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Breast cancer is the most common malignancy diagnosed during pregnancy. Strong
data on the genomic profile of pregnancy-associated breast cancer are lacking.
This systematic review aims to integrate and analyze all existing data from the
literature regarding the genomic background and the gene mutational patterns of
pregnancy-associated breast cancer. Using various genomic analysis methods, multiple
differentially expressed genes and numerous non-silent mutations have been detected.
More particularly, our review demonstrates the aberrant expression of several oncogenes
(e.g., MYC, SRC, FOS), tumor suppressor genes (e.g., TP53, PTEN, CAV1), apoptosis
regulators (e.g., PDCD4, BCL2, BIRCS), transcription regulators (e.g., JUN, KLFT,
SP110), genes involved in DNA repair mechanisms (e.g., Sig20, BRCA1, BRCA2, FENT),
in cell proliferation (e.g., AURKA, MKIE7), in the immune response (e.g., PD7, PDL1), and
in other significant biological processes (e.g., protein modification, internal cell motility).
Further research on the genomic profile of pregnancy-associated breast cancer is
urgently required in order to identify potential biomarkers facilitating early-stage diagnosis
and individualized therapy.
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INTRODUCTION

Breast cancer is the most common type of malignancy diagnosed in women. Its incidence is
notably rising with increasing age (1, 2). Breast cancer represents a heterogeneous disease with
fundamental histological variations among patients of different age, sex, and in certain conditions
such as gestation. Pregnancy-associated breast cancer (PABC) is generally defined as breast cancer
diagnosed anytime during gestation, lactation or within 1 year after delivery (2-4). Several other
PABC definitions with minor modifications regarding the postpartum period exist in the literature
(2, 5). Along with melanoma and cervical cancer, they are the most frequent types of pregnancy
related cancer (3, 6, 7). Every year, 1 in 3,000-10,000 women is diagnosed with breast cancer during
pregnancy, representing only 0.2-3.8% of overall breast cancer cases (3, 4). As women postpone
childbearing to a later age in our society, PABC rate is expected to increase significantly (2, 3).
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PABC management consists a real challenge for physicians
as both the mother and the fetus may be critically damaged
(3, 6). Due to the rarity of the disease, strong data regarding
PABC treatment are lacking and current guidelines are based
on small retrospective studies and systematic meta-analyses.
Cancer diagnosis in a period of hope and joy is an unendurable
situation that may trigger symptoms of psychological distress
such as depression, anxiety, social isolation and self-blame. On
the one hand, patients face a life-threatening disease and an
uncertain pregnancy. On the other hand, medical professionals
face an ethical dilemma involving the future mother and her
unborn child; what is best for the mother in terms of aggressive
chemotherapy may be fatal for the fetus and vice versa, delaying
therapy and protecting the fetus may have a negative impact on
the mother as the tumor progresses (8).

The molecular nature of PABC remains an unknown field
and considerable controversy exists in the literature regarding
the influence of pregnancy on breast cancer prognosis (3).
PABC exhibits particularly aggressive behavior and its poor
outcome is largely attributed to tumor characteristics; advanced
T stage in diagnosis, nodal involvement, high histologic grade,
negative estrogen (ER) and progesterone (PR) status and HER-2
overexpression (4, 9). Despite the substantial efforts in managing
breast cancer during pregnancy, yet there has been little progress
in explaining PABC biological characteristics.

This review aims to synthesize all existing data from the
literature regarding gene expression in PABC. Genomic profiling
studies identify both the spectrum of somatic mutational
patterns and the genomic heterogeneity of the disease. A deeper
understanding of PABC underlying mechanism may potentially
explain its rather aggressive clinical behavior and may lead to
individualized therapies.

