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Abstract
The onset of pregnancy marks the start of offspring development, and represents the key physiological event that induces 
re-organization and specialization of breast tissue. Such drastic tissue remodeling has also been linked to epithelial cell trans-
formation and the establishment of breast cancer (BC). While patient outcomes for BC overall continue to improve across 
subtypes, prognosis remains dismal for patients with gestational breast cancer (GBC) and post-partum breast cancer (PPBC), 
as pregnancy and lactation pose additional complications and barriers to several gold standard clinical approaches. Moreover, 
delayed diagnosis and treatment, coupled with the aggressive time-scale in which GBC metastasizes, inevitably contributes 
to the higher incidence of disease recurrence and patient mortality. Therefore, there is an urgent and evident need to better 
understand the factors contributing to the establishment and spreading of BC during pregnancy. In this review, we provide 
a literature-based overview of the diagnostics and treatments available to patients with BC more broadly, and highlight 
the treatment deficit patients face due to gestational status. Further, we review the current understanding of the molecular 
and cellular mechanisms driving GBC, and discuss recent advances in model systems that may support the identification 
of targetable approaches to block BC development and dissemination during pregnancy. Our goal is to provide an updated 
perspective on GBC, and to inform critical areas needing further exploration to improve disease outcome.
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Introduction

Despite significant advances to detect and treat breast cancer 
(BC), deficits still exist for a subset of cancers arising during 
or shortly after pregnancy. BC associated with pregnancy—
which encompasses tumors that develop during gestation 
(GBC), lactation, and the post-partum period (PPBC)—
remains an elusive disease with incredibly poor detection 
and prognosis due to a variety of clinical and experimental 
barriers. While the incidence of BC which develops during 
or after pregnancy varies between 1:1000 and 1:3000 preg-
nancies, the exact incidence will likely shift as the definition 
of PPBC evolves from tumors diagnosed within one year of 
pregnancy to those diagnosed up to 5–10 years post-partum 
[1–4]. Such cancer subtypes are more prevalent in younger 
women compared to BC in general, and it is hypothesized 

that the drastic changes occurring in the mammary gland 
during pregnancy, lactation, and involution may be key 
drivers of neoplastic establishment and/or the progression 
of pre-existing disease [5–10]. However, it has also been 
established that pregnancy earlier in life bestows life-long 
protection against BC [11–13], an effect that collectively 
controls changes to mammary epithelial cells (MECs), and 
alterations of mammary gland immune composition post-
pregnancy [14–16]. Together, these observations suggest 
the window of opportunity for the establishment of can-
cer may be more limited to the period around and shortly 
after pregnancy [15, 17–19]. Consistent with this notion, it 
has been shown pregnancy elicits an increased risk of the 
development of BC in the short-term, and thus warrants fur-
ther study into how gestational and post-partum alterations 
influence BC [6, 20, 21]. Therefore, to better understand the 
drivers of GBC and PPBC, it is critical to identify stromal 
changes to breast tissue which may contribute to neoplastic 
development.
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Characteristics and Composition of GBC 
and PPBC 

Incidence and Prognosis

According to the National Cancer Institute, BC is the most 
common cancer diagnosed during pregnancy (about 1 in 
3,000 pregnancies), accounting for up to 2–4% of cancer 
occurrence [22–24]. While BC incidence during preg-
nancy or the post-partum period is uncommon, patient 
diagnosis has increased over decades and is anticipated to 
continue increasing as women delay having children. One 
retrospective study compared women in China diagnosed 
with BC during or up to 1 year after parturition with age-
matched, non-pregnant patients and showed patients with 
pregnancy-associated cancer had a shorter cancer-free 
survival period (32 months versus 37.5), a doubled rate of 
recurrence (25.4% versus 12.7%), and a more than dou-
bled death rate (20.6% versus 7.9%) compared to the age-
matched group [25]. Another study conducted in Saudi 
Arabia found similarly reduced survival rates associated 
with pregnancy, with a 5-year survival rate of 82% in non-
pregnant patients compared to 65% in pregnant patients 
[26]. While these data vary by region and cohort size, 
several other studies have linked pregnancy to worse out-
comes in BC and warrant further attention specifically to 
GBC [27–32]. In fact, one study found BC to be one of 
the only pregnancy-associated cancers in which lactation 
specifically doubled the cause-specific death risk (Hazard 
Ratio of 1.95) [33]. Yet, the reasons behind the poorer 
prognosis are debated; many groups suggest late diagnosis 
is a main factor behind the differential outcome [1, 34, 35]. 
Moreover, it is likely the stage of pregnancy at disease 
inception influences progression, yet little has been done 
to stratify BC based on pregnancy status, or to profile the 
differences between cancers arising during the gestation, 
lactation, or involution phases of pregnancy.

Clinical Presentation and Detection

One of the longest standing methods for BC detection is 
palpation. But in light of the vast changes occurring within 
breast tissue during pregnancy—as well as the general 
younger age of patients during pregnancy—it is of little 
surprise that many typical signs of BC may go unnoticed, 
or be attributed to side effects of breast maturation and 
milk letdown [4, 36–38]. Moreover, according to the CDC 
and other sources, many symptoms of pregnancy are simi-
lar to the warning signs of BC (Table 1) [36, 37, 39–41]. 
Adverse effects from milk production and breast feed-
ing, such as clogged milk ducts or mastitis, may further 

exacerbate breast pain, discharge, and nodularity, and 
could delay BC diagnosis [1, 4, 34, 36, 38, 40–44]. Inter-
estingly, one study which interviewed patients with BC 
determined 90% of patients diagnosed during pregnancy 
or up to one year post-partum presented with a palpable 
mass, yet 60% of these patients experienced a delay in 
diagnosis compared to 11% in cases which did not involve 
pregnancy or lactation [34]. The primary reason for delay 
reported in pregnant and post-partum patients was attrib-
uted to physician’s reassurance, which was not reported at 
all as a reason for delay in cases which did not involve a 
current or recent pregnancy (40% versus 0%) [34].

While detection modalities are presently available for 
diagnosing generalized BC, and their use has improved 
patient outcome, several of these are not available to 
women during gestation due to potential adverse effects 
on fetal health. For example, non-pregnant patients are 
eligible to receive both contrast and non-contrast magnetic 
resonance imaging (MRI) as a way to detect both primary 
and metastatic lesions across various tissues, including 
bone. However, contrast MRI relies on radioactive gado-
linium to delineate tissues and identify suspicious regions. 
As gadolinium is known to cross placental tissues, and 
therefore has potential adverse effects on fetal health, 
patients with GBC are ineligible for contrast MRI [36, 
37, 43]. Additionally, while patients during lactation are 
eligible for contrast MRI, they will not be able to breast 
feed during this window due to transmission of radioactive 
material via breast milk, which may serve as a barrier to 
some patients in considering when (or whether) to pro-
ceed with MRI. X-rays are also utilized for the detection 
of tumors and metastases; however, gamma radiation can 
cause permanent damage during fetal development, and 

Table 1   Symptoms common to both breast maturation during lacta-
tion and the development of breast cancer. (A) A list of commonly 
reported symptoms associated with pregnancy and breast feeding. (B) 
Similar symptoms used as warning signs to diagnose breast cancer

A. Pregnancy and Breast Feeding B. Breast Cancer

Full, stiff, warm feeling [40] Thickening or swelling of 
the breast [41]

Engorgement [40] Size and shape changes [41]
More nodular, dense tissue [36, 37] New lump in breast [41]
Thick, yellow colostrum secretion [40] Nipple discharge [41]
Bloody nipple discharge [36]
Milk leakage [40]
Sore nipples, discomfort [40] Pain in nipple area [41]
Pain while breastfeeding [40] Pain in breast area [41]
Flaking or cracking of skin on nipple 

[40]
Irritation of skin [41]

Darkening of nipples, areolas, veins 
[39]

Redness or flaky skin [41]
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thus should only be used in combination with lead shield-
ing of the abdominal cavity [24, 43]. In this way, lesions 
located in the lower abdomen may go undetected. A more 
localized way of detection used commonly to screen and 
monitor women for BC later in life (ages 50–74) is mam-
mography. Generally, mammograms are not performed in 
younger patients, and are further not recommended during 
pregnancy unless other methods of detection have already 
been employed to confirm suspicion [24, 36, 37]. Addi-
tionally, studies have shown mammogram reliability is 
decreased during pregnancy and lactation due to increased 
breast density and the accumulation of milk in breast tis-
sue, with sensitivity reported as ranging between 78–90% 
[37, 42, 43].

The gold standard of detection for pregnant patients 
is ultrasound, which is nearly 100% effective in detect-
ing masses localized to the breast, and is a reliable, non-
invasive diagnostic tool [1, 36, 37, 42, 43]. However, the 
depth with which ultrasounds can penetrate limits the use 
of sonograms as a method to detect metastases in tissues 
which are less accessible externally. Moreover, the use of 
sonograms to screen a broader range of tissues for metas-
tases is not typical. Therefore, it is critical to develop bet-
ter mechanisms of detection, for example through identi-
fication of biomarkers or improved diagnostic tools safe 
for implementation during pregnancy, as well as through 
characterization of risk factors for proper assessment. The 
development of concrete plans to monitor at-risk women 
throughout and after pregnancy will be paramount in 
improving outcome for patients with GBC or PPBC.

One study from 2011 which compiled multiple case 
studies more thoroughly characterized the clinical pres-
entation of BC during or shortly after pregnancy. Of 481 
cases examined, only 8% of patients presented with pain, 
4% with swelling, and < 3% with bloody discharge, sug-
gesting clinical assessment based on the canonical symp-
toms of BC is insufficient to discern between pregnancy-
associated breast changes and cancer [1]. Indeed, delay in 
diagnosis due to inaction and failure to perform additional 
screening and profiling has been documented for decades, 
yet the way pregnant and post-partum women are assessed 
and cared for has not changed [1, 34, 35]. It is evident we 
must re-evaluate the treatment of pregnant women, par-
ticularly those presenting with persistent lumps, regardless 
of the existence of secondary symptoms. Given ultrasound 
assessment of lumps is essentially 100% effective in iden-
tifying suspicious masses, it is unclear why ultrasound 
followed by ultrasound-guided biopsy when warranted 
have not become a routine assessment during early preg-
nancy or post-partum lactation and involution, particularly 
amongst higher risk individuals, like women with a famil-
ial history of BC, or those carrying BRCA mutations, who 
are or were recently pregnant.

