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The extracellular matrix (ECM) is a critical cue to direct tumorigenesis and metastasis.
Although two-dimensional (2D) culture models have been widely employed to understand
breast cancer microenvironments over the past several decades, the 2D models
still exhibit limited success. Overwhelming evidence supports that three dimensional
(8D), physiologically relevant culture models are required to better understand cancer
progression and develop more effective treatment. Such platforms should include
cancer-specific architectures, relevant physicochemical signals, stromal-cancer cell
interactions, immune components, vascular components, and cell-ECM interactions
found in patient tumors. This review briefly summarizes how cancer microenvironments
(stromal component, cell-ECM interactions, and molecular modulators) are defined and
what emerging technologies (perfusable scaffold, tumor stiffness, supporting cells within
tumors and complex patterning) can be utilized to better mimic native-like breast cancer
microenvironments. Furthermore, this review emphasizes biophysical properties that
differ between primary tumor ECM and tissue sites of metastatic lesions with a focus
on matrix modulation of cancer stem cells, providing a rationale for investigation of
underexplored ECM proteins that could alter patient prognosis. To engineer breast cancer
microenvironments, we categorized technologies into two groups: (1) biochemical factors
modulating breast cancer cell-ECM interactions and (2) 3D bioprinting methods and its
applications to model breast cancer microenvironments. Biochemical factors include
matrix-associated proteins, soluble factors, ECMs, and synthetic biomaterials. For the
application of 3D bioprinting, we discuss the transition of 2D patterning to 3D scaffolding
with various bioprinting technologies to implement biophysical cues to model breast
cancer microenvironments.

Keywords: extracellular matrix, tumor models, cancer microenvironments, 3D bioprinting, cell-ECM interactions,
biophysical properties

INTRODUCTION

The breast cancer microenvironment is a combination of cells within the tumor and its stroma,
extracellular matrix (ECM), and surrounding signaling molecules. A tumor’s stroma is defined
as the supportive tissue and associated blood vessels composed of tissue-derived stem cells,
adipose tissue, endothelial cells, and fibroblasts. The role for the stroma in cancer is undisputed
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and the stroma is demonstrated to have tumor-promoting
qualities for 5 of the 6 intracellular hallmarks of cancer
(Figure 1A and Table 1). Cancer ECM consists of fibrous
proteins, basement membrane proteins, proteoglycans, and
polysaccharides. These matrix components crosstalk to regulate
migration, invasion, proliferation, survival, and epithelial-
mesenchymal transition (EMT) signaling cascades (Figure 2).
ECM is broadly divided into two groups: the interstitial matrix,
formed of fibrillar collagens, and the basement membrane,
composed of non-fibrillar proteins and proteoglycans (Mouw
et al,, 2014). Collagens are the most abundant fibrous proteins
within interstitial ECM, providing tensile strength, regulating
cell adhesion, supporting chemotaxis, facilitating migration, and
directing tissue development (Provenzano et al., 2008; Rozario
and DeSimone, 2010; Conklin et al., 2011). The basement
membrane is grouped into the basal lamina (collagens IV
and VII, laminins, and heparan-sulfate proteoglycans) and the
fibrillar reticular lamina (collagen I and III, fibronectin, and
elastin). The basal lamina segregates tissue layers, provides
a surface for cell adhesion, catalyzes cellular communication,
and protects tissues from biochemical and biophysical insult.
Proteoglycans are notable for their negative charge allowing
growth factors (GFs) and cell surface receptors to sequester or
tether GFs, establishing cell adhesion via the binding of essential
cations and the movement of various molecules throughout the
ECM.

Cancer cells decrease cellular adhesion to matrix as they
become more invasive and metastatic. Supporting cells within
the tumor microenvironment secrete signals that advance tumor
progression, drug resistance, and enhance cancer cell invasion
and metastasis. While the tumor microenvironment is influential
on all aspects of cancer progression, current in vitro models
fail to accurately recapitulate tumor microenvironments, both
structurally and molecularly. In addition, the tissue specific
differences in matrix composition and GFs that exist between
the primary breast and organ systems that are sites of metastatic
breast cancer seeding are not mimicked in current tumor models.
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FIGURE 1 | Frequency of studies published showing ECM gene influences on
specific hallmarks of cancer, patient prognostics and drug resistance. Results
of meta-review survey depicting (A) the frequency of publications showing
individual ECM-related genes influencing specific hallmarks of cancer and

(B) the frequency of publications reporting ECM-related genes as a tool for
patient prognostic determinations and specific drug resistance.

Thus, it is imperative to develop a 3D culture model that mimics
the human tumor matrix with structural and chemical definition
while pursuing cancerous tissue specificity. In many cases, ECM
protein-based scaffolds with self-assembling capability, such as
Matrigel™ or collagen, are used as an accessible, primary means
of recapitulating tumor models in 3D culture. However, a few
fundamental pitfalls exist within this culture paradigm. The self-
assembled ECM proteins only partially match the native and
developing tumor ECM. For example, Matrigel™ lacks species
specificity, displays batch-to-batch variability in biochemical and
biophysical properties (Benton et al., 2014), and cannot be easily
tuned for systematic studies (Asghar et al., 2015; Leggett et al,,
2017); the mechanical resilience of collagen gel (primarily with
collagen type I) is limited in comparison to the native and
developing tumor; and cells of one tissue type are used while
neglecting intratumor and stromal interactions from other cell
types. This leaves the research community with a dearth of
accessible, effective 3D culture systems.