METHODS

All eligible articles included in this literature review were
identified in the Medline/PubMed bibliographical database and
the research was conducted according to the PRISMA guidelines
(10); the end-of-search date was June 10, 2020. The search
strategy consisted of the following keywords: [breast AND
(neoplasm OR neoplasms OR cancer OR cancers OR carcinoma
OR carcinomas)] AND (pregnancy OR pregnant OR gestation)
AND (genomics OR genomic OR gene OR genes OR mutation
OR mutations). Furthermore, in order to identify any additional
eligible articles, reference lists were also meticulously examined
resulting in a total of 9 articles to be included as shown in
Figure 1.

While working separately, two researchers (AMK and MM)
searched the literature and another pair of investigators (AMK
and EZ) independently extracted data from each eligible study.
In case of disagreement between the members of each pair,

Abbreviations: PABC, pregnancy-associated breast cancer; ER, estrogen receptors;
PR, progesterone receptors; HER-2, human epidermal growth factor receptor-2;
FFPE, formalin-fixed paraffin embedded; CNA, copy number alteration; GPCR, G-
protein-coupled receptor; DFS, disease-free survival; DEG; differentially expressed
gene; OS, overall survival; PTM, post-translational modification.

team consensus was obtained after consulting the principal
designers of the study (FZ and MAD). The articles included
in this systematic review had to meet certain inclusion criteria:
(1) studies highlighting the genomic profile of PABC, including
mutational patterns, (2) studies based on the analysis of biological
samples and/or bioinformatic approaches or computational
algorithms with data originating from databases, (3) articles
written in the English language. Publications were excluded if
they met one or more of the following criteria: (1) animal studies
without subsequent validation in human specimens, (2) reviews
of literature, comments, letters or duplicate publications.

RESULTS

The search strategy retrieved 23 articles. Of these, 16 were
omitted based on the exclusion criteria and 7 were eligible
(11-17). While examining the references of eligible articles, 2
more articles were included (18, 19). A summary of the studies
describing the genomic profile of pregnancy-associated breast
cancer is demonstrated in Table 1.

As far as the genomic analysis approach is concerned, four
studies were based on formalin-fixed paraffin embedded (FFPE)
tissue analysis (11-13, 18), one study examined fresh frozen tissue
(14), three studies were associated with bioinformatic analysis
and microarray profile datasets (15, 16, 19), and one study
did not provide precise information regarding the methodology
steps (17). Importantly, all studies included in the review were
case-control studies; thus, the groups compared in each study
exhibited similar clinicopathological characteristics.

According to the literature, the most frequently up-regulated
genes encountered in PABC are several oncogenes: MYC (11,
16), FOS (16), MUCI (19), and gene sets related to SRC
(12); multiple apoptosis regulators: BIRC5 (14), TRIM69 (15);
transcription regulators: JUN (16), KLFI, SP110 (19); genes
involved in the immune response: PDI1, PDL1 (12), ILIS,
CD274 (16); in DNA repair mechanisms: BRCAI (12), FENI
(19); in DNA replication: RRM2 (14); in cellular growth and
proliferation: IGFI (12), MKI6, PRC1, MKI67, KIF2C, AURKA
(14); in protein modification: KLHL3, ASB6 (15); in collagen
degradation: MMPI11 (14), MMP9 (15); in cell adhesion: S-
catenin (12), PXN (15); and in internal cell motility: ACTA2
(16). Additionally, high expression of the G-protein coupled
receptor (GPCR) pathway and the serotonin receptor pathway is
demonstrated (12).

In contrast, the most commonly down-regulated genes
detected in PABC are numerous tumor suppressor genes: TP53
(11), PTEN (14, 18), CAV1 (14); cell cycle regulators: AKTmTOR
(12), GASI (14); apoptosis regulators: PDCD4, BCL2 (18),
p63 (14), SIAHI (15); transcription regulators: HOX genes
(14), CREBI (15); ribosomal genes (14); ECM-encoding genes
(14); genes involved in DNA repair mechanisms: BRCA2 (13);
in protein modification: UBA5, HECTDI1, MEX3C, UBE2Q2,
FBXO022 (15); in protein transport: ARF3 (15); and in mRNA
processing: EIF4A3 (15).