Subtype

GBC and PPBC cases are represented by all clinical sub-
types of BC, with about ~ 50–60% of cases classified as triple 
negative disease (TNBC) [45–50]. This statistic is concern-
ing given the therapeutic barrier triple negative status poses, 
as well as the high rate of TNBC relapse [51, 52]. According 
to the American Cancer Society, TNBC has a 5-year survival 
rate of 91% for localized disease, 65% for regionally spread 
tumors, and 12% for TNBC with distal metastases [53]. 
Therefore, further investigation into whether triple negative 
status during pregnancy is a common feature of GBC is war-
ranted. Methods to profile the molecular characteristics of 
GBC often rely on determining estrogen and progesterone 
receptor status. Yet, given the increase in estrogen and pro-
gesterone availability during pregnancy, it is possible the 
triple negative status associated with pregnancy is simply 
an artifact of receptor saturation and/or subsequent down-
regulation during pregnancy [1, 54]. Deeper genetic and pro-
teomic profiling of GBC is thus needed to definitively show 
gestational cancers are often hormone receptor negative, 
confirming a proclivity of GBC toward the triple negative 
phenotype. Importantly, as treatment scheme is often contin-
gent on receptor status in BC, this distinction and assessment 
will be crucial to making informed plans for the treatment of 
GBC. The clinical ramifications of GBC assuming a triple 
negative phenotype are further discussed in Sect. 3.7.

Biophysical Environment

Of particular relevance to BC is stromal extracellular 
matrix (ECM). A structural component of tissues, ECMs 
like collagen, laminin, fibrin, and hyaluronic acid are found 
in relatively low levels in soft, normal tissues. ECMs are 
organized into distinct patterns which serve to direct cell 
behavior, phenotype, polarity, and organization [55–59]. 
For example, mouse studies have shown that the remod-
eling of ECMs is essential for ductal morphogenesis in 
nulliparous mice and during early pregnancy [56, 60–64]. 
In fact, mice deficient for remodeling enzyme TIMP1 dis-
play enlarged TEBs, suggesting there are spatial cues ECM 
provides to physically guide the size and shape of mam-
mary ducts [60]. Indeed, physical restriction via ECM has 
been posited as a potential mechanism to prevent conver-
gence of ductal structures within the developing mammary 
gland, and ductal branches have been observed to bifurcate 
around obstacles [56, 65]. Other studies have confirmed 
ECM distribution and physical arrangement influences 
ductal branching and elongation both ex vivo and in vivo, 
and that targeting pathways involved with the transduction 
of these external cues (i.e., integrins, Rac, Rho, ROCK) 
abrogates proper organization and development of termi-
nal end buds [55, 56, 59, 66–69]. Further, ECM has been 
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implicated in the maintenance of alveolar development, 
differentiation, and function during pregnancy.

However, disruption of the extracellular matrix, exces-
sive deposition and remodeling, or the generation of ten-
sion on and/or alignment of fibrous ECMs, plays a role in 
cancer progression and dissemination [55, 57, 58, 70–72]. 
Importantly, ECMs are recognized as prognostic factors in 
BC, as increased and/or aligned collagen is correlated with 
poor patient prognosis and decreased patient survival, for 
example [71]. In fact, some studies have shown that risk 
of BC in women may correlate more strongly with breast 
density and stiffness than to epithelial density, suggesting 
stromal ECMs are just as important to cancer progression 
as the cancer cells themselves [70, 73–75]. Yet ECM com-
position in the mammary gland across development, lacta-
tion and involution, and how the composition, architecture, 
and remodeling influences GBC and PPBC, has not been 
well characterized. Schedin and colleagues have conducted 
foundational research suggesting there are inherent differ-
ences in matrices derived from rat mammary glands across 
various stages of pregnancy [7, 8, 10, 76–79].

Astonishingly, ECM derived from involuting glands 
increased breast tumor cell migration compared to matri-
ces from any other stage of pregnancy, suggesting physi-
cal cues present in involuting glands alone are sufficient 
to enhance metastatic potential [7, 8, 77]. While studies 
have not characterized the architecture of these 3D matri-
ces, several groups have shown ECM structure plays a 
fundamental role in driving directed cell migration by 
providing contact guidance cues for cells to respond to 
and migrate along. Interestingly, tumors formed in mice 
following pregnancy were comprised of up to 44% stroma 
compared to 9% in nulliparous mice, with an increase in 
bone marrow-derived myofibroblasts and endothelial cells, 
higher collagen/ECM content, and significantly elevated 
angiogenesis [80]. Unfortunately, this study was conducted 
in NOD/SCID mice, and thus the contribution of an intact 
immune system to tumor burden and spreading could not 
be assessed. Nevertheless, this study establishes a clear 
connection between systemic estrogen signaling during 
pregnancy, tumor progression, and stromal dysplasia. It 
is possible ECM architectures present in involuting mam-
mary glands are distinct from those in other stages of preg-
nancy and lactation, and serve as a conduit to facilitate 
epithelial dissemination. This could hint as to why cancers 
discovered during the post-partum period appear pheno-
typically different than those diagnosed during pregnancy. 
Given the alterations to ECM composition and architecture 
known to occur during pregnancy and involution, the con-
nection between ECM and cell migration, and the similari-
ties between parity-induced and cancer-associated micro-
environmental changes, it is likely ECM informs GBC 
progression and metastasis.

Metastasis and Recurrence

GBC and PPBC spread to the same canonical sites as BC 
more broadly, suggesting the inherent nature of disseminat-
ing cancer cells to home to particular organs is conserved 
despite parity. However, GBC and PPBC tend to metastasize 
earlier and at a higher frequency, with majority of cases 
presenting as late stage invasive carcinoma with lymph node 
involvement [3, 5, 81]. It is likely the delayed detection of 
BC during pregnancy, as well as GBC’s tendency to be triple 
negative, both contribute to enhanced metastasis. Further, 
given EMT and motility profiles inherently increase during 
mammary gland maturation, and the implications EMT has 
in establishing metastases, it will be crucial to characterize 
the EMT state of MECs across gestational stage [82–87]. 
Three-dimensional organoid models have attributed murine 
TEB invasion to collective cell migration, and have revealed 
that cells within TEB caps display a more mesenchymal, 
migratory phenotype consistent with EMT [85–87]. EMT 
is a well-established switching of cells from an anchored, 
polarized state toward a more migratory state, and plays a 
crucial role in the organization of normal tissues as well as 
the spreading of cancer cells [82, 83, 86]. In non-neoplastic 
mammary epithelial cells specifically, EMT promotes more 
stem-like characteristics, and genes associated with EMT 
are increased in cells within TEBs [85, 87–89]. Therefore, 
an understanding of how normal breast maturation during 
pregnancy influences EMT and cell motility may lend to our 
understanding of how pregnancy primes epithelial cells for 
pre-malignant behavior prior to transformation. It is pos-
sible the attenuation of EMT and epithelial motility in high 
risk patients, or those with existing disease, could improve 
prognosis for individuals with GBC or PPBC. Moreover, it is 
likely EMT changes as a response to hormone signaling, yet 
whether hormonal fluctuations during pregnancy, lactation, 
and involution truly influence metastasis is unknown. Along 
these lines, it is completely unknown whether systemic preg-
nancy signals prime metastatic niches to support tumor cell 
seeding and growth. GBC and PPBC are known for pos-
sessing a higher likelihood of disease relapse later in life [3, 
6, 27, 81, 90]. It has been posited that, due to the younger 
age range of individuals diagnosed with GBC and PPBC 
compared to BC more broadly, there is an increased risk for 
disease recurrence; whether there are other lasting altera-
tions which influence risk of recurrence is unclear. Given 
that metastasis and disease relapse are the two main drivers 
of cancer related deaths, it will be imperative to understand 
how parity influences these processes.

Therapeutic Availability

While strides have been made to improve treatment options 
and efficacy for patients with BC, there are still prominent 
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treatment deficits when it comes to GBC. Most therapeutic 
options are not available to GBC patients, and the utility 
and plausibility of these options is dependent on the time 
of diagnosis, the window before delivery, etc. Below, we 
provide a comparison of several therapeutic options avail-
able to patients with BC, and put these into the perspec-
tive of GBC (Table 2). Many of these options are either 
not recommended, or are accompanied by serious compli-
cations and contraindications for patients with GBC [91, 
92]. Further, while there are several chemotherapies safe for 
administration later in gestation, many are contraindicated 
after 35 weeks of gestation, and up to 3 weeks post-delivery, 

due in part to a detrimental impact on maternal blood cell 
count, which influences maternal immunity and increases 
likelihood of excessive bleeding. Further, there is concern 
that many of these options may promote premature deliv-
ery, and thus are generally not given during the window just 
preceding birth. In fact, many of these options are limited 
to the second and third trimester, or strictly during the post-
partum period. This is of special concern given that, accord-
ing to a 2021 Dutch study, nearly 75% of GBC and PPBC 
cases were diagnosed during pregnancy specifically, rather 
than during the post-partum period [31]. It is evident that 
many of the gold standard chemo- and radiation therapies 

Table 2   Interventional strategies presently used for generalized BC, 
and their clinical utility in treating GBC. Below is a compiled list 
of both physical and chemical treatment regimes available for breast 
cancer, their mechanism of action, as well as their utility specifically 

for patients with GBC and the gestational stage (“GS”) at which GBC 
patients are eligible for this treatment option through trimesters 1–3, 
or post-partum (“PP”). Potential complications which may arise as a 
result of the surgical or chemical intervention are also highlighted

Treatment Mechanism GBC use GS Complications REF

Radical mastectomy Surgical removal High 1 +  Miscarriage/abortion  [47, 91, 97–99]
Paclitaxel
Docetaxel
Vinorelbine

Microtubule disruption Yes 2 +  Early delivery
Hypersensitivity
Limited data

 [47, 91, 100–104]

Cyclophosphamide RNA/DNA synthesis:
DNA crosslinker

Yes 2 +  Early delivery
Myelosuppression

 [91, 97, 99, 103–105]

Doxorubicin RNA/DNA synthesis: Topoisomerase 
inhibitor

Yes 2 +  Early delivery
Cardiac toxicity
Tumor lysis syndrome

 [91, 97, 99, 104, 105]

Flouracil/5-FU
Capecitabine

RNA/DNA synthesis: pyrimidine analogue Yes 2 +  Early delivery
Hand-foot syndrome
GI effects

 [91, 97, 99, 100, 103, 105, 106]

