regulation
of nucleoside, nucleotide and nuclei acid metabolism”, “neg-
ative regulation of nitrogen compound metabolic process”,
and “negative regulation of macromolecule biosynthetic pro-
cess”. Also among P-regulated genes were some indicative of
poor prognosis including: tumor suppressor cyclin-dependent
kinase inhibitor 1C (CDKNI1C/ p57KIP2), Wilms’ tumor
suppressor gene (WT1), ataxia telangiectasia mutated
(ATM), cyclin E2 (CCNE2), methyl-CpG binding domain
protein 2 (MBD2), which plays a critical role in metastasis;
and c-abl oncogene 1, nonreceptor tyrosine kinase 1 associat-
ed with tumor invasiveness. The biological processes intrinsic
to E- and P-regulated genes differentially expressed in normal
vs. tumor-associated stroma in both breast cancer types are
listed in ESM Table 12c—f. These data suggest that hormone-
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the number of probe sets that were changed by both experimental
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charts indicate the top functional categories represented among
the hormone regulated genes identified in each group

mediated stromal effects on cell death and immune mediators
may contribute to tumor growth and progression in PABC.

Discussion

The present studies used gene expression profiling to test
the hypothesis that the noncycling, high steroid hormone
levels of pregnancy play a role in breast cancers diagnosed
in close association with pregnancy and are responsible for
their aggressiveness compared to cancers in matched
nonpregnant women. Furthermore, we speculated that not
only the malignant epithelium, but also the stromal micro-
environment surrounding the tumor, may be involved in the
heightened aggressiveness. To test these ideas, tumors from
patients with PABC and matched non-PABC controls
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(Table 1) were microdissected to separate tumor-associated
stroma from epithelium, and the two tissues were profiled
separately. We find that both epithelia and stroma of PABC
are enriched for immune-related and cell cycle-associated
genes, many of which are hormone regulated. And, given
the differences in the hormonal environment of the pregnant
vs. nonpregnant breast, most E- and P-regulated genes dif-
fered in the two types of cancers. Additionally, we find little
overlap among genes expressed in normal tissues vs. their
tumor-associated counterparts in PABC compared to non-
PABC. Finally, we find that PABC represent all major breast
cancer subtypes, luminal to basal-like, as previously
reported [32]. These observations warrant further follow-
up study in a larger cohort to validate these findings.

A limited number of studies have profiled genes in the
pregnant breast. Tonetti et al. [33] found altered expression
of immune/inflammation-associated genes and speculated
that the normal parous breast undergoes a weak but persis-
tent inflammatory process. They suggested that this would
contribute to tumor aggressiveness if a cancer were present.
Russo et al. [34] defined a pregnancy-associated gene sig-
nature that differed from that of parous women with cancer,
and nulliparous women with or without cancer, and suggest
that this signature can be used to define a woman’s lifetime
breast cancer risk [34]. Hsiao et al. analyzed PABC and
matched non-PABC by immunohistochemistry and compar-
ative genomic hybridization [35]. They observed decreased
expression of tumor suppressors in PABC associated with
loss of DNA copy number, coupled to a gain in DNA copy
number of genes encoding morphogenesis, angiogenesis,
and metastasis. We also observe downregulation of tumor
suppressors in cancers diagnosed during pregnancy.

Tumor Epithelium

In breast cancer, five molecular subtypes (luminal A and B,
basal-like, HER2 overexpressing, and normal breast-like)
have been repeatedly described [36]. We investigated
whether these five subtypes were also present in PABC.
Despite differences in patient samples and microarray plat-
forms, our results confirmed that these five subtypes are
represented in PABC. Our results also show that PABC
forms a subclass within the luminal ER" subtype (Fig. 1c).
This subclass has never been described and may contribute
to differences in clinical outcome. Because these analyses
did not take into account experimental batch effects that
may occur if a subset of experiments are processed differ-
ently, additional experiments on a larger series of cases are
necessary to validate these findings.

We speculated that the poor prognosis of PABC is linked
to the hormonal milieu of pregnancy and defined E- and P-
regulated gene signatures in malignant epithelia of PABC
that effectively distinguish them from malignant epithelia of
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non-PABC (Fig. 2b). The most abundant functional process-
es among these hormone-regulated genes were “cell prolif-
eration” and “cell metabolism”; hallmarks of tumor
aggressiveness and poor outcome [21]. Multiple hormone-
regulated genes differentially expressed in PABC but not
involved in proliferation and metabolism, are instead asso-
ciated with tumor aggressiveness. Furthermore, compared to
normal epithelium, in PABC, many hormone target genes
that regulate M-phase of the cell cycle and cell proliferation
were overexpressed. Among mitosis genes upregulated in
malignant epithelia of PABC, four—MKI6, AURKA,
BIRCS5, and MMP11—are included in the 16 Oncotype
DX genes used to predict breast cancer recurrence [37].
Eleven E target genes, most involved in mitosis and differ-
entially expressed in PABC, are part of a 70 gene breast
cancer “Outcome Signature” [38], of which five (RRM2,
PRCI1, MIK67, KIF2C, and AURKA) are upregulated in
hormone-resistant breast cancers [16] and included in a poor
outcome prognostic set [21, 39]. Increased expression of
cell cycle genes is indicative of cell proliferation, rapid
growth, and increased risk of metastasis which is known to
be associated with poor outcome. Indeed, mitotic activity is
an independent prognostic factor in breast cancers that may
be more important than other clinical biomarkers as indica-
tors of risk [40].