To conclude, non-silent mutations characterizing PABC are
most frequently enriched in the tumor suppressor gene TP53 and
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Abstracts identified and screened
23

Irrelevant articles excluded: 16

Unrelated to PABC: 12
Unrelated to genomic profile: 1
Full text not in English: 1

F

Reviews: 2

Articles retrieved through the
MEDLINE database
7

Conference abstracts/articles
retrieved as references of relevant
articles
2

v

Articles retrieved through the MEDLINE database + Conference
abstracts + articles retrieved as references

9

FIGURE 1 | Stages of the search strategy.

Frontiers in Oncology | www.frontiersin.org

September 2020 | Volume 10 | Article 1773


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

610" UISIBUOI MMM | ABOJOSUQ Ul SIeNUOI

©//1 8oy | 01 BWN|OA | 020z Jequieides

TABLE 1 | Summary of studies describing the genomic profile of pregnancy-associated breast cancer.

References Sample Technique Groups Up-regulated DEGs in Down-regulated DEGs in  PABC enriched mutations
PABC PABC
Nguyen et al. (11) FFPE WGS 54 PABC -vs-113 non-PABC MYC* TP53* TP53*, PIK3BCA*
Microarray assay Mucin gene family
Sig1, Sig20
Azim et al. (12) FFPE Multiplex PCR 54 PABC -vs-113 non-PABC PD1, PDL1, BRCA1, AKTmMTOR TP53*, PIKBCA*
Microarray assay Gene sets related to SRC,
IGF1, B-catenin
GPCR pathway
Serotonin receptor pathway
Walter et al. (18) FFPE RT-PCR 25 PABC -vs.-adjacent normal PTEN, PDCD4, BCL2
IHC breast tissue
Shen et al. (13) FFPE PCR-based LOH assay 12 PABC -vs-15 non-PABC BRCA2
Johansson et al. (17) N/A N/A 14 sporadic PABC -vs-10 BRCAT1

Harvell et al. (14)

Harvell et al. (14)

Zhang et al. (15)

Zhou et al. (16)

Thanmalagan et al. (19)

Fresh frozen tissue & FFPE

Fresh frozen tissue & FFPE

Microarray profile datasets
(12, 14)

Microarray profile dataset (14)

Microarray profile dataset (14)

LCM
Microarray assay

LCM
Microarray assay
Bioinformatic analysis

Bioinformatic analysis

Bioinformatic analysis

hereditary PABC

6 PABC epithelia -vs-7 normal
adjacent epithelia

6 PABC stroma -vs-4 non-PABC
stroma

74 PABC -vs —126 non PABC

7 PABC stroma -vs-4 normal
adjacent stroma

20 PABC -vs —13 non PABC

MKI6, BIRC5, MMP11,
RRM2, PRC1, MKI67,
KIF2C, AURKA

KLHL3, MMP9, TRIMG9,
ASBG6, PXN

JUN, FOS, MYC, ACTA2,
IL18, CD274

KLF1, FEN1, SP110, MUCH

PTEN, CAV1, GAS1, p63,
Ribosomal genes

HOX genes
ECM-encoding genes
CREBH1, ARF3, UBAS5,
SIAH1, HECTD1, MEX3C,

UBE2Q2, FBXO22, EIF4A3,

PABC, pregnancy-associated breast cancer, FFPE, formalin-fixed paraffin embedded tissue, WGS, whole genome sequencing, PCR, polymerase chain reaction, RT-PCR, real time PCR, IHC, immunohistochemistry, LOH, loss of
heterozygosity, LCM, laser capture microdissection.
*Up-regulated/Down-regulated/Mutationally enriched: when compared to normal tissue (no statistically significant difference between PABC and non-PABC groups).
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the cell cycle regulator PIK3CA, the mucin gene family involved
in glycosylation (MUC17, MUC2, MUC4, MUC12, MUC20) and
the BRCAI gene (11, 12, 17). Sigl and Sig20 are the most
common single-base alterations highlighted in PABC patients
(11). A more detailed analysis of the results is presented in the
following discussion.