Breast Conservation Partial removal with reconstruction Rare 3 +  Incomplete removal
Must be followed up 

with chemo within 
6 weeks

 [91, 97, 107]

Radiation DNA damage No PP Miscarriage/abortion
Birth defects
Childhood cancer

 [47, 97, 98, 108]

Hormone therapy
  • Tamoxifen
  • Anastrozole
  • Letrozole
  • Exemestane
  • Fulvestrant

ER + and/or PR + tumor cells No PP Birth defects
Fetal toxicity
Limited data

 [47, 91, 98, 109]

Targeted therapy
  • Trastuzumab
  • Pertuzumab
  • Tucatinib
  • Neratinib
  • Lapatinib

Her2 targeting No PP Fetal toxicity
Limited data

 [47, 91, 100, 101]

Immunotherapy Immune modulation No PP Limited data  [95, 96]
Methotrexate RNA/DNA synthesis: Nucleotide synthesis No PP Teratoma formation

Miscarriage/abortion
 [47, 91, 97, 104]

Carboplatin RNA/DNA synthesis: DNA crosslinker No PP Limited data  [104, 110]
Epirubicin RNA/DNA synthesis: DNA intercalation No PP Limited data  [97, 100, 104, 111]
Everolimus mTOR inhibitor No PP Limited data –
Palbociclib CDK4/6 inhibitor No PP Limited data –
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are simply not an option for women who are pregnant, which 
could also exacerbate the prognosis for GBC. Even during 
the post-partum period, significant consideration must be 
dedicated to determining how the course of treatment will 
impact the patient’s ability to breastfeed, and any potential 
risks which may come to the infant as a result. Of note, many 
of our most robust treatments, like radiation, tamoxifen, and 
trastuzumab, are not recommended during pregnancy. For 
example, immunotherapy has become an attractive method 
of tumor targeting and has shown success in treating several 
tumor types reviewed here [93, 94]. However, the utility of 
immunotherapy during pregnancy is unclear, thus immuno-
therapies remain contraindicated [95, 96]. Potential com-
plications are outlined in this review [96], which highlights 
how perturbing immunity may come with serious conse-
quence to the tolerance established between mother and fetal 
immunity during pregnancy, along with other reported and 
speculated consequences.

Further compounding this lack of sufficient treatment 
options for GBC is the consideration that triple negative 
cancers and metastatic disease are both in need of better 
treatment options as is, regardless of gestational status [112]. 
Emerging therapies with success in targeting TNBC are not 
available to patients during pregnancy. For example, PARP 
inhibitors have shown utility in treating TNBC, but their 
administration during pregnancy is not recommended for 
multiple reasons, including lack of data regarding safety dur-
ing pregnancy, speculated fetal toxicity, and uncertainty of 
transmission across breast milk [113, 114]. However, studies 
in mice have shown that inhibition of PARP in vivo results in 
loss of pregnancy, ovarian toxicity, and may have potential 
impacts on fertility [115, 116]. Ultimately, we speculate the 
propensity of GBCs to have already spread, and to assume a 
triple negative phenotype, worsens prognosis.

Even therapies which are amenable to pregnancy may still 
be accompanied by severe side effects to both maternal and 
fetal/infant health. Given the uncommon incidence of GBC 
and PPBC, we cannot rely solely on data gathered for GBC 
and PPBC as many studies involve a case study of one or few 
individuals. Rather, the field should look more broadly at 
cancers diagnosed during pregnancy, and the adverse effects 
arising as a result of various treatment schemes. However, 
one such study regarding the safety of immunotherapy dur-
ing pregnancy raises a critical point that pregnant women or 
women who become pregnant during clinical trials are often 
excluded and/or removed from participating due to concerns 
or uncertainty of fetal harm, thus limiting our understand-
ing of how many emerging therapies may impact fetal and 
infant health [95]. In this same vein, another study of cancers 
diagnosed during pregnancy, which contained follow up with 
patients and infants from over 16 countries, found connections 
between therapies and adverse outcomes directly related to 
maternal and fetal health [117]. For example, they determined 

a correlation between platinum-based chemotherapies and a 
small infant size for gestational age, as well as a correlation 
between taxane administration and infant NICU admission 
[117]. Further studies may serve to link specific treatment 
regimens to likely clinical adverse reactions, and inform strat-
egies for follow up with and care for patients on these regimes. 
Regardless of therapy, however, the most common issue across 
cancers during pregnancy was preterm delivery; in BC specifi-
cally, majority of live births occur prematurely, with only 37% 
falling at or after 37 weeks. Thus, it is paramount to continue 
to examine both maternal and fetal health as we build more 
robust treatment schemes. As many therapies have utility 
across various cancer contexts, further literature reviews to 
assess treatment schemes and success during pregnancy may 
help to inform new strategies to treat GBC.

Re‑Evaluating the Post‑Partum Window 
for PPBC

The traditional definition of BCs associated with pregnancy 
encompassed tumors identified during pregnancy, or within 
the first few years after delivery. However, multiple stud-
ies point to the post-partum period stretching as long as 
5–10 years depending on maternal age at delivery [3, 5, 81], 
with parous patients exhibiting gene signatures distinct from 
nulliparous women [118]. In fact, gene analysis has revealed 
an increased tendency toward high grade TNBC for PPBC, a 
signature maintained up to 10 years after pregnancy [5, 47, 
48, 118]. Moreover, stromal changes which occur during 
involution, like the influx of immunosuppressive cells, have 
been shown to persist after delivery, although the longevity 
of these changes is unknown [119]. Therefore, we echo here 
a familiar sentiment that the post-partum period for diagno-
sis should be re-evaluated in order to better inform treatment 
schemes for PPBCs, and follow up for high risk patients 
[2, 3, 9, 20]. Currently, the scope of knowledge regarding 
PPBC, patient outcome, and treatment efficacy is limited to 
a very narrow window during which cancer arises. Given 
there may be cases falling into the 1 to 10 years post-partum 
period which are more phenotypically similar to PPBC, and 
less similar to generalized BC, there is likely an underdiag-
nosis of patients with PPBC who may actually benefit from 
more rigorous follow up and aggressive treatment schemes 
than age-matched nulliparous women with BC.

Potential Models to Study GBC and PPBC

Cell Lines and Culture Systems

While common cell culture systems and assays, like 2D cell 
culture, transwells, and scratch-wound assays, are widely 
used in modern research, the emergence of 3D primary 
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organoids, coupled with live imaging, single cell sequenc-
ing, and other cutting-edge tools, may provide a clearer 
scope of how cancer cells respond to their surrounding envi-
ronment (Fig. 1). For example, models of migration which 
utilize 3D matrices can provide 4D information by using live 
imaging to quantify the spatiotemporal dynamics of cells in 
response to, in example, matrix composition. Matrix com-
position and stiffness can easily be tuned in 3D to determine 
which matrices facilitate tumor cell extrusion. Multicellular 
spheroid and organoid systems could also represent ideal 
strategies for studying GBC and PPBC. For example, 3D 
organoid models exposed to pregnancy hormones have been 
shown to recapitulate the epigenetic, molecular, and pheno-
typic changes which occur during pregnancy [120]. Such 
models, established from various mouse strains, and from 
normal and neoplastic mammary tissues, may be valuable 
for investigating a variety of processes including cellular 
invasion, heterogeneity, chemoresistance, or interaction 
with stromal cells and ECMs. Implementation of emerging 
strategies like these may better recapitulate in vivo features 
of mammary gland tissue for the study of GBC and PPBC 
progression.

Additional models, like “tumor on a chip,” can be used to 
mimic multiple points of the metastatic cascade [121–124]. 
For example, one study established a model of chemi-
cal crosstalk between three compartments known to play 
a role in BC metastasis. By culturing tumor, neural, and 
bone compartments in chemical communication, this study 
revealed novel insight into how chemical communication 

influences tumor progression [125]. However, this system 
does not facilitate physical interactions between tumor cells 
and other compartments like the vasculature. By using shear 
fluid force to simulate circulation, channels on chips can be 
“vascularized” by flowing through endothelial cells. This 
variation of microfluidics could be used on a basic level 
to generate vascular permeability mimicking that during a 
pregnant versus non-pregnant state to study tumor cell intra-
vasation and extravasation as a function of pregnancy hor-
mones. Systems could be further elevated by adding niche-
specific cell types and/or ECMs to study specific tumor cell 
seeding in metastatic sites from GBC and PPBC. Indeed, 
work from the Kamm lab has explored biomimetic micro-
environments recapitulating bone and muscle to understand 
metastasis [126]. Systems like this would facilitate a deeper 
understanding of tumor cell tropism and preferential homing 
to metastatic sites in response to pregnancy, and may hold 
utility in predicting individual patient tumor behavior and 
interventional success. In line with this, the Konstantopoulos 
group established a device which could be applied to predict 
patient-specific metastatic potential and response to anti-
metastatic therapeutics [127]. This could be applied to assess 
risk and patient response ex vivo, and may be encouraging 
for pregnant patients in their decision to move forward with 
treatment at earliest eligibility. The tunability of this system 
would essentially allow for study of multiple stages of preg-
nancy, with multiple cell types simultaneously.

Even traditional 2D cell culture has been elevated to 
allow study of how biophysical aspects of GBC and PPBC 

Fig. 1   Complex culture systems available to study GBC and PPBC. 
A schematic of how live tissue samples can be processed, cultured 
and utilized for subsequent characterization and analysis. Tissues can 
be isolated and fixed, embedded, and sectioned for staining. For cul-
ture, and dependent on protocol and subsequent experiments, tissues 

can be digested into single cells (A) or organoids (B), which can then 
be used in complex culture systems (C), varying in complexity from 
2D cell culture and co-culture, to live imaging of cells and organoids 
in 3D environments. Additionally, tissues may be sectioned using a 
vibro-, cryo-, or microtome for subsequent culture and analysis (D)
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may impact progression. For example, Engler et. al. showed 
in 2006 that substrate stiffness can regulate the fate of mes-
enchymal stem cells, with matrices mimicking bone, mus-
cle, and brain being osteogenic, myogenic, and neurogenic, 
respectively [128]. Yet, despite the clear role mechanics play 
in directing cell behavior and phenotype, little work has been 
done to understand how stiffness, or mechanical changes 
during pregnancy like elevated fluid pressures and increased 
breast density, would impact GBC and PPBC progression 
and invasiveness, or preferential homing during metastasis, 
for example. Additionally, the use of polyacrylamide 2D 
substrates would allow study of how stiffnesses reminiscent 
of canonical BC metastatic sites influence tumor cell seeding 
with and without pregnancy hormones. Along these lines, 
mechanical cues like matrix alignment have been shown to 
be important to BC progression, metastasis, and recurrence, 
but have been largely unexplored in the context of pregnancy 
[57, 71, 129]. The utilization of “2.5D” nanopatterned flat 
substrates would allow for perturbation of whether contact 
guidance cues alone or in addition to pregnancy hormone 
signaling encourages epithelial cell directed migration and 
elongation. More complex systems which couple nanotopog-
raphy with other biophysical cues like substrate elasticity 
may provide a deeper understanding of the individual and 
additive impacts of ECM composition and matrix mechanics 
on GBC and PPBC progression, particularly from the lens of 
pregnancy-induced breast stiffening. For example, systems 
like those utilized by Tabdonov which combine matrix stiff-
ness, alignment, and ECM composition could reveal how the 
patterning of specific ECMs in distinct topographies influ-
ences BC cell migration in the context of pregnancy [130].