As we enhance our understanding of tumor ECM and native-
like breast cancer microenvironments, advanced biomaterials
and 3D bioprinting (3DBP) are becoming rapidly accessible
options to engineer 3D microenvironments. This provides an
opportunity to create new, predictable 3D culture platforms
that can precisely emulate the breast cancer microenvironment.
Ultimately, the ability to design and reengineer the tumor matrix
allows us to evaluate the individual contributions of tumor-
associated ECM while providing a platform to identify and test
novel anti-cancer therapeutic strategies by accurately modeling
ECM proteins.

Breast Cancer Microenvironments
Stromal Component
The stromal component of breast tumors contains immune
cells, fibroblasts, adipose tissue, endothelial cells, and tissue-
derived stem cells. These stromal cells heavily influence how
breast cancer progresses by secreting factors, altering phenotype,
and reorganizing themselves. Hallmarks during breast cancer
progression and cancer-specific interactions of stromal cells and
ECMs are summarized in Tables 1-4. For instance, stromal
remodeling of the ECM via MMPs (matrix metalloproteinases)
and TIMPs (tissue inhibitor of metalloproteinases) is a critical
factor to the definition of cancer hallmarks. While many
hallmarks are associated with the ECM in the stromal
components, “4-Limitless replicative potential” is reported only
in reference to COL6A1 (Figure 1A). The 6th hallmark “Tissue
invasion and metastasis” has 11% more publications than all
five of the other hallmarks combined. This implicates that
tissue invasion and metastasis is well appreciated in the stromal
component, however the role for ECM in supporting the full
spectrum of individual hallmarks should not be overlooked
(Figure 1A). However, a larger-scale, meta-review survey is
needed to provide substantial support for this specific claim.
Aside from matrix, the cellular milieu found in the
tumor microenvironment should also be considered. As a
whole, interactions between the immune system and the
breast cancer microenvironment remain out of the scope
of this review and have been well documented by others
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TABLE 2 | ECM-associated cohorts reported to influence patient prognostics and drug resistance®P.

ECM gene EXP(1) positive Dependent on other cellular components with prognostic evaluation Cancer type
of interest outcome
ADAMTS8 N +ADAMTS8, —ADAMTS15 Breast
COL11A1 N AEBP1, COL11A1, COL5A1, COLBA2, LOX, POSTN, SNAI2, THBS2, TIMP3, Ovarian
VCAN
COL12A1 Y +ITGB1, +COL12A1 Breast
COL12A1 Y TNKS1BP1, CPSF7, COL12A1 Breast
COL12A1 Drug resistance COL1A1, COL5A2, COL12A1 and COL17A1 Ovarian
COL15A1 MUT=N COL15A1, SRGAP1, SURF6, ABO Ovarian
COL15A1 Drug resistance ITGB1BP3, COL3A1, COL5A2, COL15A1, TGFBI, DCN, LUM, MATN2, POSTN Ovarian
and EGFL6
COL16A1 Drug resistance COL1A2, COL12A1, COL21A1, LOX, TGFBI, LAMB1, EFEMP1, GPC3, SDC2, Ovarian
MGP, MMP3, and TIMP3
COL18A1 N COL4A2, COLBA2, COLBAS, COL18A1 Liver
COLBA2 N AEBP1, COL11A1, COL5A1, COLBA2, LOX, POSTN, SNAI2, THBS2, TIMP3, Ovarian
VCANS
CTHRC1 N CTHRCH, Periostin Ovarian
CTNNA1 N CD97, CTNNA1, DLC1, HAPLN2, LAMA4, LPP, MFAP4 Breast
FN1 N FN, MMP7, MMP9, MMP11, TIMP1, TIMP2 Breast
HAS1 N HYAL1, HAS1 Bladder
HASH Y HAS1, HAS2 Skin
LAMA1 N LAMAT1, LAMA2, LAMA3B, LAMA4, LAMB1, LAMC3 Breast
LAMA1 MUT=N LAMAT1, LAMAS, LAMB1, LAMB4 Gastric
LAMA2 AB. METH=N GABRAT1, LAMA2 Colon
LAMA3 METH=N LAMA3, LAMB3 Bladder
LAMA3 LAMAS, LAMB3, LAMC2 Prostate
MMP14 N FSCN1, MMP14 Esophageal
MMP14 N MMP2, MMP14, MMP9, MAXND Oral
MMP15 N MMP9, MMP15 Breast
MMP15 N MMP15, MMP19 Colon
MMP2 Y TIMP2, MMP Colon
MMP7 N GDF15, MMP7 Gastric
MMP9 N TIMP2, MMP Colon
PECAM1 N TOP2A, GGH, PECAM1 Gastric
SELP N SELP, AKT1 Pancreatic
SPARC Y +NDRG1, -SPARC Breast
SPG7 N NOTCH2, ITPRIP, FRMD6, GFRA4, OSBPL9, CPXCR1, SORCS2, PDC, Colon
C120RF66, SLC38A9, OR10H5, TRIP13, MRPL52, DUSP21, BRCA1, ELTD1,
SPG7, LASS6, DUOX2
TIMPA1 N LCN2, TIMPA1 Pancreatic
TIMP2 N TIMP2, MMP Colon
TIMP2 Y TET1, TIMP2, TIMP3 Prostate, Breast
TIMP3 N TSHR, RASSF1A, RARB2, DAPK, HMLH1, ATM, S100, P16, CTNNB1, GSTP1, Thyroid
CALCA, TIMP3, TGFBR2, THBS1, MINT1, CTNNB1, MT1G, PAK3, NISCH,
DCC, AIMT1, KIF1A.
VCAN N LCAN, VCAN ColonP
Collagen type Drug resistance MT1-MMP Pancreatic
|
Collagen type N ELN-derived MMP12, COL4 Breast
[\
Collagen type N COL4, ELN-derived peptides Breast

v

aRefer footnote from Table 1.

