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Abstract
Pregnancy has a dual effect on the risk of breast cancer. On one hand, pregnancy at a young age is known to be protective.
However, pregnancy is also associated with a transient increased risk of breast cancer. For women that have children after the age
of 30, the risk remains higher than women who never had children for decades. Involution of the breast has been identified as a
window of mammary development associated with the adverse effect of pregnancy. In this review, we summarize the current
understanding of the role of involution and describe the role of collagen in this setting. We also discuss the role of a collagen-
dependent protease, pappalysin-1, in postpartum breast cancer and its role in activating both insulin-like growth factor signaling
and discoidin domain collagen receptor 2, DDR2. Together, these novel advances in our understanding of postpartum breast
cancer open the way to targeted therapies against this aggressive breast cancer sub-type.
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Pregnancy as a Risk Factor

Pregnancy induces one of the most drastic remodeling phases
to the breast, both molecularly and anatomically [1]. These
changes can create a pro-tumorigenic environment [2].
Breast cancer is the most prevalent type of cancer associated
with pregnancy, with 1 in 3000 women diagnosed with breast
cancer during pregnancy or within the first two postpartum
years [3].

Numerous epidemiological studies analyzed the effects of
gestation on risk of breast cancer including how a woman’s
age, number of pregnancies, or breastfeeding history may
modulate risk of breast cancer [4–6]. It is widely accepted that
pregnancy incurs a protective effect against breast cancer, as
evidenced by a reduction in risk associated with pregnancy at
a young age [4]. In fact, full-term pregnancy at a young age is
the strongest known risk-reducing factor [7, 8]. However, this
protective effect does not begin until several years following
pregnancy and can vary depending on the age of the mother at
time of pregnancy [4].

What is less well recognized is that in all women there
is a transient, but significant, increase in risk of develop-
ing breast cancer that peaks at 6 years post-pregnancy.
Following this peak, risk of breast cancer gradually de-
clines, however, the risk still remains higher for several
years compared to women who have never been pregnant.
Even in women under age 25, increased risk in breast
cancer persists for a decade post-pregnancy. Further,
women over the age of 30 at time of pregnancy remain
at a higher risk for developing breast cancer for up to 30
years following childbirth [4]. This is of particular signif-
icance considering that women throughout the developed
world are steadily delaying childbirth, therefore, the num-
ber of breast cancer diagnoses following pregnancy is
likely to increase considerably [4, 9].

Compared to the 98% 5-year survival rate in nullipa-
rous patients, women diagnosed with breast cancer even
up to 5 years postpartum experience a significant decrease
in 5-year survival rate (65.8%) [10–12]. These same
women exhibit increased rates of 5-year distant metastasis
(31.1% vs. 14.8%) compared to age-, stage-, sub-type-
matched nulliparous patients [10]. Collectively, these
studies suggest that postpartum-associated breast cancer
(PPBC) is a more aggressive form of breast cancer and
that pregnancy generates an environment that favors dis-
ease progression [13, 14]. Understanding the unique fac-
tors driving PPBC would allow the development of better
therapies [4].

* Doris Germain
doris.germain@mssm.edu

1 Department of Medicine, Division of Hematology/Oncology, Icahn
School of Medicine at Mount Sinai, Tisch Cancer Institute, New
York, NY 10029, USA

https://doi.org/10.1007/s12672-019-00368-z

/Published online: 20 October 2019

Hormones and Cancer (2019) 10:137– 41 4

http://crossmark.crossref.org/dialog/?doi=10.1007/s12672-019-00368-z&domain=pdf
http://orcid.org/0000-0001-6597-0196
mailto:doris.germain@mssm.edu


Involution

Involution refers to the phase of the breast development fol-
lowing cessation of lactation and in which the gross morphol-
ogy of the breast tissue is restored to that seen in a pre-
pregnancy state [1]. Further, involution is a significant risk
window for developing PPBC due to the complex cell signal-
ing activation, the pro-inflammatory microenvironment, and
rapid extracellular matrix (ECM) remodeling associated with
this phase of breast development [2, 4, 15]. During involution,
the milk-producing epithelia and lobuloalveolar structures are
eliminated and replaced with adipocytes [16]. Involution can
be divided into two main phases: an apoptotic phase and a
remodeling and adipocyte differentiation phase. The apoptotic
phase is reversible and is triggered by an accumulation of milk
in the lobules which produces an accumulation of secreted
factors that initiates cell death of the secretory epithelial cells
[17–19]. Several key regulators of the apoptotic phase of in-
volution have been identified, including IGFBP-5, which is
one of the focuses of this review [20, 21].