DISCUSSION

This review aims to systematically summarize all existing data
from the literature regarding the molecular nature of pregnancy-
associated breast cancer. Multiple differentially expressed genes
and numerous non-silent mutations have been detected. More
particularly, our review demonstrates the aberrant expression of
several oncogenes (e.g., MYC, SRC, FOS), tumor suppressor genes
(e.g., TP53, PTEN, CAV1), apoptosis regulators (e.g., PDCD4,
BCL2, BIRCS), transcription regulators (e.g., JUN, KLF1, SP110),
genes involved in DNA repair mechanisms (e.g., Sig20, BRCAI,
BRCA2, FENI), in cell proliferation (e.g., AURKA, MKI67), in
the immune response (e.g., PD1, PDLI) and in other significant
biological processes (e.g., protein modification, internal cell
motility). The most significant studies on the genomic profile of
PABC are shortly presented.

In one of the most recent studies, Nguyen et al. analyzed
retrospectively 167 breast cancer patients, 54 of whom were
diagnosed during pregnancy, in order to identify specific
molecular alterations characterizing PABC (11). No significant
differences were found among PABC and non-PABC subgroups
in terms of the copy number alteration (CNA) profiles. Of note,
MYC oncogene was the most commonly amplified, whereas TP53
tumor suppressor gene was the most frequently deleted gene in
both subgroups. The study demonstrated that PABC group had
a significantly higher number of non-silent mutations. Across
the whole cohort, TP53 and PIK3CA were the most frequently
mutated genes. PABC group though was associated with a
higher frequency of mutations in the mucin gene family that
plays a major role in the mechanism of glycosylation (MUC17,
MUC2, MUC4, MUC12, and MUC20); of note, alterations in the
biological functions of glycosylation are correlated with breast
carcinogenesis and metastasis (20). While investigating particular
patterns of mutations on cancer genomes termed signatures,
the researchers proved that the base-substitution mutational
Signature 1 (Sigl) and Signature 20 (Sig20) predominated in
PABC subgroup. As it is well established in the literature, Sigl
is associated with age at diagnosis. Sig20 was proven to be
related to DNA mismatch repair (MMR) deficiency due to copy
number loss of MSH2 allele (21). In addition, Sig-20-positive
patients were highly associated with PR negative status and a
shorter disease-free survival (DFS) rate when compared to Sig20-
negative patients.

Azim et al. also evaluated the biological pathways of PABC
aiming to define the prognostic value of the different molecular
aberrations (12). Even though the study found no significant
differences in somatic mutations among pregnant and non-
pregnant breast cancer patients, TP53 and PIK3CA were the
most commonly mutated genes in both subgroups, similarly to

the aforementioned study. Moreover, Azim et al. demonstrated
that the expression of two particular pathways was significantly
enriched in breast tumors diagnosed during pregnancy when
compared to non-pregnancy related cases; the G-protein coupled
receptor pathway (GPCR) and the serotonin receptor signaling
pathway (22, 23). Using transcriptomic profiling methods, the
study also revealed that PABC tumors had a higher expression
of PDI, PDLI, BRCA1, and gene sets related to SRC, IGFI and
B-catenin and a lower expression of the AKTmTOR gene set.
None of the above differentially expressed genes (DEGs) was
statistically associated with DFS in the multivariate model.

A few years ago, Walter et al. focused on the expression
of the tumor suppressor gene PTEN and on the levels of the
apoptosis regulators PDCD4 and BCL2 in PABC, and on their
role as potential markers of poor prognosis (18). In the analysis,
protein levels of the aforementioned genes were lower in PABC
tumors when compared to adjacent normal breast tissue. A
statistically significant correlation was found in PABC group
between PTEN gene downregulation and miR-21 overexpression.
Overexpression of miR-21 was demonstrated in the PABC
subgroup and it was correlated positively with lymph node
involvement and negatively with prognosis.