bEXP(1) Positive Outcome, positive expression of the ECM gene of interest correlates with a positive patient outcome; MUT, mutation; AB. METH, abnormal methylation; METH,
methylation; +, expression up/down required for predicted patient outcome.
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TABLE 3 | ECM-associated individual genes and proteins reported to influence
patient prognostics and drug resistance®°.

TABLE 4 | ECM-associated genes used as primary keywords in search
parameters?@.

Gene name EXP(t) positive outcome Cancer type
ADAMTS13 N Liver
COL15A1 N Liver
COLBA1 OXI. MOD=N Ovarian
FN1 N Renal

FN1 N Head, Neck
HAS1 N Breast
HAS1-3 N Breast
ICAM1 N Breast
ICAM1 N Esophageal
LAMA1 N Colon
LAMA2 Y Breast
LAMA2 Y Liver
LAMB1 N Colon
MMP10 N Colon
MMP16 N Colon
MMP16 N Gastric
MMP3 N Breast
MMP3 N Head, Neck
MMP3 N Lung
MMP3 N Ovarian
MMP3 N Pancreatic, Breast, Lung
MMP7 N Colon
MMP9 N Colon
Myofibroblasts Y Pancreas
TIMP1 Y Brain
TIMP1 N Breast
TIMP1 N Liver
TIMP2 N Fibrosarcoma
TIMP3 HMETH=N Gastric
VCAM1 N Ovarian
VCAN N Colon
VCAN N Colon
VCAN N Ovarian®
Collagen type | N Breast
Collagen type | N (STAGE DEP) Colorectal

aRefer footnote from Table 1.

CEXP(1) Positive Outcome, positive expression of the ECM gene of interest correlates with
a positive patient outcome; OXI. MOD, Oxidative modification; HMETH, hypermethylation;
STAGE DER, positive/negative expression of gene correlation with patient outcome
dependent on the stage of tumor.

(Gajewski et al., 2013; Haabeth et al, 2014; Williams et al.,
2016). However, it is of significance that immune cells play
important roles by altering the stromal signaling and ECM
composition of the tumor microenvironment. For instance,
angiogenesis and inflammation are two phenomena which alter
the matrix components of breast cancer microenvironments.
Macrophages, neutrophils, and CD4% T-helper cells (Ty2,
Tyl, and Tyl7) are immune cells involved in both of these
processes. Macrophages secrete inflammatory factors (TNFa,
IL-6, IL-1B, IL-8), pro-angiogenic factors (VEGFA, CXCL12,
FGF2), and ECM remodeling factors (MMPs, TGF-B). These

ECM BM ECM Transmembrane Collagens/

protease protease molecules Cell
inhibitor adhesion

ADAMTSH COL4A2 TIMP2 HAS1 COL12A1

ADAMTS13 LAMA1 TIMP3 ICAM1 COL15A1

ADAMTS8 LAMA2 MMP14 COL16A1

MMP1 LAMA3 MMP15 COL7A1

MMP10 LAMB1 MMP16 VCAN

MMP11 LAMCA PECAM1 CTNNA1

MMP12 SPARC SELE CTNNB1

MMP13 COLBA1 SELL

MMP2 COL6A2 SELP

MMP3 COL8A1 SPG7

MMP7 VCAM1

MMP8

MMP9

SPG7

TIMPA1

aRefer footnote from Table 1.

factors help promote endothelial cell proliferation and can
induce epithelial-to-mesenchymal transition (EMT) in cancer
cells (Arnold et al, 2015; Williams et al., 2016; De Palma
et al, 2017). Macrophage infiltration at the invasive front
of human breast cancer was positively correlated with ECM
stiffness (Acerbi et al., 2015). Neutrophils secrete (VEGFA, FGF2,
MMP9) and promote inflammation, proliferation, invasion,
and angiogenesis (Powell and Huttenlocher, 2016; De Palma
et al,, 2017). CD4™ T-helper cells secrete pro-angiogenic and
inflammatory factors that recruit macrophages and neutrophils
and modulate their phenotypes. Ty2 cells secrete IL-4, IL-6, and
IL-13; Tyl cells secrete IFN-y; and Tyl7 cells secrete IL-17
(Borthwick et al., 2013; Mora-Solano and Collier, 2014; De Palma
et al., 2017). Secreted factors IL-1p, IL-4, IL-13, and TNF-«a are
direct indications of ECM remodeling in liver and pulmonary
fibrosis (Liu T. et al., 2012; Borthwick et al., 2013). In addition,
decellularized colorectal tumors polarized macrophages to an
anti-inflammatory phenotype (secretions of IL-10, TGF-B, and
CCL18). These anti-inflammatory macrophages where then used
to stimulate colorectal cancer cell invasion through Matrigel™
invasion assays. The altered macrophages increased cancer
cell invasion when compared to macrophages differentiated in
normal matrices (Pinto et al., 2017).