The second phase of involution is the irreversible ECM
remodeling phase. As the epithelial tissue undergoes cell
death, the remodeling phase reshapes the ductal tree while
simultaneously differentiating tissues into adipocytes [16].
This phase is marked by the activation of proteases, however,
apoptosis continues throughout involution [22]. Hormonal
factors activate expression of two main classes of proteases:
matrix metalloproteinases (MMPs) and serine proteases [22].
The main MMPs involved are MMP-2, MMP-3, and MMP-
11, whose main roles are to digest the ECM and cleave sub-
strates such as E-cadherin and collagen [16, 22]. The actions
of the MMPs result in cell shedding and subsequent collapse
of the alveoli and anoikis of adjacent cells [22–25]. Thus,
MMPs are implicated in both ECM remodeling and apoptotic
roles during involution [16, 22].

The Binvolution hypothesis^ suggests that the microenvi-
ronment during pregnancy plays a significant role in the in-
creased risk of breast cancer associated with pregnancy [4,
26]. Some of the pioneer studies regarding the role of involu-
tion compared the effects of ECM isolated from nulliparous or
involuting mammary glands of parous rats. Co-incubating
breast cancer cells with the involuting matrix was found to
significantly increase cell motility, invasion, and
micrometastases when injected into mammary fat pads com-
pared to their controls co-incubated with nulliparous matrix
[15, 27, 28]. Additionally, using a DCIS xenograft model of
breast cancer, the same group showed that involuting parous
rats developed larger tumors at a faster rate compared to those
injected into the mammary glands of nulliparous rats [15].

Mechanistically, the combination of a pro-inflammatory
wound healing–like environment, increased collagen deposi-
tion, and MMP activity observed during involution provides
an environment that drives breast cancer progression [26].

First, wound healing and pro-inflammatory environments
have consistently been reported to promote tumor growth
and progression, therefore, as involution mimics such micro-
environment, logically these characteristics of involution also
drive its tumorigenic effect [19, 29]. Second, the ECM of
involution is characterized by increased deposition of fibrillar
collagen, MMP activity, immune cell infiltrate, influx of cy-
tokines, and increased presence of bioactive fragments of pro-
teolytic targets [30, 31]. The fibrillar collagen serves as an
ECM scaffold that recruits tumor-associated macrophages, a
sub-type of macrophages specifically implicated in mammary
cell metastasis [32, 33]. Further, tenascin C, an ECM glyco-
protein that is frequently overexpressed in breast cancers and
which facilitates an epithelial to mesenchymal transition, ac-
cumulates during involution and colocalizes with fibrillar col-
lagen present at the metastatic front, suggesting that it contrib-
utes to the pro-tumorigenic effect of involution [34–37].

The importance of the tumorigenic role of inflammation
during involution is supported by the observation that treat-
ment of breast cancer cells and involuting mammary glands in
rats with anti-inflammatory NSAID drugs, such as ibuprofen,
reduces fibrillar collagen deposition, tumor growth, and cell
migration [15]. This study also suggests a role for COX2, an
inflammatory target of NSAIDs, in involution-driven tumori-
genesis and metastasis [15].

The increased activity of MMPs, specifically MMP-2,
MMP-3, and MMP-9, during involution contributes to the
development and progression of PPBC by breaking down
the basement membrane barrier, promoting angiogenesis,
and producing an influx of bioactive fragments of fibronectin
and laminin-5 [38–40]. While collagen deposition is correlat-
ed with increased breast cancer development and progression,
high collagen abundance can also act as a physical barrier
against tumor cells invading the ECM. Therefore, collagen
degradation by MMP protease activity is a necessary early
step to tumor cell invasion and metastasis [41].