In vivo Models

Given their relatively short gestational cycle, mice provide 
an excellent model of pregnancy for the study of GBC and 
PPBC, by allowing the analysis of how cancer cells develop 
and disseminate during and after pregnancy (Fig.  2A). 
However, as the exact start of pregnancy can be difficult 
to pinpoint, researchers could employ models of “pseudo” 
pregnancy as an alternative to robustly characterize changes 
to tissues in response to pregnancy hormones (Fig. 2B). The 
implantation of 21-day slow release pellets containing 17-β 
estradiol and progesterone, or vehicle control, allows the 
study of how hormones influence tissue composition in a 
more tunable, controlled manner, while mimicking the 
molecular and cellular alterations during pregnancy-induced 
mammary development [131]. While findings from pseu-
dopregnancy models should ultimately be validated using 
pregnant animals, hormone systems provide a reductionist 
approach to understanding the contribution of estrogen and 
progesterone to GBC progression. Both true pregnancy and 
pseudopregnancy have potential benefits and pitfalls (out-
lined in Fig. 2C), but can be used across a wide range of 
animal strains, including spontaneous or inducible models 
of mammary oncogenesis, or in pregnant or post-pregnancy 
animals injected with tumor cells.

Many preclinical mouse models exist for the study of BC, 
and many involve the dysregulation or deletion of pathways 
canonically seen in clinical BC [132–134]. Earlier models 
employing immunocompromised mice, or performing sub-
cutaneous tumor cell injections, have provided a solid foun-
dation for in vivo experiments. However, as research has 

Fig. 2   Using mice to study 
the impact of gestation and 
pregnancy-associated hor-
mones in vivo on breast cancer. 
A Natural pregnancy can be 
employed to study how preg-
nancy, and the various stages of 
gestation, influence mammary 
gland development, function, 
and reversion during pregnancy 
and the post-partum period. 
B Surgical implantation of a 
21-day slow release estrogen/
progesterone pellet can be used 
to mimic pregnancy via the 
systemic release of pregnancy-
associated hormones, which 
drive changes to mammary 
tissue consistent with natural 
pregnancy. C Potential pros and 
cons to both models which may 
dictate which will be better-
suited for studies of pregnancy, 
GBC and PPBC
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revealed the critical role of the immune system in cancer 
development, as well as the contribution of organ-specific 
tissue resident cells, the development of genetically engi-
neered mouse models (GEMMs) have allowed for more 
translational study of tumor development and pathology. 
Importantly, GEMMs allow for study of dysplastic tissues 
which have not fully progressed into neoplasia, giving us a 
better understanding of early disease establishment.

The most classical BC-GEMMs were developed via the 
manipulation of cancer-relevant gene function under the 
control of mammary-specific promoters like the mouse 
mammary tumor virus long terminal repeat (MMTV-LTR), 
Whey Acidic Protein (WAP) and b-Lactoglobulin (BLG) 
promoters, which largely give rise to mammary-specific 
tumors with histopathological features replicative of human 
disease [133–137]. Interestingly, the activity of these pro-
moters is enhanced by steroid hormones present during 
pregnancy and lactation, thus potentially allowing the inves-
tigation of how pregnancy-induced changes intersect with 
those inducing tumorigeneses, and represent an opportunity 
to study GBCs developing during pregnancy (MMTV), or 
PPBCs after lactation (WAP, BLG) [138]. To date, models 
of mammary tumorigenesis initiation and development have 
been developed to manipulate the function of cancer-relevant 
genes, including those based on inducible oncogene gain-
of-function, or cancer suppressor loss-of-function [16, 132, 
139, 140]. Given their already characterized tumor subtypes 
in non-pregnant mice, utilization of such models to elucidate 
the basis of cancer development during pregnancy, lacta-
tion, and involution, via natural breeding or the use of slow-
release hormone pellets, may represent a suitable platform 
to define intrinsic characteristics of GBC and PPBC.

However, all of these models pose additional obstacles to 
the study of GBC and PPBC due to the effect that pregnancy 
and lactation have on augmenting MMTV, WAP and BLG 
activity [138]. Use of models relying on these promoters 
therefore diminishes the opportunity to tease apart epithelial 
dynamics differentially regulated across parity-associated 
development, and those associated with cancer. To circum-
vent this, many groups have employed an array of different 
transgenic approaches to study the effects of pregnancy on 
mammary oncogenesis. Feigman et al. employed a model 
of cMYC overexpression under the control of the synthetic 
cytomegalovirus immediate enhancer/β-actin (CAG) pro-
moter, a doxycycline-inducible model which is not depend-
ent on pregnancy and lactation [139]. Additional models 
include those implementing localized viral delivery of onco-
genes to mammary gland epithelia through intraductal injec-
tion. As an example of the utility of this approach in GBC, 
Haricharan et al. revealed a relationship between pregnancy 
hormones, epithelial STAT5 signaling, and tumor progres-
sion [141]. This study shows pregnancy exacerbates BC risk 
and progression after viral delivery of oncogenic Erbb2 and 

Wnt1 to murine mammary epithelia in an MMTV-tva mouse 
model [141]. It is likely models like these, whose activity is 
not inherently perturbed by gestational hormone signaling, 
would be beneficial in unmasking pregnancy-related changes 
to epithelial cell behavior.

In addition to GEMMS, fat pad injections, or the delivery 
of tumor cells directly to the mammary gland, can provide a 
good model for tumor development (Fig. 3A). In fact, such 
approach has been utilized to understand how post-partum 
alterations to the mammary gland support the development 
of tumors using well-established murine cell lines [142]. 
However, this method requires surgical procedures which 
could trigger inflammatory responses, perhaps altering the 
progression of tumor development. As a counter approach, 
the delivery of cancer cells via intraductal injections could 
represent a suitable system for the study of mammary tumor 
development (Fig. 3B). In this way, tumor cells can be 
delivered directly to the gland in a more controlled fashion, 
and likely allow tumors to form more uniformly in terms 
of physical location. Regardless of the preferred route of 
delivery, the injection of mammary cancer cell lines and/
or organoids derived from GEMMs into the tissue of mice 
during pregnancy, lactation and involution may facilitate 
an understanding of tumor cell-induced alterations to gland 
microenvironment, and their importance in GBC and PPBC 
progression.

Importantly, tumors which form after injection could be 
resected at various time points during pregnancy or the post-
partum period as a way to better mimic what would happen 
clinically in patients with GBC or PPBC. By mimicking this 
resection in mice, one could study the dynamics of disease 
recurrence, metastasis, and dormancy. Additional methods 
to study metastasis directly include tail vein injection and 
ultrasound-guided intracardiac injections (Fig. 3C and D). 
The former largely results in lung metastases, a hypoth-
esized artifact of cells becoming physically lodged in the 
small capillaries of the lung. Thus, it is unclear whether tail 
vein delivery of tumor cells facilitates preferential homing 
of cells to the lungs, or rather results in the unavoidable 
obstruction of tumor cells and their subsequent colonization 
in the lung. Intracardiac injections have been brought to light 
as a potential alternative, giving rise to whole-body metas-
tases consistent with preferential homing of the tumor type 
based on clinical trends. However, intracardiac injections 
are incredibly difficult to reproduce and confirm without the 
addition of ultrasound guidance. By utilizing an ultrasound 
probe, one can easily and reproducibly locate the heart, 
bring the syringe with tumor cells to the heart, and confirm 
the success of the injections (Fig. 3D). Importantly, all of 
the mentioned injection models can be paired with cell lines 
tagged with fluorescent or luminescent reporters to allow 
for non-invasive monitoring of tumor growth and spread-
ing over time (Fig. 3A-D). In example, D2A1s expressing 
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luciferase were injected into virgin Balb/C mice and were 
seen to metastasize to the bone, brain, thymus, lungs, and 
liver upon intraperitoneal injection of substrate D-luciferin 
(Fig. 3D). These metastatic sites are consistent with clinical 
trends seen in BC patients and, thus likely more translation-
ally relevant compared to tail vein injections. We therefore 
propose intracardiac models be used instead of, or at least in 
parallel to, tail vein injection to study metastatic coloniza-
tion in future BC, GBC, and PPBC studies.

Discussion: Where do we go from here?

It is unquestionable the urgent need for clinical improve-
ments in the risk assessment, diagnosis, and treatment of 
women with GBC. While some factors clearly exacerbate 
risk, like carrying BRCA1/2 mutations, or age at first preg-
nancy, there inevitably are other risk factors we are unaware 

of thus far which could help inform follow up for pregnant 
and nursing women who are likely to develop GBC or PPBC. 
Breast ultrasounds, while not routinely scheduled for screen-
ing pregnant women, are recommended to patients with 
BC family history or known genetic predisposition to BC. 
Encouraging high-risk pregnant patients to undergo breast 
ultrasound may enhance the early detection of breast lesions 
arising during gestation, thus improving clinical manage-
ment of GBC. Additionally, the exploration of medications 
like anti-inflammatories during the post-partum period could 
serve to help limit immunosuppressive influx and fibrosis 
during mammary gland involution, which is suspected to be 
a key driver of PPBC.