Fibroblasts in breast cancer are phenotypically altered to
enhance tumorigenesis and termed cancer-associated fibroblasts
(CAFs). When fibroblasts are recruited by cancer cells, CAFs exist
permanently in the wound healing state while producing more
matrix proteins, secreting pro-inflammatory and angiogenic
factors (TGF-B, VEGE IL-6, and SDF-1), and degrading matrix
proteins by MMPs. CAFs secrete collagens type I, III, V,
and VI to alter estrogen signaling in addition to reducing
chemotherapy drug uptake (Mao et al., 2013). CAF co-culture
with an estrogen receptor positive (ERT) breast cancer cell
line reduced tamoxifen-induced apoptosis, indicating that CAFs
can alter response to endocrine therapy as well (Martinez-
Outschoorn et al., 2011). Within normal breast tissue, fibroblasts
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and myofibroblasts promote inflammation and angiogenesis.
Following breast implant surgery, fibroblasts in patient samples
of breast capsular tissue were found to secrete pro-inflammatory
and pro-fibrotic signals stimulating differentiation among other
fibroblasts and increasing collagen deposition (Segreto et al.,
2017). Importantly, CAFs drive angiogenesis of tumors by
secreting VEGFA and initiating pro-angiogenic paracrine loops
with themselves by secreting PDGFC. The CAF secretome also
helps recruit vascular endothelial cells to form new blood vessels
(De Palma et al., 2017).

Adipocytes provide breast cancer with cellular energy
substrate in the form of triglycerides, engage in various feedback
loops with cancer, and secrete multiple tumorigenic, pro-
inflammatory cytokines. Specifically, adipocytes are a major
source of estrogen signaling for breast cancer cells due to native
aromatase activity. Breast cancer cells then secrete factors that
stimulate and amplify aromatase activity in adipocytes, initiating
a positive feedback loop. Adipocytes secrete adipokines (LEP,
ADIPOQ, IL-6, IL—1f, TNFa), MMPs, and PAI-1, to enhance
cancer progression. Breast cancer cells show the ability to
promote dedifferentiation among adipocytes, while increasing
more stem-like cells in the stroma (Bielli et al., 2014; Hoy et al.,
2017).

Endothelial cells are often recruited by native tumor immune
cells, fibroblasts, and adipocytes to form new blood vessels
through a large variety of secreted factors. Additionally, tumor
native endothelial cells are often altered in phenotype, gene
expression, and secretome. Typically, tumor native blood vessels
have multiple fenestrations and loose intercellular junctions
resulting in leakage. Interestingly, tumor endothelial cells have
upregulated VEGF and EGF receptors. These endothelial cells
also secrete TNFo which helps stimulate cancer cell secretion of
CXCL1/2 resulting in increases in cancer cell survival (Bussard
et al., 2016; De Palma et al., 2017).

Within the tumor, a small subpopulation of cells is identified
as cancer stem cells (CSCs). Cancer stem cells are indicated
by cell surface markers CD44%/CD24'°% and CD44"/CD49f*/
CD133/2% as well as ALDHI1 activity (Atkinson et al., 2013).
Similar to adult mesenchymal stem cells (MSCs), CSCs self-
renew and when dormant, exhibit resistance to toxic agents
including those administered as primary therapy (Jeong et al.,
2016). While the precise mechanisms of metastatic recurrence
remain to be elucidated, CSCs reinitiate tumor formation
following primary therapy. Recently, profiling of gene expression
of human tumor metastasis and recurrence demonstrates that
ECM-integrin interaction pathways are enhanced in that the
ECM can dictate intracellular signaling of CSCs to evoke either
a tumor suppressive or oncogenic effect on breast carcinomas,
depending on the ECM composition (Wu et al, 2014). The
fluid nature of CSCs in addition to their receptivity to the
microenvironment poses as a powerful adversary in the treatment
of triple negative breast cancer (TNBC). For example, an
adjuvant therapy targets both the microenvironment and CSCs
(Ye etal, 2014). One limiting and critical factor in this approach
is that little is known about the microenvironment that remains
following primary therapy. The characterization of the remnant
microenvironment, which provides CSCs with external and

intrinsic signaling, leads to novel methods for intervention. The
remnant microenvironment will be discussed further in section
Primary and Secondary Tumor Site Differences.