The matrix MMPs however represent only one of the four
families of metalloproteases found in both prokaryotes and
eukaryotes. Of specific interest to this review is the
metalloprotease pappalysin-1 (PAPP-A) that defines a distinct
subfamily of metalloproteases due to its unique structure [42].
As described in details below, recent studies have established
that PAPP-A also alters the ECMduring involution through an
entirely different mechanism from the matrix MMPs.

Collagen Orientation Drives PPBC
During Involution

In addition to its role in inflammation, the increased deposi-
tion of collagen during involution promotes breast cancer de-
velopment through the stiffening of the ECM producing ten-
sion within the microenvironment. A certain amount of tensile

HORM CANC (2019) 10:137–144138



force by ECM is required for all normal epithelial develop-
ment by promoting tissue organization and regulating cell
growth, death, survival, and migration [43]. However, as the
tension rises due to an increase in collagen deposition, epithe-
lial cell proliferation increases and an epithelial to mesenchy-
mal transition (EMT) is activated, ultimately promoting cell
migration and invasion [44]. Further, a spike in ECM stiffness
disrupts cell adhesion and polarity, and the loss of both are key
hallmarks of an EMT [43]. As the tumor mass expands further
resulting in increasing pressure on the surrounding collagen,
the collagen is forced to adopt alternative architectures [45].

The array of collagen architectures during tumor develop-
ment was first described by the Keely group, who character-
ized the tumor-associated collagen signatures, or TACS.
TACS 1 and 2 are characterized as curly (TACS-1) or linear-
ized (TACS-2) dense collagen that remains parallel to the
tumor border. This is in contrast to TACS-3 in which linear-
ized dense collagen fibers align perpendicular or protruding
from tumor border [45]. Variations in TACS orientation dras-
tically alters breast cancer progression. Notably, TACS-1 is
associated with benign or non-invasive breast tumors, while
TACS-3 is associated with the more aggressive breast tumors
[45–47]. Further, TACS-3 is specifically correlated with worst
prognosis in breast cancer patients and is a stronger predictor
for metastasis than tumor stage [47].

Specifically, TACS-3 collagen has been implicated in the
pro-metastatic effect of involution. This was first described
using xenografts in involuting, nulliparous, and parous mam-
mary glands by the Schedin group. In their model, MCF10A-
DCIS cells injected into the mammary fat pad of involuting
mice resulted in significantly larger tumor growth, tumor
number, and micrometastases. The authors also observed in-
creased fibrillar collagen deposition in the mammary glands
and tumors of involuting rats as well as a colocalization be-
tween COX-2 and fibrillar collagen. More importantly, they
noted that the collagen was radially aligned, indicative of a
TACS3 phenotype. When cultured ex vivo with collagen, the
cells were more invasive but reduction in TACS-3 using a
COX-2 inhibitor reduced invasive capacity as well as overall
tumor growth in vivo. Taken together, these observations
highlight the requirement for TACS3 fibrillar collagen and
COX-2 in driving PPBC during involution [15].

Subsequently, the Schedin group performed a follow-up
study in which they injected cells into the mammary fat pad
of parous rats during the postpartum stage well after the com-
pletion of involution. They reported that the postpartummam-
mary glands also have a higher deposition of collagen than
nulliparous mice, yet tumor growth was reduced. Therefore,
these observations indicate that postpartum glands provide a
tumor suppressive microenvironment. Ex vivo, cells cultured
with the isolated ECM of parous and nulliparous rats indicated
that the parous ECM was antiproliferative. This finding was
initially surprising as the postpartum ECM remains rich in

collagen I, however, it was later found that in contrast to the
involution-associated collagen, the postpartum collagen
adopts a non-fibrillar architecture with reduced stiffness
[48]. These studies indicate that collagen abundance plays a
dual role in breast cancer progression, and differences in ori-
entation and organization of collagen alters its effect on tumor
invasion.