Perhaps another more pressing point of discussion 
for the treatment of GBC and other gestational cancers 
is the choice between terminating pregnancy to begin 
aggressive treatment regimens—which may ultimately 
influence patient survival—or delaying treatment until 

Fig. 3   In vivo injection models to study breast cancer and metastasis. 
A summary of a few commonly used injection models for studying 
primary mammary tumors (A, B), and metastatic seeding and colo-
nization from cells in circulation (C, D). A Injection of tumor cells 
directly into the mammary fat pad can be used to study primary 
tumor growth and spread from the mammary gland. Luciferase can be 
a useful mechanism to monitor cell spreading, or success of resection 
procedures. Requires opening of the abdomen and exposure of the 
gland to the outside. B Intraductal injection, or delivery through the 
nipple and mammary ductal tree, can provide a less traumatic alterna-

tive as it does not require surgical opening of the animal to deliver 
tumor cells to the mammary gland. C Tail vein injection of tumor 
cells into circulation is a commonly used model of metastasis, often 
resulting in lung metastases. D Ultrasound-guided intracardiac injec-
tions involve using an ultrasound probe to locate the left ventricle 
(asterisk), guide a syringe (arrow head) to the heart, and inject tumor 
cells into circulation. IC injection results in whole-body metastatic 
seeding to clinically relevant sites including the bone, lung, and brain 
(canonical breast cancer metastatic sites, arrows)
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after delivery, a risk which may endanger both fetal and 
maternal health. While past studies have suggested the 
termination of pregnancy does not offer tractable benefit 
to GBC patients, these studies did not  consider possible 
long-term ramifications of delaying treatment (like disease 
recurrence later in life). The recent reversal of access to 
reproductive care in the United States will likely impact 
patients diagnosed with cancer during pregnancy, as preg-
nancy ultimately dictates both the timeline and type of 
therapy administered. Moreover, as some regions of the 
United States make moves to limit or even ban contra-
ceptives with mechanisms of action which could be con-
sidered “abortive,” it is worth questioning how access to 
chemotherapy during pregnancy may be impacted given 
several interventional strategies are known to increase 
risk for spontaneous abortion, miscarriage and pre-term 
labor. While current treatment strategies to target GBC 
are largely safe during pregnancy, and do not present great 
maternal–fetal risk, one cannot rule out the impact of leav-
ing GBC untreated during pregnancy, or of these targeted 
approaches, on fetal viability. This emotional and physical 
burden is not alleviated by the current abortion legislation 
in several countries and states, which prohibit the inter-
ruption of pregnancy after 6 weeks of gestation. While 
there is no link between abortion and BC risk [143, 144], 
denying cancer care during gestation due to a remote risk 
of spontaneous abortion would introduce life-threatening 
risks with harmful—and potentially life-long—conse-
quences to the lives of women. As importantly, denying 
the option to terminate a non-viable pregnancy in order to 
begin or continue anti-cancer treatment directly impacts 
women’s access to treatment procedures to manage GBC. 
It is therefore paramount to improve 1) the reliability of 
diagnostic modalities for pregnant patients, 2) the avail-
ability of preventative care strategies for high risk patients, 
including more robust monitoring and follow up during 
pregnancy and in the post-partum period to promote ear-
lier tumor detection, and 3) the accessibility of safe, effica-
cious therapies which can be administered as quickly as 
possible after diagnosis, regardless of gestational stage. 
Further, given the frequent care throughout gestation and 
after parturition, it is possible the implementation of addi-
tional practices for examining and monitoring the breast 
tissue may improve early detection and patient outcome.

Overall, there is clearly a lot to improve upon, from basic 
knowledge of GBC and PPBC risk and establishment, to 
clinical diagnosis and treatment. It is our hope that this 
review will highlight caveats and advantages of existing 
research models so that the field may continue to adapt our 
approach to interrogating GBC, with the ultimate goal of 
better understanding the dynamics of gestational cancer, and 
improving the availability, safety, and efficacy of treatments 
for women diagnosed with BC during pregnancy.

Acknowledgements  We would like to thank Ms. Joanne Marquardt 
for her guidance and input on this topic, as a breast cancer advocate. 
We deeply apologize to all investigators whose works were not cited. 
We would like to thank Dr. Burton Rochelson, MD and Dr. Clarissa 
Bonanno, MD, from the Northwell Center for Cancer, Pregnancy, and 
Reproduction, for their helpful insights. 

Conflict of interest  The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest. Dr. Camila dos Santos 
is a member of the Editorial Board of the Journal of Mammary Gland 
Biology and Neoplasia. 

Authors’ contributions  Callaway MK and dos Santos CO both contrib-
uted to the conceptualization, writing, and editing of this manuscript.

Funding  This research was funded by the CSHL and Northwell 
health affiliation; the Pershing Square Sohn Prize for Cancer Research 
(awarded to C.O.D.S.); the National Institutes of Health/National Can-
cer Center [R01CA248158-01] to C.O.D.S.; the National Institutes of 
Health/National Institute on Aging [R01 AG069727-01] to C.O.D.S.

Availability of data and materials  Not applicable.

Declarations 

Ethics approval and consent to participate  Not applicable.

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Buré LA, Azoulay L, Benjamin A, Abenhaim HA. Pregnancy-
Associated Breast Cancer: A Review for the Obstetrical Care 
Provider. J Obstet Gynaecol Can. 2011;33:330–7.

	 2.	 Amant F, Lefrère H, Borges VF, Cardonick E, Lambertini M, 
Loibl S, et al. The definition of pregnancy-associated breast 
cancer is outdated and should no longer be used. Lancet Oncol. 
2021;22:753–4.

	 3.	 Callihan EB, Gao D, Jindal S, Lyons TR, Manthey E, Edgerton 
S, et al. Postpartum diagnosis demonstrates a high risk for metas-
tasis and merits an expanded definition of pregnancy-associated 
breast cancer. Breast Cancer Res Treat. 2013;138:549–59.

	 4.	 Wang B, Yang Y, Jiang Z, Zhao J, Mao Y, Liu J, et al. Clinico-
pathological characteristics, diagnosis, and prognosis of preg-
nancy-associated breast cancer. Thorac Cancer. 2019;10:1060–8.

	 5.	 van den Rul N, Han SN, van Calsteren K, Neven P, Amant F. 
Postpartum breast cancer behaves differently. Facts Views Vis 
Obgyn. 2011;3:183–8.

http://creativecommons.org/licenses/by/4.0/


	 Journal of Mammary Gland Biology and Neoplasia           (2023) 28:16 

1 3

   16   Page 12 of 15

	 6.	 Schedin P. Pregnancy-associated breast cancer and metastasis. 
Nat Rev Cancer. 2006;6:281–91.

	 7.	 Bemis LT, Schedin P. Reproductive state of rat mammary gland 
stroma modulates human breast cancer cell migration and inva-
sion. Cancer Res. 2000;60:3414–8.

	 8.	 Schedin P, O’Brien J, Rudolph M, Stein T, Borges V. Microen-
vironment of the Involuting Mammary Gland Mediates Mam-
mary Cancer Progression. J Mammary Gland Biol Neoplasia. 
2007;12:71–82.

	 9.	 Lefrère H, Lenaerts L, Borges VF, Schedin P, Neven P, Amant 
F. Postpartum breast cancer: mechanisms underlying its worse 
prognosis, treatment implications, and fertility preservation. Int 
J Gynecol Cancer. 2021;31:412–22.

	 10.	 Guo Q, Sun D, Barrett AS, Jindal S, Pennock ND, Conklin MW, 
et al. Mammary collagen is under reproductive control with 
implications for breast cancer. Matrix Biol. 2022;105:104–26.

	 11.	 MacMahon B, Cole P, Lin TM, Lowe CR, Mirra AP, Ravnihar B, 
et al. Age at first birth and breast cancer risk. Bull World Health 
Organ. 1970;43:209–21.

	 12.	 Wohlfahrt J, Melbye M. Age at any birth is associated with breast 
cancer risk. Epidemiology. 2001;12:68–73.

	 13.	 Albrektsen G, Heuch I, Hansen S, Kvåle G. Breast cancer risk by 
age at birth, time since birth and time intervals between births: 
exploring interaction effects. Br J Cancer. 2005;92:167–75.

	 14.	 Blakely CM, Stoddard AJ, Belka GK, Dugan KD, Notarfranc-
esco KL, Moody SE, et al. Hormone-induced protection against 
mammary tumorigenesis is conserved in multiple rat strains and 
identifies a core gene expression signature induced by pregnancy. 
Cancer Res. 2006;66:6421–31.

	 15.	 Medina D. Breast cancer: the protective effect of pregnancy. Clin 
Cancer Res. 2004;10:380S-S384.

	 16.	 Hanasoge Somasundara AV, Moss MA, Feigman MJ, Chen C, 
Cyrill SL, Ciccone MF, et al. Parity-induced changes to mam-
mary epithelial cells control NKT cell expansion and mammary 
oncogenesis. Cell Rep. 2021;37:110099.

	 17.	 Slepicka PF, Cyrill SL, dos Santos CO. Pregnancy and Breast 
Cancer: Pathways to Understand Risk and Prevention. Trends 
Mol Med. 2019;25:866–81.

	 18.	 Britt K, Ashworth A, Smalley M. Pregnancy and the risk of 
breast cancer. Endocr Relat Cancer. 2007;14:907–33.

	 19.	 Russo J, Moral R, Balogh GA, Mailo D, Russo IH. The pro-
tective role of pregnancy in breast cancer. Breast Cancer Res. 
2005;7:131–42.

	 20.	 Borges VF, Schedin PJ. Pregnancy-associated breast cancer. Can-
cer. 2012;118:3226–8.

	 21.	 Nichols HB, Schoemaker MJ, Cai J, Xu J, Wright LB, Brook 
MN, et  al. Breast Cancer Risk After Recent Childbirth: A 
Pooled Analysis of 15 Prospective Studies. Ann Intern Med. 
2019;170:22–30.

	 22.	 Parazzini F, Franchi M, Tavani A, Negri E, Peccatori FA. Fre-
quency of Pregnancy Related Cancer: A Population Based 
Linkage Study in Lombardy. Italy Int J Gynecol Cancer. 
2017;27:613–9.

	 23.	 Vinatier E, Merlot B, Poncelet E, Collinet P, Vinatier D. Breast 
cancer during pregnancy. Eur J Obstet Gynecol Reprod Biol. 
2009;147:9–14.

	 24.	 PDQ® Adult Treatment Editorial Board. PDQ Breast Can-
cer Treatment DuringPregnancy. National Cancer Institute. 
2022.https://​www.​cancer.​gov/​types/​breast/​patie​nt/​pregn​ancy-​
breast-​treat​ment-​pdq. Accessed 5 Jan 2023.