Cell-ECM Interactions and Activated Targetable
Pathways

Signaling from tumor matrix acts in a tumor suppressive or
oncogenic manner depending on its composition. Specifically,
the binding of cells to cancer matrix induces AKT (protein
kinase B)/MAPK (mitogen-activated protein kinase) proliferative
and survival pathways through integrin mediated signaling. For
example, Bl-integrin binds to fibronectin, collagen, or laminin
and undergoes a conformational change, which allows binding of
key kinases such as FAK (focal adhesion kinase) and ILK (integrin
linked kinase). Then, actin stress fibers and focal adhesion
cytoskeletal proteins are assembled at the area of clustered
integrins to amplify signals, forming a focal adhesion complex.
These complexes of fibers and kinases activate phosphorylation
cascades revving up signaling through Rho and MAPK
pathways, further affecting proliferation, differentiation, polarity,
contractility, and gene expression (Figure2). Consequently,
the matrix directs cell invasion and metastasis as cancer cells
are guided by the fibril proteins into distal parts of tissue
(Provenzano et al., 2008; Conklin et al., 2011). Furthermore,
cell seeding on matrices with multiple discrete stiffness or with
stiffness gradients becomes increasingly more prominent in
studies evaluating drug resistance (Shin and Mooney, 2016).
Clinical evaluation of breast tumor biopsies demonstrates that
the stiffness of breast tumor increases both with induction
of tumor formation and focal adhesion markers such as FAK
(Levental et al., 2009; Schedin and Keely, 2011; Almstedt et al.,
2017). While FAK is increased in all breast cancer patient
samples, it specifically correlates with the ERT luminal B
subtype (Almstedt et al., 2017). Luminal B breast cancer by
convention is ERT with altered ER signaling pathways and
enhanced proliferation. Characteristically, PGR (progesterone
receptor) is repressed in luminal B breast cancer and there is
enhanced resistance to endocrine therapies (Creighton, 2012).
HER?2 (epidermal growth factor 2) amplified tumors are resistant
to endocrine therapy and have increased proliferation compared
to luminal A subtypes. Increased collagen expression and integrin
activation is observed in HER2 derived mouse tumors (Hanker
et al., 2017). This advanced endocrine resistance in tumors
arises through enhanced GF singling, however recent evidence
suggest that it may be due in part to adhesion to matrix
and targeting matrix adhesion may sensitize cancer cells to
primary therapy (Lazaro et al., 2013; Hanker et al., 2017).
In accordance with this, stiff matrix and FAK activation are
correlated with increased p-ERK (phosphorylated-extracellular
signal-regulated kinase), a key regulator of pro-survival and
proliferative pathways commonly active in the acquisition of
endocrine resistance and disease progression (Gangadhara et al.,
2016). The presence of increased FAK in luminal A subtype
was suggestive of needing more aggressive therapy to lower
the risk of breast cancers when FAK was observed (Almstedt
et al., 2017). Prior studies that focused on HER2 amplified
breast cancers showed that FAK inhibition in combination with
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FIGURE 2 | Interstitial matrix proteins and the basement membrane proteins are associated in the breast cancer microenvironments (left circle). The signaling from the
ECM proteins propagates via multiple signaling pathways either simultaneously or independently (right circle). Possible scenarios of cell-ECM interactions can initiate
signaling of breast cancer cells. Upon phosphorylation, g-catenin dissociates from E-cadherin within adherens junction and is degraded by proteasome. ECM proteins
can phosphorylate ILK, which in turn inhibits phosphorylation of GSK3p and activate p-catenin (non-phosphorylated). ECM protein initiates phosphorylation of FAK,
leading to enhanced translation of pro-survival and pro-proliferation genes associated with MAPK and AKT pathways. FAK also promotes Rho/Rac activity for actin
cytoskeleton assembly, mediating cell migration and spreading. MMPs degrade ECM proteins, generating matrikine.

trastuzumab (a HER2 specific antagonist) resulted in suppression
of cellular growth and increased response to HER2 inhibition
(Lazaro et al., 2013). Inhibition of FAK phosphorylation was
also demonstrated to inhibit receptor negative breast cancer
survival and migration (Woo et al, 2017). There is also a
correlation to increased matrix concentration and activation
of the FAK/MAPK intracellular signaling cascades (Provenzano
et al., 2009). Furthermore, seeding of breast cancer cells on 3D
matrix induces drug resistance to both endocrine therapies and
HER?2 inhibition; this resistance is observed to correlate with
enhanced MAPK signaling (Provenzano et al., 2009; Gangadhara
et al, 2016). This evidence provides a mechanism for drug
resistance that is not dependent on GF signaling, as many
integrin based and matrix-based therapies were developed and
recently reviewed (Raab-Westphal et al., 2017). Despite the
identification of integrin and matrix adhesion as targetable
pathways, translating these adjuvant therapies to the clinic
remains difficult. Many of these initial drug screens were
tested on 2D culture and fail to incorporate native-like tumor
microenvironments due to technical limitation. Thus, therapies
should consider the role of ECM in cellular crosstalk and cancer
cell interactions with their surrounding environment for disease
outcome. Ideally, a correlation between known ECMs found in
tumor tissue and activation of survival and proliferative pathways
should be identified for better targeted therapies.

ECM-Associated Molecular Modulators
Matrix architecture, varying degree of stiffness, traction
force conferred by cytoskeleton and porosity of a tumor

contribute to altered cancer cell behavior (Liu J. et al., 2012)
via signaling cascades triggered by cell-ECM interactions. In
addition to mechanotransduction in cancer microenvironments,
a substantial number of soluble factors critical in tumor
progression MMPs aide cancer progression by
degrading matrix proteins in stromal and basement
membrane components, which act as signaling molecules
upon sequestration (Figure 2, called matrikines; Akthar et al,
2015). TIMPs (tissue inhibitors of metalloproteinases) maintain
the homeostasis of ECM by regulating the activity of MMPs.
Additionally, collagen stiffness, concentration, and cross-linking
were shown to regulate MMP activity in pancreatic cancer
cells. Although it is not the case of breast cancer specifically,
mechanotransduction pathways in cancer can alter MMP activity
through integrin engagement and heparan sulfate proteoglycans
(Haage and Schneider, 2014). Increased levels of TIMP-1 in
primary tumors from a cohort of 176 patients correlated with a
shorter overall survival in patients treated with chemotherapy
prior to surgery (Dechaphunkul et al, 2012). In general,
increased levels of TIMP-1 predict poor response to therapy
and shorter patient survival. TIMP-3 expression is often blocked
in cancers, thus increased levels of TIMP-3 resulted in better
response to chemotherapy (Jackson et al., 2017).