PAPP-A as a Collagen-Dependent Oncogene

The protective effect of postpartum collagen is at odds with
the observation that women remain at a higher risk of devel-
oping breast cancer for decades after birth [4, 48]. These con-
tradictory observations suggest that there are potential factors
that may convert the antiproliferative effect of postpartum
collagen into an involution-like pro-tumorigenic collagen.

Our group has identified the protease pappalysin-1 (PAPP-
A) as one such factor. The human PAPP-A gene is located on
chromosome 9q33.1, where it spans 200 kb, 22 exons, and 21
introns. The PAPP-A precursor protein encodes 1626 amino
acids containing a signal peptide of 22 amino acids and a pro-
protein sequence of 58 amino acids. The mature and secreted
form of the protein contains 1546 amino acids. PAPP-A is
highly conserved among species with 91% homology be-
tween the human, mouse, and rat protein and contains 5 do-
mains; [1] the N-terminus of 243 amino acids encodes
laminin-G domain, [2] the proteolytic domain, which spans
approximately 350 amino acids, [3] two lin-12 domain/Notch
domains, which are required for its activity as deletion of these
domains leads to inactivation of PAPP-A, [4] five consecutive
complement control protein (CCP) modules that were found
to be required form the cell surface binding of PAPP-A, and
[5] a large central region of 500 amino acids of unknown
function (Fig. 1) [42, 49–51].

PAPP-A is a secreted protease that targets insulin-like
growth factor binding proteins (IGFBPs), IGFBP-4 and
IGFBP-5, for degradation. IGFBP-4 and IGFBP-5 act as inhib-
itors of IGF signaling and proliferation and, therefore, their
degradation by PAPP-A results in both activated IGF signaling
and cellular proliferation [52]. IGFBP-5 is especially important
as it is a key mediator of involution [53]. Further, a genome-
wide association study (GWAS) has identified small polymor-
phisms that lower IGFBP-5 as a risk factor of developing breast
cancer [54]. While PAPP-A is overexpressed in most breast
cancers, its role as an oncogene had not been previously inves-
tigated [55]. In a study assessing invasive breast cancers, 45 of
46 patient breast tumor samples overexpressed PAPP-A [55].
This finding was further corroborated by a study that indicated
PAPP-A to be overexpressed in 79% of premenopausal breast
cancers [56]. Additionally, the overexpression of PAPP-A cor-
relates with aggressive breast cancer and acts as an independent
predictor for early recurrence [57, 58]. While the mechanisms
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underlying its overexpression remain poorly defined, PAPP-A
was found to be a transcriptional target of mutant p53 [59].
However, since the rate of overexpression of PAPP-A is much
more frequent than mutation of p53, other mechanisms must
take place. As PAPP-A promoter is regulated by cytokines, the
altered immune environment of cancer represents a likely
source of overexpression of PAPP-A although this remains to
be tested [60].

By degrading IGFBP-5, PAPP-A promotes cell prolifera-
tion, cell survival, and ultimately a delayed involution (Fig. 2)
[53, 56]. We reported that the deposition of collagen during
involution is necessary for the activation of PAPP-A and its
overexpression in virgin mammary glands in vivo does not
promote tumor formation. More specifically in this study, since
PAPP-A is active during involution but is not active in a mam-
mary gland from virgin mice despite PAPP-A being expressed
at the same level in both cases, this observation suggests that a
factor present in involution but absent in virgin mammary
glands must be required for its activation. As collagen is maybe
such a factor, we incubated recombinant PAPP-A and IGFBP-5
with and without collagen and found that addition of collagen
increases significantly the cleavage of IGFBP-5 by PAPP-A
in vitro. We further reported that the PPBC-driven by PAPP-
A are characterized by constitutive IGF signaling and TACS-3
collagen architecture; therefore, we proposed that PAPP-A is an
involution-dependent oncogene [56].

PAPP-A During Postpartum

Since overexpression of PAPP-A occurs through sporadic mu-
tations, such as mutation in p53 [59], we reasoned that PAPP-

A overexpression may arise at any time point after pregnancy.
Having established that PAPP-A is activated by collagen, we
initiated a study to test whether PAPP-A is able to convert
postpartum collagen into a pro-tumorigenic involution–like
collagen [61]. If so, this would provide an explanation as to
why women remain at higher risk of PPBC for decades after
birth [4].