	 25.	 Liao Q, Deng D, Xie Q, Gong X, Meng X, Xia Y, et al. Clini-
cal characteristics, pregnancy outcomes and ovarian function of 
pregnancy-associated breast cancer patients: a retrospective age-
matched study. BMC Cancer. 2022;22:152.

	 26.	 Suleman K, Osmani AH, al Hashem H, al Twegieri T, Aja-
rim D, Jastaniyah N, et  al. Behavior and Outcomes of 

Pregnancy Associated Breast Cancer. Asian Pac J Cancer Prev. 
2019;20:135–8.

	 27.	 Ali SA, Gupta S, Sehgal R, Vogel V. Survival Outcomes in Preg-
nancy Associated Breast Cancer: A Retrospective Case Control 
Study. Breast J. 2012;18:139–44.

	 28.	 Madaras L, Kovács KA, Szász AM, Kenessey I, Tőkés A-M, 
Székely B, et al. Clinicopathological features and prognosis of 
pregnancy associated breast cancer - a matched case control 
study. Pathol Oncol Res. 2014;20:581–90.

	 29.	 Moreira WB, Brandão EC, Soares AN, de Lucena CEM, Antunes 
CMF. Prognosis for patients diagnosed with pregnancy-associ-
ated breast cancer: a paired case-control study. Sao Paulo Med 
J. 2010;128:119–24.

	 30.	 Dimitrakakis C, Zagouri F, Tsigginou A, Marinopoulos S, Ser-
gentanis TN, Keramopoulos A, et al. Does pregnancy-associated 
breast cancer imply a worse prognosis? A matched case-case 
study. Breast Care (Basel). 2013;8:203–7.

	 31.	 Suelmann BBM, van Dooijeweert C, van der Wall E, Linn S, 
van Diest PJ. Pregnancy-associated breast cancer: nationwide 
Dutch study confirms a discriminatory aggressive histopatho-
logic profile. Breast Cancer Res Treat. 2021;186:699–704.

	 32.	 Strasser-Weippl K, Ramchandani R, Fan L, Li J, Hurlbert M, 
Finkelstein D, et al. Pregnancy-associated breast cancer in 
women from Shanghai: risk and prognosis. Breast Cancer Res 
Treat. 2015;149:255–61.

	 33.	 Stensheim H, Møller B, van Dijk T, Fosså SD. Cause-specific 
survival for women diagnosed with cancer during pregnancy 
or lactation: a registry-based cohort study. J Clin Oncol. 
2009;27:45–51.

	 34.	 Al-Amri A. Clinical presentation and causes of the delayed 
diagnosis of breast cancer in patients with pregnancy associ-
ated breast cancer. J Family Community Med. 2015;22:96.

	 35.	 Westberg SV. Prognosis of Breast Cancer for Pregnant and 
Nursing Women. Acta Obstet Gynecol Scand. 1946;25:1–239.

	 36.	 Vashi R, Hooley R, Butler R, Geisel J, Philpotts L. Breast 
Imaging of the Pregnant and Lactating Patient: Physiologic 
Changes and Common Benign Entities. Am J Roentgenol. 
2013;200:329–36.

	 37.	 Vashi R, Hooley R, Butler R, Geisel J, Philpotts L. Breast 
Imaging of the Pregnant and Lactating Patient: Imaging 
Modalities and Pregnancy-Associated Breast Cancer. Am J 
Roentgenol. 2013;200:321–8.

	 38.	 Basaran D, Turgal M, Beksac K, Ozyuncu O, Aran O, Beksac 
MS. Pregnancy-associated breast cancer: clinicopathological 
characteristics of 20 cases with a focus on identifiable causes 
of diagnostic delay. Breast Care (Basel). 2014;9:355–9.

	 39.	 Elling S v, Powell FC. Physiological changes in the skin during 
pregnancy. Clin Dermatol. 1997;15:35–43.

	 40.	 What to expect while breastfeeding. Center for Disease Control 
andPrevention. 2021.https://​www.​cdc.​gov/​nutri​tion/​infan​tandt​
oddle​rnutr​ition/​breas​tfeed​ing/​what-​to-​expect.​html. Accessed 5 
Jan 2023.

	 41.	 What are the symptoms of breast cancer. Center for Disease 
Control andPrevention. 2022.https://​www.​cdc.​gov/​cancer/​
breast/​basic_​info/​sympt​oms.​htm. Accessed 5 Jan2023.

	 42.	 Ahn BY, Kim HH, Moon WK, Pisano ED, Kim HS, Cha ES, 
et al. Pregnancy- and Lactation-Associated Breast Cancer. J 
Ultrasound Med. 2003;22:491–7.

	 43.	 Sabate JM, Clotet M, Torrubia S, Gomez A, Guerrero R, de Las 
HP, et al. Radiologic Evaluation of Breast Disorders Related to 
Pregnancy and Lactation. Radiographics. 2007;27:S101–24.

	 44.	 Ong A, Mullen LA, Harvey SC. Pregnancy-associated Breast 
Cancer and Other Breast Disease: A Radiologic Review. 2020.

	 45.	 Zhang R, Liu X, Huang W, Shao B, Yan Y, Liang X, et al. 
Clinicopathological features and prognosis of patients with 

https://www.cancer.gov/types/breast/patient/pregnancy-breast-treatment-pdq
https://www.cancer.gov/types/breast/patient/pregnancy-breast-treatment-pdq
https://www.cdc.gov/nutrition/infantandtoddlernutrition/breastfeeding/what-to-expect.html
https://www.cdc.gov/nutrition/infantandtoddlernutrition/breastfeeding/what-to-expect.html
https://www.cdc.gov/cancer/breast/basic_info/symptoms.htm
https://www.cdc.gov/cancer/breast/basic_info/symptoms.htm


Journal of Mammary Gland Biology and Neoplasia           (2023) 28:16 	

1 3

Page 13 of 15     16 

pregnancy-associated breast cancer: A matched case control 
study. Asia Pac J Clin Oncol. 2021;17:396–402.

	 46.	 Han B, Li X, Zhao H, Hu X, Ling H. Clinical features and 
survival of pregnancy-associated breast cancer: a retrospective 
study of 203 cases in China. BMC Cancer. 2020;20:244.

	 47.	 Allouch S, Gupta I, Malik S, al Farsi HF, Vranic S, al Moustafa 
A-E. Breast Cancer During Pregnancy: A Marked Propensity 
to Triple-Negative Phenotype. Front Oncol. 2020;10:580345.

	 48.	 Asztalos S, Pham TN, Gann PH, Hayes MK, Deaton R, Wiley 
EL, et al. High incidence of triple negative breast cancers fol-
lowing pregnancy and an associated gene expression signature. 
Springerplus. 2015;4:710.

	 49.	 Pilewskie M, Gorodinsky P, Fought A, Hansen N, Bethke 
K, Jeruss J, et al. Association between recency of last preg-
nancy and biologic subtype of breast cancer. Ann Surg Oncol. 
2012;19:1167–73.

	 50.	 Bae SY, Kim SJ, Lee J, Lee ES, Kim E-K, Park HY, et al. 
Clinical subtypes and prognosis of pregnancy-associated breast 
cancer: results from the Korean Breast Cancer Society Registry 
database. Breast Cancer Res Treat. 2018;172:113–21.

	 51.	 Dent R, Trudeau M, Pritchard KI, Hanna WM, Kahn HK, 
Sawka CA, et  al. Triple-Negative Breast Cancer: Clini-
cal Features and Patterns of Recurrence. Clin Cancer Res. 
2007;13:4429–34.

	 52.	 Dent R, Hanna WM, Trudeau M, Rawlinson E, Sun P, Narod 
SA. Pattern of metastatic spread in triple-negative breast cancer. 
Breast Cancer Res Treat. 2009;115:423–8.

	 53.	 Triple-negative Breast Cancer. American Cancer Society. 2023. 
https://​www.​cancer.​org/​cancer/​types/​breast-​cancer/​about/​types-​
of-​breast-​cancer/​triple-​negat​ive.​html. Accessed 5 Jan 2023.

	 54.	 Elledge RM, Ciocca DR, Langone G, McGuire WL. Estrogen 
receptor, progesterone receptor, and HER-2/neu protein in breast 
cancers from pregnant patients. Cancer. 1993;71:2499–506.

	 55.	 Schedin P, Keely PJ. Mammary Gland ECM Remodeling, 
Stiffness, and Mechanosignaling in Normal Development 
and Tumor Progression. Cold Spring Harb Perspect Biol. 
2011;3:a003228–a003228.

	 56.	 Fata JE, Werb Z, Bissell MJ. Regulation of mammary gland 
branching morphogenesis by the extracellular matrix and its 
remodeling enzymes. Breast Cancer Res. 2003;6:1.

	 57.	 Provenzano PP, Eliceiri KW, Campbell JM, Inman DR, White 
JG, Keely PJ. Collagen reorganization at the tumor-stromal inter-
face facilitates local invasion. BMC Med. 2006;4:38.

	 58.	 Ray A, Callaway MK, Rodríguez-Merced NJ, Crampton AL, 
Carlson M, Emme KB, et al. Stromal architecture directs early 
dissemination in pancreatic ductal adenocarcinoma. JCI Insight. 
2022;7(3):e150330.

	 59.	 Keely PJ, Wu JE, Santoro SA. The spatial and temporal expres-
sion of the α2β1 integrin and its ligands, collagen I, collagen 
IV, and laminin, suggest important roles in mouse mammary 
morphogenesis. Differentiation. 1995;59:1–13.

	 60.	 Fata JE, Leco KJ, Moorehead RA, Martin DC, Khokha R. 
Timp-1 is important for epithelial proliferation and branching 
morphogenesis during mouse mammary development. Dev Biol. 
1999;211:238–54.

	 61.	 Silberstein GB, Daniel CW. Glycosaminoglycans in the basal 
lamina and extracellular matrix of the developing mouse mam-
mary duct. Dev Biol. 1982;90:215–22.

	 62.	 Sympson CJ, Talhouk RS, Alexander CM, Chin JR, Clift SM, 
Bissell MJ, et al. Targeted expression of stromelysin-1 in mam-
mary gland provides evidence for a role of proteinases in branch-
ing morphogenesis and the requirement for an intact basement 
membrane for tissue-specific gene expression. J Cell Biol. 
1994;125:681–93.