Other molecular modulators include ECM proteins like
fibronectin and hyaluronic acid (HA), which are less commonly
evaluated but possess clinical prognostic and diagnostic
correlations. FN isoform expression is poorly correlated with
metastasis-free, overall survival of breast cancer patients (Bae
et al, 2013; Fernandez-Garcia et al, 2014). HA is in higher

exist.
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amounts in the serum of patients with metastatic breast cancer
compared to patients without signs of metastasis, clinically
correlating HA with an aggressive breast cancer phenotype (Bae
et al., 2013; Fernandez-Garcia et al., 2014; Karousou et al., 2014).
In Table 1, we group ECM genes and proteins in association with
individual hallmarks reported in the literature (See references in
the Supplementary Information). Of note, while conventional
tumor ECMs are primarily prepared with collagen type I-based
scaffolds, collagens (types IV and VI), laminins (laminin-
332 or other than Matrigel™-derived basement membrane
proteins) and elastin (including elastin-derived polypeptides) are
demonstrated to contribute to multiple hallmarks. In addition,
further details in Tables 2-4 show the frequency of publications
linking specific ECM-associated genes and proteins with both
patient prognostic evaluations and certain drug resistances
(Figure 1B).

Breast Cancer Microenvironments in Vitro

and in Vivo
Despite an overwhelming amount of pre-clinical research
on breast cancer microenvironments and chemotherapies,
the likelihood of approval of an oncology drug after
completing Phase 1 trials was roughly 5% during 2006-
2015 (Thomas et al., 2016). This low efficiency is due in part
to the inherent discrepancy between the current preclinical
cancer models and their ability to mimic the native breast
cancer microenvironment in patients. To date, no current
preclinical model fully recapitulates the stromal, immune,
architectural, physical, and molecular components of the native
breast cancer microenvironment. Initial studies that strive to
mimic the native breast cancer microenvironment utilized
communication between breast cancer cells and the stroma
through methods of co-culture. Co-culture methods are often
limited to communication between only two cell types, which is
too little to understand stromal communication. The immune
component of 3D microenvironments is largely neglected when
creating culture systems. The architecture and mechanical
nature of the breast cancer microenvironment is only partially
integrated, as many culture systems utilize ECM proteins in
a spatially random manner. Rather, attempts were focused to
attain similar tumor stiffness via modulating scaffold stiffness,
while other biophysical properties (pore size, fiber alignment,
etc.) and associated changes in ECM protein composition are
rarely considered. Identification for differences in primary tumor
matrix compared to metastatic seed matrix is rarely considered.
The widely used, practical but incompetent platform is the
standard 2D culture with tissue-culture polystyrene (TCPS).
This model has been a great starting point by providing a
low-cost way to rapidly screen drugs and to correlate directly
attributable changes with breast cancer cells in vitro. By simply
taking 2D to 3D cell culture via gels of collagen type I or
Matrigel™, noticeable changes are observed in cell morphology,
growth rates, metabolism, and drug sensitivities (Gurski et al.,
2017). Enhancing drug efficacy between 2D and 3D cultures is
imperative as chemotherapies (paclitaxel, doxorubicin, and 5-
fluorouracil) are less effective in drug sensitivity studies by simply

changing the dimensionality of the platform (2D to 3D) or from
in vitro to in vivo experiment (Imamura et al., 2015). Nonetheless,
these rather simple 3D platforms cannot provide an appropriate
match to physiologically relevant models (Breslin and O’Driscoll,
2016).

Physical properties of breast cancer cell microenvironments
are also of importance to build predictable models to enhance
anti-cancer therapeutics. Stiffness of a tumor is correlated to
survival in patients and is key aspects of proliferation and
metastasis in breast cancer (Schrader et al., 2011). The alignment
of fibrous ECM proteins in the breast cancer microenvironment
aids in the metastasis of cancer by providing a “highway” for
cancer cells to migrate on (Egeblad et al., 2010). Increases in the
amount of fibrous tissue in the breast increases breast density
physically, which frequently appears in mammograms. Increased
radiological density observed in mammograms is one a risk
factor for developing breast cancer (Maskarinec et al., 2010).
Currently, the most advanced preclinical models are patient
derived xenograft (PDX) models, which involves the propagation
of patient tumor biopsy in immunocompromised mice. PDXs
include an intact ECM architecture and stromal component,
making PDXs a remarkably powerful tool to predict cancer
therapeutics (Cassidy et al., 2015). Despite such advantages, the
stromal invasion by mouse cells over time leads to altered ECM
composition and PDX models are incapable of discerning the
individual contribution of cancer cells, stromal cells, and ECM
(Cassidy et al., 2015). A recent study on genomic rearrangements
(CNV, copy-number variation) in 543 PDX models representing
24 classes of cancer showed that expansive regions of CNVs were
introduced into 60% of the PDXs after one tumor passage. After
four tumor passages, 88% of PDX models displayed large CNV
regions. PDX models undergo mouse-specific tumor evolution
and their genome differs from the original patient tumor sample
after extensive passaging (Ben-David et al., 2017). Thus, the goal
of this review is to discuss creation of predictable preclinical
models for breast cancer research by evaluating engineered
extracellular microenvironments with molecular definition and
modulation of physical properties through 3DBP.