We recently reported that PAPP-A is also activated by col-
lagen during postpartum and in turn is able to convert post-
partum collagen into an involution-like pro-tumorigenic col-
lagen and promote cell invasion. This finding suggests the
provocative notion that the passage through a single pregnan-
cy is sufficient to predispose a breast to the oncogenic action
of PAPP-A, thus potentially extending the risk window for
PPBC well beyond involution alone in women with PAPP-A
overexpressing breast cancers [61]. Further, it expands the
current understanding of PAPP-A as an oncogene and indi-
cates that PAPP-A can act as an oncogene beyond the context
of involution.

Collagen Signaling in PPBC

In addition to the structural role that collagen plays during
postpartum tumorigenesis, collagen promotes proliferation
through binding to collagen receptors [62]. One of the main
families of collagen receptors are the discoidin domain recep-
tor (DDR) family of receptor tyrosine kinases that specifically
bind to and are activated by collagen. The DDR family is
comprised of DDR1 and DDR2 and both have been implicat-
ed in breast cancer development [63]. The emerging role for
collagen-induced cell signaling through DDRs in mammary
oncogenesis has been attributed to the promotion of cell sur-
vival, proliferation, activation of EMT, and changes in cell
migration and invasion [64]. Notably, DDR2 has recently
emerged as a key player in breast cancer metastasis and
DDR2 is overexpressed in breast cancer patients associated
with poor outcomes [65, 66]. Of note, activation of EMT
coincides with a BDDR^ switch from DDR1 to DDR2, and
new evidence also suggests that DDR2 phosphorylation may
actually facilitate an EMT, rather than just act as a marker of
EMT [67, 68]. DDR2 maintains the EMT transcription factor
Snail stability, promoting its nuclear localization, and expres-
sion in breast cancer cells [68]. Further, inhibition of DDR2 by
siRNA is sufficient to prevent a TGF-β-driven EMT and cell
migration in cancer cells [68, 69].

We recently reported that DDR2 contributes to cell inva-
sion and progression of PAPP-A-driven PPBC by taking ad-
vantage of the increased collagen deposition observed during
involution and in postpartum mammary glands (Fig. 2) [61].
The recent report of a between IGF and DDR1 leading to
increased their signaling raises the possibility that the in-
creased IGF signaling that results from the PAPP-A-

Fig. 1 Domains of pappalysin-1 protein: Schematic of the 5 domains of
PAPP-A; laminin-G like domain, metzincin protease domain, central
domain of unknown function, complement control protein domains 1-5,
and C-terminal. The three Lin-Notch repeats (LNR1-3) and putative zinc
binding sites are indicated
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mediated degradation of IGFBP-4 and IGFBP-5 may also
promote DDR2 signaling in PPBC, however, this possibility
remains to be tested [56, 70, 71].

We also reported that the activation of DDR2 leads to an
increase in Snail and cell invasive capacity [61, 68]. This
finding may provide a mechanism to explain why PPBC is
typically a more aggressive form of breast cancer, character-
ized by higher rates of recurrence, metastasis, and poorer pa-
tient survival [4, 10, 72, 73]. This finding is also consistent
with the observation that PPBC include triple negative breast
cancers, which have the highest rate ofmutation in p53 and we
have previously shown mutant p53 activates the transcription
of PAPP-A [4, 59, 74, 75]. Our recent study also highlights a
mechanism by which PAPP-A promotes TACS-3, since inhi-
bition of DDR2 by CRISPR in our model abolished TACS-3
[61]. However, how TACS-3 is formed remains unknown and
therefore represents an important line of investigation in the
future.