Two studies regarding BRCA1 and BRCA2 mutations were
retrieved from the literature. On the one hand, Shen et al. studied
retrospectively 12 archival samples from PABC patients and
demonstrated high frequency of loss of heterozygosity (LOH) at
the BRCA2 gene when compared to non-PABC cases, suggesting
an initial genetic event in the pathogenesis of PABC (13). On
the other hand, Johansson et al. investigated the influence of
pregnancy on the risk of developing breast cancer in BRCAI
and BRCA2 mutation carriers (17). The statistical analysis proved
that more women with BRCA1 mutations developed PABC and
implied a close monitoring of women with BRCAI familial
mutations during and after pregnancy.

One of the largest studies on the genomic signatures of
PABC was conducted by Harvell et al. who meticulously
examined breast epithelial and stromal cells gene regulation
by estrogens and progesterone (14). Both epithelia and tumor-
associated stroma of PABC were characterized by enhanced
expression of genes related to the immune response and
the cell cycle regulation, many of which were hormone
regulated. Tumor microenvironment influenced by the several-
fold increased gestational hormones had a pivotal role in tumor
aggressiveness (24, 25). In addition, the study revealed decreased
expression of extracellular matrix (ECM)-encoding genes in
PABC-associated stroma that is correlated with cancer invasion
and metastasis (26).

Zhang et al. recently published an analysis on core genes and
their clinical roles in PABC. Their research was based on two
microarray profile datasets that derived from studies previously
described in our review (12, 14), but instead focused on the
identification of molecular biomarkers using the collective data
(15). A total of 239 DEGs were detected in PABC, including 101
up-regulated and 138 down-regulated genes. The up-regulated
DEGs were mainly enriched in the immune response, the
fatty acid activation and the fibroblast growth factor signaling
pathway, whereas the down-regulated DEGs were primarily
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involved in the activation of DNA fragmentation factor and the
apoptosis-induced DNA fragmentation. The 14 most significant
identified node degree genes given by the number of links in the
protein interaction network were the following: CREBI, ARF3,
UBA5, SIAHI, KLHL3, HECTDI1, MMP9, TRIM69, MEX3C,
ASB6, UBE2Q2, FBXO22, EIF4A3, PXN. The node degree can
be used to define groups of genes that are co-regulated and
consequently may serve similar functions. Interestingly, the up
regulation of ASB6 was the only highly associated with worse
overall survival (OS) rate in PABC, particularly in triple negative
molecular subtype and pre-menopausal status. The researchers
indicated that ASB6 may have an essential role as a prognostic
biomarker and a therapeutic target in PABC management (27).

Zhou et al. also investigated the genomic pathways of PABC
through bioinformatic analysis of a microarray dataset (14). This
study was differentiated by detecting DEGs in tumor-associated
stroma of PABC (16). A total of 480 DEGs were identified among
tumor-related and normal stromal cells in PABC patients. The
node degree genes JUN, FOS, MYC and ACTA2, including the
up-regulated DEGs IL18 and CD274 that were associated with
the immune response, were primarily enriched in carcinogenesis
pathways and should be further validated as potential anti-
cancer targets.

Last but not least, Thanmalagan et al. attempted to explain
the biological profile of the disease and to improve the diagnostic
and therapeutic tools by analyzing the microarray profile dataset
by Harvell et al. (14, 19). In this case, the researchers thoroughly
studied the post-translational modification (PTMs) pattern of the
DEGs in PABC patients in comparison to non-PABC cases. The
researchers evaluated multiple up-regulated and down-regulated
DEGs, appraised their corresponding PTMs (phosphorylation,
ubiquitylation etc.) and proved that four particular genes
(KLF1, FEN1, SP110, MUCI) may be recognized as promising
therapeutic targets ensuring no harm to pregnancy progress and
fetal development.

Among the limitations of this review, it should be stressed that
our conclusions are based on studies that utilized heterogeneous
genomic approaches (tissue or bioinformatic analysis), different
sample preparation methods and sample types (FFPE, fresh
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