Other Physicochemical and Biological
Factors to Mimic Native Breast Cancer

Microenvironments

With new technologies emerging in the field of tissue
engineering, engineers and cancer biologists collaborate to
enhance current culture platforms to better mimic native-like
breast cancer microenvironments. Technologies developed and
emerged to recapitulate breast cancer microenvironments in vitro
are summarized in Table 5.

Perfusable Tumor Models

Incorporating a porous, perfusable scaffold to an in vitro
bioreactor creates a new type of culture system named a
perfusable tumor model (Fong et al, 2014). These models
are used to effectively produce tumor-like structures, further
developed to provide better insight into metastatic mechanisms.
Perfusion-based tumor models offer tumorigenic cells cultured
on scaffolds with a continuous flow of nutrients and oxygen while
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TABLE 5 | Comparison of 3D in vitro model platforms of breast cancer microenvironments.

Model

Defining feature

Advantages

Disadvantages

Areas of interest

References

Natural matrices

Synthetic matrices

Composite
matrices

Spheroids

3D microfluidics

Perfusable tumor
model

Matrix composed of
naturally derived ECM
proteins (collagen,
laminin, HA,
MatrigeITM, fibrin) or
polysaccharides
(alginate, chitosan)

Matrix composed of
synthetic polymers
(PEG, PLGA, PCL,
polyurethane to name a
few)

Matrix composed of
both synthetic and
natural materials

Self-arrange/assembly
and proliferation into
spherical shapes

Precise control over
fluids, structure, and
cells on the
submillimeter scale

Introduction of
continuous fluid flow
akin to vasculature
(incorporating multiple
forms of bioreactors)

High biocompatibility, high
adhesion properties,
remodeled and modulated
by cells, variable stiffness,
including secreted ECMs

Highly tunable biophysical
and biochemical properties

Maintains high tunability of
biophysical and biochemical
properties with adjusted
biocompatibility

Recapitulating early
development of in vivo
conditions, producible in
other models

Very high spatial and
temporal control, reduced
sample volume, fluidic
patterning of cells and
matrix allowing close
cell-cell contacts and
complex geometries

Ameliorating issue with
transport problems in
traditional culture by
removing wastes and
supplying oxygen and
nutrients to cells

Batch-to-batch variability,
complex molecular
composition, uncontrolled
degradation, spatially
random without proper care

Poor cell adhesion, often
difficult for cells to degrade,
cytotoxicity

Cytotoxicity, batch-to-batch
variability, complex
molecular composition,
custom systems which
promotes inaccessibility

Reliance on spontaneous
cell interaction

Difficulty in maintaining
continuous fluid flow,
exaggeration of certain
fluidic properties, advanced
systems are inaccessible to
most

Lack of complete controls
to transport problems

Fiber alignment, stiffness,
multi-culture, hypoxia,
formation of spheroids,
invasion, migration,
angiogenesis

Fiber alignment, stiffness,
co-culture, formation of
spheroids, EMT, CSC
generation, migration,
angiogenesis

Porosity, stiffness,
co-culture, hypoxia,
formation of spheroids,
invasion, migration

Multi-culture, vasculature,
migration

Porosity, stiffness,
multi-culture, formation of
spheroids, invasion,
chemotaxis, tissue
patterning, vasculature,
metastasis (extravasation,
intravasation), “on-a-chip”
technologies

Co-culture, recellularization
of scaffolds, vasculature

Gu and Mooney, 2016;
Pradhan et al., 2016; Regier
et al., 2016; Roudsari and
West, 2016

Gu and Mooney, 2016;
Morgan et al., 2016;
Pradhan et al., 2016;
Roudsari and West, 2016;
Samavedi and Joy, 2017

Gu and Mooney, 2016;
Pradhan et al., 2016;
Samavedi and Joy, 2017;
Yue et al., 2018

Gu and Mooney, 2016;
Morgan et al., 2016; Regier
et al., 2016; Roudsari and
West, 2016

Zervantonakis et al., 2012;
Sackmann et al., 2014;
Sung and Beebe, 2014; Gu
and Mooney, 2016; Morgan
et al., 2016; Regier et al.,
2016

Mishra et al., 2015; Guller
etal., 2016; Pence et al.,
2017; Kulkarni et al., 2018

Composite Biomaterials to Modulate Stiffness and

removing unnecessary byproducts of cell metabolism. Thus,
these bioreactors are systematically tuned and automated to
ensure cells experience optimal growth conditions. In perfusion-
based 3D cancer cell culture, gene expressions of apoptosis
and hypoxia are found to be comparable to tumor xenografts
(Ma et al,, 2012; Hirt et al., 2015). Perfusable tumor models
were also used to simulate metastatic seeding of breast cancer
cell lines in an acellular lung scaffold. Tumor nodules formed
quickly within the perfused lung, showing high percentages of
Ki-67-positive cells (a proliferation marker) and low percentage
of Caspase 3-positive cells (an apoptosis marker). Histology of
the tumor nodules matched the primary tumor type (Pence
et al,, 2017). MCF-7 and MDA-MB-231 spheroids were cultured
on a perfusable tumor model and treated with a combination
of hyperthermia and chemotherapy. The perfused spheroids
displayed increased resistance to both the hyperthermia and
combination therapies when compared to the spheroids cultured
on the same scaffold, but not perfused. This increased resistance
to therapy indicates the importance of constant perfusion in
tumors (Kulkarni et al., 2018).