In addition, several important tumor suppressor genes
were downregulated in PABC. Interestingly, tumor protein
p63 was downregulated in epithelium of PABC in our data
and this has also been reported by others [35]. TP63 is a
transcription factor and a member of the p53 family and
according to Hsiao et al., its expression is associated with
increased invasiveness and aggressiveness of PABC.

Among the top biological processes also enriched in
malignant epithelia of PABC compared to non-PABC were
lipid metabolism and immune response. During pregnancy,
the breast undergoes significant remodeling including loss
of lipid droplets within adipocytes that not only reflect
changing epithelial demands but may also contribute to
breast cancer development or growth. Moreover, a growing
body of evidence suggests that modulators of immune re-
sponses play a role in cancer progression [41] and these
immune mediators may contribute to tumor growth and
progression in PABC.

Tumor-Associated Stroma

Immune Response Like the malignant epithelia of PABC,
immune-related genes are overexpressed in tumor-
associated stroma of PABC. This is consistent with the
expression profiling data of Ma et al. [29] showing that in
premenopausal women, stroma of high-grade breast cancers
exhibit upregulated immune response genes. Of the genes
reported by Ma et al., 102 (16 %) were enriched in PABC
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compared to normal stroma in our studies; two-fold higher
than in stroma of non-PABC. In addition, we find that
among the macrophage response genes reported by Beck
et al. [30], 62 were enriched in tumor-associated stroma of
PABC. Heightened density of tumor-associated macro-
phages correlates with poor prognosis including increased
lymph node involvement and decreased survival [42].
Comparison of our gene list with a “marcophage response
signature” demonstrates enrichment of these genes in tumor-
associated stroma of PABC; a finding previously reported in
mammary glands of pregnant rats [43] and proposed to
contribute to poorer prognosis of PABC [44].

Angiogenesis Angiogenesis genes were downregulated in
tumor-associated stroma of PABC. This was surprising since
angiogenesis is generally associated with heightened cancer
invasiveness, but confirms reports by Ma et al. [29], and
other data that angiogenic and lymphangiogenic factors are
reduced in breast cancers [29, 45]. It has been proposed that
dependence on neo-angiogenesis is limited to early phases
of tumor growth, while established tumors recruit pre-
existing host blood vessels, bypassing angiogenesis [46]

Hormones Although ER and PR are not thought to be
expressed in stroma, both E- and P-regulated genes were
nonetheless demonstrable in our studies (Fig. 5). In support
of this, Ma et al. [29] showed low but detectable levels of
ER in stromal fibroblasts. Indeed ~10 % of our E-targeted
genes (Fig. 5) overlap with a published [29] breast cancer
stromal gene dataset. We find that many E- and P-regulated
genes differentially expressed in tumor-associated stroma of
PABC are involved in cell signaling. Given the importance
of stromal signaling on tumorigenesis, our findings suggest
a role for hormones in regulating stromal/epithelial interac-
tions that warrant further study.

Our comparison of adjacent normal stroma to PABC-
associated stroma revealed decreased expression of ECM-
encoding genes in tumor-associated stroma. Degradation of
the ECM is a common feature of cancer invasion and
metastasis [47] and ECM protein expression correlates with
clinical outcome in breast cancer [33]. In addition, dur-
ing pregnancy, ECM breakdown and remodeling is reg-
ulated by hormones, coincident with the expanding
epithelium [28]. Our findings are generally consistent with
these and suggest a role for ECM alterations in PABC
aggressiveness.

Hormones also regulate a unique subset of genes in
stroma of PABC and non-PABC, compared to normal stro-
ma. Among E-upregulated tumor-associated stromal genes
were ones involved in chemokine signaling which activate
MMPs required for ECM degradation, and toll-like recep-
tors that promote cancer progression [48]. Other hormone-
regulated chemokine receptors and ligands correlate with

breast tumor progression, metastasis and poor prognosis
[49]. Thirty-three percent of the E-regulated genes overlap
with ones that fall into the category of “positive regulation
of cell death” from the adjacent normal vs. PABC
upregulated gene lists (Fig. 5). It is possible that hormones
mediate autophagy of tumor stroma. This could result in
recycled nutrients that fuel cancer cells thereby promoting
tumor growth and aggressiveness.

Summary

Our studies are the first to profile malignant epithelia and
tumor-associated stroma of PABC compared to non-PABC.
We find molecular distinctions between PABC and non-
PABC that suggest mechanisms for PABC aggressiveness.
Additionally, we use datasets from clinical and experimental
tumor models to assess the role of pregnancy-associated
steroid hormones on gene expression of PABC. These anal-
yses demonstrate that hormone-mediated processes related
to cell cycle control in malignant epithelia, and to immune
response, ECM degradation and cell death in stroma,
are enriched in PABC. Our data provide the first exper-
imental support of a theory that the continuous, high
hormone levels of pregnancy may play a role in tumor
aggressiveness and advanced-stage disease of PABC; a
theory that was evoked to explain the poor prognosis
associated with these breast cancers. Despite the fact
that our PABC sample number is limited, our ability
to assign these tumors to known breast cancer subtypes
gives us some confidence in the results. Our findings, if
validated by future studies, identify significant differ-
ences in genomic pathways important in PABC and its
prognosis that may lead to identification of unique
therapeutic targets for this disease.
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