Finally, it is possible that PPBC that arises within a
collagen-rich or postpartum microenvironment adopts a dis-
tinct genetic landscape that contributes to the aggressive char-
acteristics of PPBC. More importantly, a previous study ana-
lyzed the genetic changes associated with parous breast tissue.
Of significance, genes related to invasion and migration were
upregulated in the parous tissue [76, 77]. To validate our find-
ings, we generated a PAPP-A-driven PPBC signature using
PAPP-A/COL1A1/SNAI1 to screen a human breast cancer pa-
tient dataset. Our results indicate that this signature identifies
patients with higher rate of metastasis and shorter overall

survival [61]. We found that the PAPP-A/COL1A1/SNAI1 sig-
nature is also associated with a similar genetic landscape to
that seen in the parous breast tissue, suggesting that this gene
signature is an accurate reflection of the genetic landscape of
PAPP-A-driven PPBC [61, 76, 77].

Additionally, a previous study analyzing adjacent normal
breast tissue of the microenvironment surrounding invasive
breast cancers or DCIS and identified two distinct genetic
landscapes: an Bactive^ and Binactive^ gene signature [78,
79]. Of significance, EMT factors such as Snail and Twist,
LOX, DDR2, TGF-β, ECM proteases, and collagen genes
were shared and upregulated in the both the Bactive^ stroma
and the PAPP-A/COL1A1/SNAI1-high patients [61, 78, 79].
Therefore, these findings validate the significance of collagen
dynamics and DDR2/Snail signaling by PAPP-A in the pro-
gression and metastasis of PPBC. Taken together, these stud-
ies highlight the similarity between a stroma that drives ag-
gressive breast cancer, the stroma of parous patients, and char-
acteristics of PAPP-A-driven PPBC, thus leading us closer to
understanding the molecular underpinnings of PPBC and to-
ward reliable diagnostic and prognostic factors [61, 77, 78].

Conclusions

The recent findings regarding the role of collagen deposition
and altered orientation in PPBC have significant implications
for our current understanding and definition of PPBC. This
provides insight into the epidemiological phenomenon that

Fig. 2 The relationship between collagen and PAPP-A in PPBC
establishment and progression: The increased collagen deposition that
occurs during pregnancy and involution drives PPBC by establishing
constitutive IGF signaling. While increased IGFBP-5 during involution
normally restricts overt IGF signaling, the collagen deposition during
involution promotes PAPP-A’s proteolytic activity which degrades
IGFBP-5, resulting in high IGF signaling. This initiation phase

establishes a feedforward loop as IGF signaling promotes collagen
deposition. Additionally, through various mechanisms, PAPP-A
enhances DDR2 activation and TACS3 maintenance to increase the
aggressive nature of PPBC. PAPP-A may also sustain DDR2 activation
and TACS3 architecture during late postpartum which may therefore
extend a woman’s risk of developing PPBC past the window of
involution
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women are at an increased risk for developing breast cancer
up to 3 decades post-pregnancy [4]. Because PAPP-A overex-
pression is sufficient to convert the collagen-rich environment
of the postpartum breast to a pro-proliferative state, it begs the
question of what other proteins are able to take advantage of
this environment. For instance, LOX has been shown to pro-
mote an invasive collagen signature akin to a TACS3 pheno-
type in the promotion of breast cancer metastasis and has
additionally been shown to be overexpressed in PAPP-A/
COL1A1/SNAI1-high patients [80]. Additionally, these find-
ings raise the intriguing possibility that PAPP-A may become
oncogenic independently of pregnancy in other collagen-rich
environments, such as in women with high mammographic
density [81].

The existence of PPBC as a distinct breast cancer sub-type
remains controversial, in part due to the lack of reliable bio-
markers in the diagnosis of PPBC. Clearly distinguishing a
PPBC from a sporadic cancer that is unrelated to pregnancy
in women diagnosed several years after their last pregnancy is
a challenge [4]. The findings described in this review support
the mounting evidence that PPBC is an aggressive sub-type
characterized by a distinct genetic signature and that PPBC
may affect women well beyond their last pregnancy [61, 77,
78]. Clearly, these results strongly argue that a detailed history
of pregnancy should be included in medical charts of breast
cancer patients and considered as a risk factor. Lastly, further
understanding the complexity of the ECM as a critical com-
ponent to PPBC tumorigenesis represents an important line of
investigation in the future [82].
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