	 63.	 Witty JP, Wright JH, Matrisian LM. Matrix metalloprotein-
ases are expressed during ductal and alveolar mammary 

morphogenesis, and misregulation of stromelysin-1 in transgenic 
mice induces unscheduled alveolar development. Mol Biol Cell. 
1995;6:1287–303.

	 64.	 Williams JM, Daniel CW. Mammary ductal elongation: differ-
entiation of myoepithelium and basal lamina during branching 
morphogenesis. Dev Biol. 1983;97:274–90.

	 65.	 Nelson CM, VanDuijn MM, Inman JL, Fletcher DA, Bis-
sell MJ. Tissue Geometry Determines Sites of Mammary 
Branching Morphogenesis in Organotypic Cultures. Science. 
1979;2006(314):298–300.

	 66.	 Klinowska TCM, Soriano J v, Edwards GM, Oliver JM, Valentijn 
AJ, Montesano R, et al. Laminin and β1 Integrins Are Crucial for 
Normal Mammary Gland Development in the Mouse. Dev Biol. 
1999;215:13–32.

	 67.	 Heckman BM, Chakravarty G, Vargo-Gogola T, Gonzales-Rim-
bau M, Hadsell DL, Lee A v, et al. Crosstalk between the p190-B 
RhoGAP and IGF signaling pathways is required for embryonic 
mammary bud development. Dev Biol. 2007;309:137–49.

	 68.	 Brownfield DG, Venugopalan G, Lo A, Mori H, Tanner K, 
Fletcher DA, et al. Patterned Collagen Fibers Orient Branching 
Mammary Epithelium through Distinct Signaling Modules. Curr 
Biol. 2013;23:703–9.

	 69.	 Ingman W v, Wyckoff J, Gouon-Evans V, Condeelis J, Pollard 
JW. Macrophages promote collagen fibrillogenesis around termi-
nal end buds of the developing mammary gland. Developmental 
Dynamics. 2006;235:3222–9.

	 70.	 Provenzano PP, Inman DR, Eliceiri KW, Knittel JG, Yan L, 
Rueden CT, et al. Collagen density promotes mammary tumor 
initiation and progression. BMC Med. 2008;6:11.

	 71.	 Conklin MW, Eickhoff JC, Riching KM, Pehlke CA, Eliceiri 
KW, Provenzano PP, et al. Aligned Collagen Is a Prognostic Sig-
nature for Survival in Human Breast Carcinoma. Am J Pathol. 
2011;178:1221–32.

	 72.	 Kai F, Drain AP, Weaver VM. The Extracellular Matrix Modu-
lates the Metastatic Journey. Dev Cell. 2019;49:332–46.

	 73.	 Ursin G, Hovanessian-Larsen L, Parisky YR, Pike MC, Wu AH. 
Greatly increased occurrence of breast cancers in areas of mam-
mographically dense tissue. Breast Cancer Res. 2005;7:R605–8.

	 74.	 McCormack VA, dos Santos SI. Breast density and parenchymal 
patterns as markers of breast cancer risk: a meta-analysis. Cancer 
Epidemiol Biomarkers Prev. 2006;15:1159–69.

	 75.	 Boyd NF, Lockwood GA, Byng JW, Tritchler DL, Yaffe MJ. 
Mammographic densities and breast cancer risk. Cancer Epide-
miol Biomarkers Prev. 1998;7:1133–44.

	 76.	 Schedin P, Mitrenga T, McDaniel S, Kaeck M. Mammary ECM 
composition and function are altered by reproductive state. Mol 
Carcinog. 2004;41:207–20.

	 77.	 McDaniel SM, Rumer KK, Biroc SL, Metz RP, Singh M, Porter 
W, et al. Remodeling of the Mammary Microenvironment after 
Lactation Promotes Breast Tumor Cell Metastasis. Am J Pathol. 
2006;168:608–20.

	 78.	 Goddard ET, Hill RC, Barrett A, Betts C, Guo Q, Maller O, et al. 
Quantitative extracellular matrix proteomics to study mammary 
and liver tissue microenvironments. Int J Biochem Cell Biol. 
2016;81:223–32.

	 79.	 Lyons TR, O’Brien J, Borges VF, Conklin MW, Keely PJ, Eliceiri 
KW, et al. Postpartum mammary gland involution drives progres-
sion of ductal carcinoma in situ through collagen and COX-2. Nat 
Med. 2011;17:1109–15.

	 80.	 Gupta PB, Proia D, Cingoz O, Weremowicz J, Naber SP, Wein-
berg RA, et al. Systemic Stromal Effects of Estrogen Promote 
the Growth of Estrogen Receptor-Negative Cancers. Cancer Res. 
2007;67:2062–71.

	 81.	 Goddard ET, Bassale S, Schedin T, Jindal S, Johnston J, Cabral E, 
et al. Association Between Postpartum Breast Cancer Diagnosis 

https://www.cancer.org/cancer/types/breast-cancer/about/types-of-breast-cancer/triple-negative.html
https://www.cancer.org/cancer/types/breast-cancer/about/types-of-breast-cancer/triple-negative.html


	 Journal of Mammary Gland Biology and Neoplasia           (2023) 28:16 

1 3

   16   Page 14 of 15

and Metastasis and the Clinical Features Underlying Risk. JAMA 
Netw Open. 2019;2:e186997.

	 82.	 Kalluri R, Weinberg RA. The basics of epithelial-mesenchymal 
transition. J Clin Investig. 2009;119:1420–8.

	 83.	 Lamouille S, Xu J, Derynck R. Molecular mechanisms of 
epithelial-mesenchymal transition. Nat Rev Mol Cell Biol. 
2014;15:178–96.

	 84.	 Hinck L, Silberstein GB. Key stages in mammary gland develop-
ment: The mammary end bud as a motile organ. Breast Cancer 
Res. 2005;7:245.

	 85.	 Kouros-Mehr H, Werb Z. Candidate regulators of mammary 
branching morphogenesis identified by genome-wide transcript 
analysis. Dev Dyn. 2006;235:3404–12.

	 86.	 Ewald AJ, Brenot A, Duong M, Chan BS, Werb Z. Collective 
Epithelial Migration and Cell Rearrangements Drive Mammary 
Branching Morphogenesis. Dev Cell. 2008;14:570–81.

	 87.	 Ewald AJ, Huebner RJ, Palsdottir H, Lee JK, Perez MJ, Jorgens 
DM, et al. Mammary collective cell migration involves transient 
loss of epithelial features and individual cell migration within 
the epithelium. J Cell Sci. 2012;125(Pt11):2638–54.

	 88.	 Lee K, Gjorevski N, Boghaert E, Radisky DC, Nelson CM. 
Snail1, Snail2, and E47 promote mammary epithelial branching 
morphogenesis. EMBO J. 2011;30:2662–74.

	 89.	 Nassour M, Idoux-Gillet Y, Selmi A, Côme C, Faraldo M-LM, 
Deugnier M-A, et al. Slug controls stem/progenitor cell growth 
dynamics during mammary gland morphogenesis. PLoS One. 
2012;7:e53498.

	 90.	 Hartman EK, Eslick GD. The prognosis of women diagnosed 
with breast cancer before, during and after pregnancy: a meta-
analysis. Breast Cancer Res Treat. 2016;160:347–60.

	 91.	 Danielle E Morocco. Pregnancy-Associated Breast Cancer. US 
Pharm Oncol. 2015;40(Specialty&Oncology suppl):2–5.

	 92.	 Loibl S, Schmidt A, Gentilini O, Kaufman B, Kuhl C, Denkert C, 
et al. Breast Cancer Diagnosed During Pregnancy. JAMA Oncol. 
2015;1:1145.

	 93.	 Esfahani K, Roudaia L, Buhlaiga N, del Rincon S v, Papneja N, 
Miller WH. A review of cancer immunotherapy: from the past, 
to the present, to the future. Curr Oncol. 2020;27:S87-97.

	 94.	 Akkın S, Varan G, Bilensoy E. A Review on Cancer Immuno-
therapy and Applications of Nanotechnology to Chemoimmuno-
therapy of Different Cancers. Molecules. 2021;26(11):3882.

	 95.	 Mittra A, Naqash AR, Murray JH, Finnigan S, Kwak-Kim J, 
Ivy SP, et al. Outcomes of Pregnancy During Immunotherapy 
Treatment for Cancer: Analysis of Clinical Trials Sponsored by 
the National Cancer Institute. Oncologist. 2021;26:e1883–6.

	 96.	 Borgers JSW, Heimovaara JH, Cardonick E, Dierickx D, Lamber-
tini M, Haanen JBAG, et al. Immunotherapy for cancer treatment 
during pregnancy. Lancet Oncol. 2021;22:e550–61.

	 97.	 Ring AE, Smith IE, Jones A, Shannon C, Galani E, Ellis PA. 
Chemotherapy for Breast Cancer During Pregnancy: An 18-Year 
Experience From Five London Teaching Hospitals. J Clin Oncol. 
2005;23:4192–7.

	 98.	 Molckovsky A, Madarnas Y. Breast cancer in pregnancy: a lit-
erature review. Breast Cancer Res Treat. 2008;108:333–8.

	 99.	 Berry DL, Theriault RL, Holmes FA, Parisi VM, Booser DJ, Sin-
gletary SE, et al. Management of breast cancer during pregnancy 
using a standardized protocol. J Clin Oncol. 1999;17:855–61.

	100.	 Fanale MA, Uyei AR, Theriault RL, Adam K, Thompson 
RA. Treatment of Metastatic Breast Cancer with Trastu-
zumab and Vinorelbine During Pregnancy. Clin Breast Cancer. 
2005;6:354–6.

	101.	 Mir O, Berveiller P, Ropert S, Goffinet F, Pons G, Treluyer J-M, 
et al. Emerging therapeutic options for breast cancer chemother-
apy during pregnancy. Ann Oncol. 2008;19:607–13.

	102.	 O’Laughlin A, So S, Fleischer L, Akoto S, Cardonick E. Safety 
of Taxane Chemotherapy in Breast Cancer During Pregnancy 
[28O]. Obstet Gynecol. 2019;133:169–70.

	103.	 Cuvier C, Espie M, Extra JM, Marty M. Vinorelbine in preg-
nancy. Eur J Cancer. 1997;33:168–9.

	104.	 Amant F, Loibl S, Neven P, van Calsteren K. Breast cancer in 
pregnancy. The Lancet. 2012;379:570–9.

	105.	 Hahn KME, Johnson PH, Gordon N, Kuerer H, Middleton L, 
Ramirez M, et al. Treatment of pregnant breast cancer patients 
and outcomes of children exposed to chemotherapy in utero. 
Cancer. 2006;107:1219–26.

	106.	 Castellanos MI, Childress KJ, Ramirez M, Venkatramani R. 
Fetal exposure to capecitabine and temozolomide during the 
first trimester: A case report. J Gynecol Obstet Hum Reprod. 
2020;49:101881.

	107.	 Kuerer HM, Gwyn K, Ames FC, Theriault RL. Conservative sur-
gery and chemotherapy for breast carcinoma during pregnancy. 
Surgery. 2002;131:108–10.

	108.	 Greskovich JF, Macklis RM. Radiation therapy in preg-
nancy: risk calculation and risk minimization. Semin Oncol. 
2000;27:633–45.

	109.	 Barthelmes L, Gateley CA. Tamoxifen and pregnancy. The 
Breast. 2004;13:446–51.

	110.	 Rabaiotti E, Girardelli S, Valsecchi L, Bergamini A, Petrone M, 
Mangili G, et al. Carboplatin Use in Pregnancy for Stage IB3 
Cervical Cancer: Case Report and Review of the Literature. J 
Adolesc Young Adult Oncol. 2020;9:445–8.

	111.	 Azim HA, Peccatori FA. Treatment of metastatic breast cancer 
during pregnancy: We need to talk! The Breast. 2008;17:426–8.

	112.	 Current Approaches and Unmet Needs in the Treatment of Meta-
static BreastCancer. AJMC. 2021. https://​www.​ajmc.​com/​view/​
curre​nt-​appro​aches-​and-​unmet-​needs-​in-​the-​treat​ment-​of-​metas​
tatic-​breast-​cancer. Accessed 5 Jan2023.

	113.	 Singh DD, Parveen A, Yadav DK. Role of PARP in TNBC: 
Mechanism of Inhibition, Clinical Applications, and Resistance. 
Biomedicines. 2021;9(11):1512.

	114.	 Ringley JT, Moore DC, Patel J, Rose MS. Poly (ADP-ribose) 
Polymerase Inhibitors in the Management of Ovarian Cancer: A 
Drug Class Review. P T. 2018;43:549–56.

	115.	 Nakamura K, Takae S, Shiraishi E, Shinya K, Igualada AJ, 
Suzuki N. Poly (ADP-ribose) polymerase inhibitor exposure 
reduces ovarian reserve followed by dysfunction in granulosa 
cells. Sci Rep. 2020;10:17058.

	116.	 Kelleher AM, Setlem R, Dantzer F, DeMayo FJ, Lydon JP, Kraus 
WL. Deficiency of PARP-1 and PARP-2 in the mouse uterus 
results in decidualization failure and pregnancy loss. Proc Natl 
Acad Sci U S A. 2021;118(40):e2109252118.

	117.	 de Haan J, Verheecke M, van Calsteren K, van Calster B, Shma-
kov RG, Mhallem Gziri M, et al. Oncological management and 
obstetric and neonatal outcomes for women diagnosed with can-
cer during pregnancy: a 20-year international cohort study of 
1170 patients. Lancet Oncol. 2018;19:337–46.

	118.	 Jindal S, Pennock ND, Sun D, Horton W, Ozaki MK, Narasimhan 
J, et al. Postpartum breast cancer has a distinct molecular profile 
that predicts poor outcomes. Nat Commun. 2021;12:6341.

	119.	 O’Brien J, Lyons T, Monks J, Lucia MS, Wilson RS, Hines L, 
et al. Alternatively activated macrophages and collagen remod-
eling characterize the postpartum involuting mammary gland 
across species. Am J Pathol. 2010;176:1241–55.

	120.	 Ciccone MF, Trousdell MC, dos Santos CO. Characteriza-
tion of Organoid Cultures to Study the Effects of Pregnancy 
Hormones on the Epigenome and Transcriptional Output of 
Mammary Epithelial Cells. J Mammary Gland Biol Neoplasia. 
2020;25:351–66.

https://www.ajmc.com/view/current-approaches-and-unmet-needs-in-the-treatment-of-metastatic-breast-cancer
https://www.ajmc.com/view/current-approaches-and-unmet-needs-in-the-treatment-of-metastatic-breast-cancer
https://www.ajmc.com/view/current-approaches-and-unmet-needs-in-the-treatment-of-metastatic-breast-cancer


Journal of Mammary Gland Biology and Neoplasia           (2023) 28:16 	

1 3

Page 15 of 15     16 

	121.	 Zhang X, Karim M, Hasan MM, Hooper J, Wahab R, Roy S, 
et al. Cancer-on-a-Chip: Models for Studying Metastasis. Can-
cers (Basel). 2022;14(3):648.

	122.	 del Piccolo N, Shirure VS, Bi Y, Goedegebuure SP, Gholami S, 
Hughes CCW, et al. Tumor-on-chip modeling of organ-specific 
cancer and metastasis. Adv Drug Deliv Rev. 2021;175:113798.

	123.	 Hapach LA, Mosier JA, Wang W, Reinhart-King CA. Engineered 
models to parse apart the metastatic cascade. NPJ Precis Oncol. 
2019;3:20.

	124.	 Sigdel I, Gupta N, Faizee F, Khare VM, Tiwari AK, Tang Y. 
Biomimetic Microfluidic Platforms for the Assessment of Breast 
Cancer Metastasis. Front Bioeng Biotechnol. 2021;9:633671.

	125.	 Conceição F, Sousa DM, Loessberg-Zahl J, Vollertsen AR, Neto 
E, Søe K, et al. A metastasis-on-a-chip approach to explore the 
sympathetic modulation of breast cancer bone metastasis. Mater 
Today Bio. 2022;13:100219.

	126.	 Jeon JS, Bersini S, Gilardi M, Dubini G, Charest JL, Moretti M, 
et al. Human 3D vascularized organotypic microfluidic assays to 
study breast cancer cell extravasation. Proc Natl Acad Sci U S A. 
2015;112:214–9.

	127.	 Yankaskas CL, Thompson KN, Paul CD, Vitolo MI, Mistriotis 
P, Mahendra A, et al. A microfluidic assay for the quantifica-
tion of the metastatic propensity of breast cancer specimens. Nat 
Biomed Eng. 2019;3:452–65.

	128.	 Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity 
directs stem cell lineage specification. Cell. 2006;126:677–89.

	129.	 Maller O, Hansen KC, Lyons TR, Acerbi I, Weaver VM, Prekeris 
R, et al. Collagen architecture in pregnancy-induced protection 
from breast cancer. J Cell Sci. 2013;126(Pt18):4108–10.

	130.	 Tabdanov ED, Rodríguez-Merced NJ, Cartagena-Rivera AX, 
Puram V, Callaway MK, Ensminger EA, et  al. Engineer-
ing T cells to enhance 3D migration through structurally and 
mechanically complex tumor microenvironments. Nat Commun. 
2021;12:2815.

	131.	 dos Santos CO, Dolzhenko E, Hodges E, Smith AD, Hannon GJ. 
An epigenetic memory of pregnancy in the mouse mammary 
gland. Cell Rep. 2015;11:1102–9.

	132.	 Liu C, Wu P, Zhang A, Mao X. Advances in Rodent Models for 
Breast Cancer Formation, Progression, and Therapeutic Testing. 
Front Oncol. 2021;11:593337.

	133.	 Park MK, Lee CH, Lee H. Mouse models of breast cancer in 
preclinical research. Lab Anim Res. 2018;34:160–5.

	134.	 Sakamoto K, Schmidt JW, Wagner K-U. Mouse models of breast 
cancer. Methods Mol Biol. 2015;1267:47–71.

	135.	 Attalla S, Taifour T, Bui T, Muller W. Insights from trans-
genic mouse models of PyMT-induced breast cancer: reca-
pitulating human breast cancer progression in vivo. Oncogene. 
2021;40:475–91.

	136.	 Lin EY, Jones JG, Li P, Zhu L, Whitney KD, Muller WJ, et al. 
Progression to malignancy in the polyoma middle T oncoprotein 
mouse breast cancer model provides a reliable model for human 
diseases. Am J Pathol. 2003;163:2113–26.

	137.	 Guy CT, Cardiff RD, Muller WJ. Induction of Mammary Tumors 
by Expression of Polyomavirus Middle T Oncogene: A Trans-
genic Mouse Model for Metastatic Disease. Mol Cell Biol. 
1992;12:954–61.

	138.	 Ross SR. Mouse mammary tumor virus molecular biology and 
oncogenesis. Viruses. 2010;2:2000–12.

	139.	 Feigman MJ, Moss MA, Chen C, Cyrill SL, Ciccone MF, Trous-
dell MC, et al. Pregnancy reprograms the epigenome of mam-
mary epithelial cells and blocks the development of premalignant 
lesions. Nat Commun. 2020;11:2649.

	140.	 Fantozzi A, Christofori G. Mouse models of breast cancer metas-
tasis. Breast Cancer Res. 2006;8:212.

	141.	 Haricharan S, Dong J, Hein S, Reddy JP, Du Z, Toneff M, et al. 
Mechanism and preclinical prevention of increased breast cancer 
risk caused by pregnancy. Elife. 2013;2:e00996.

	142.	 Pennock ND, Martinson HA, Guo Q, Betts CB, Jindal S, Tsuji-
kawa T, et al. Ibuprofen supports macrophage differentiation, T 
cell recruitment, and tumor suppression in a model of postpartum 
breast cancer. J Immunother Cancer. 2018;6:98.

	143.	 Induced abortion and breast cancer risk. ACOG Committee Opin-
ion No 434 American College of Obstetricians and Gynecolo-
gists Obstet Gynecol. 2009;113:1417–8.

	144.	 Petrek JA. Breast cancer during pregnancy. Cancer. 
1994;74:518–27.

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Gestational Breast Cancer – a Review of Outcomes, Pathophysiology, and Model Systems
	Abstract
	Introduction
	Characteristics and Composition of GBC and PPBC 
	Incidence and Prognosis
	Clinical Presentation and Detection
	Subtype
	Biophysical Environment
	Metastasis and Recurrence
	Therapeutic Availability

	Re-Evaluating the Post-Partum Window for PPBC
	Potential Models to Study GBC and PPBC
	Cell Lines and Culture Systems
	In vivo Models

	Discussion: Where do we go from here?
	Acknowledgements 
	References