Biocompatibility

Stiffness is defined as the resistance of an object to deformation
when a force is applied. As in vitro technology advances,
creating scaffolds or tumor models with defined stiffness or
matching stiffness of known tumor tissue become attractive
strategies. Frequently, stiffness is recapitulated by incorporation
of a natural, synthetic, or composite hydrogel. Natural matrices
utilize ECM proteins such as collagen, laminin, HA, Matrigel™,
fibrin or polysaccharides (alginate, chitosan) and synergize well
with cells and are able to be degraded (Gu and Mooney, 2016;
Pradhan et al., 2016; Regier et al., 2016; Roudsari and West, 2016).
Synthetic matrices are often hydrogels composed of synthetic
biocompatible polymers, polyacrylamide (McGralil et al., 2014),
polycaprolactone (PCL) (Guiro et al., 2015), poly(ethylene glycol)
(PEG) (Pradhan et al,, 2017) to name a few, whose stiffness
can be precisely tuned by concentration and multiple cross-
linking chemistries. Synthetic matrices, however, can be cytotoxic
in varying degrees to seeded or encapsulated cells due to the
presence of initiators, catalysts or by-products and inherently
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incompatible with cells (Gu and Mooney, 2016). To increase
biocompatibility of such synthetic polymers, whole-molecule
ECM proteins are conjugated (termed composite matrices) to
promote adhesion of cancer cells while maintaining stiffness of
macroscopic scaffold (Gu and Mooney, 2016).

Direct and Indirect Communication via Co-cultures
Ample evidence shows that the native breast cancer
microenvironments are supported by stromal, vascular and
immune components to aid proliferation and tumor progression
(see section Stromal Component). One of the most accessible
forms of co-culture in vitro utilizes conditioned media.
Conditioned media contains the secretome of an effector cell
type that is transferred onto a responder cell type (Regier et al.,
2016). Another method is to utilize a permeable membrane
(Slater et al., 2011) between two separate cultures allowing to
communicate between the two different and separate cell types
with or without direct contact. A trans-well assay is a relatively
well-established co-culture model with a permeable membrane
that physically separates two different cell types, while allowing
to communicate via secretomes (Majety et al., 2015).

To effectively culture separate cell types together, microfluidic
or spheroid models are used. Spheroids are in essence cells
that self-assemble into a spherical shape. Multiple cell types
can be incorporated into one spheroid creating a simple,
robust 3D co-culture model (Gu and Mooney, 2016; Morgan
et al., 2016). Spheroids of SUMI159 breast cancer cells and
293T fibroblasts were created using the magnetic levitation
method and treated with doxorubicin. The heterospheroids
displayed increased doxorubicin resistance when compared to
2D control cultures. Additionally, the heterospheroids treated
with doxorubicin displayed decreases in tumor size and density
similar to xenograft-based tumors treated with doxorubicin
(Jaganathan et al,, 2014). The degree of spatial and temporal
control offered by microfluidic models allows close cell-cell
contacts and complex geometries to be constructed. With such
complex patterns, multiple cell types are able to communicate
and influence each other (Sung and Beebe, 2014; Regier et al.,
2016). For instance, a microfluidics chamber is constructed to
co-culture cancer cells and fibroblasts, demonstrating that the
co-culture system enhances proliferation, paclitaxel resistance,
and fibronectin expression relative to a mono-culture system
(Jeong et al.,, 2016). Utilizing the precise patterning and control
of microfluidics, 3D vascular networks can be constructed
to examine how cancer cells extravasate (Chen et al., 2013;
Jeon et al., 2015) and intravasate (Zervantonakis et al., 2012)
during metastasis. These complex microfluidic models represent
“tumor-on-a-chip” technologies which aims to mimic the cellular
heterogeneity and structure of tumors (Sung and Beebe, 2014;
Tsai et al., 2017).

Vascularization remains a very important step in tumor
progression and there are 3D models available which seek to
replicate this phenomenon. Utilizing a bioprinting method called
laser direct-write, MDA-MB-231 breast cancer cells were co-
cultured with fibroblasts and MCEF-7 breast cancer cells by
printing onto live rat mesentery. The ex vivo rat mesentery
contained live blood vessels, lymphatic vessels, and interstitial

cells. The thin slices of mesenteric tissue facilitate viewing with
confocal microscopy. After 5 days of culture, mesentery sections
where MDA-MB-231 were printed showed increased number
of new capillary sprouts in comparison to mesentery sections
without any printing (Phamduy et al., 2015; Burks et al., 2016).
Vascularization during tumor progression was also modeled in
a hydrogel composed of an internal collagen/colorectal cancer
cell core and an external stromal cover composed of laminin,
fibroblast, and endothelial cells. Vascular networks during co-
culture formed cobblestone patterns with longer, but less
interconnected vascular branches compared to vascular networks
during stromal culture alone (Magdeldin et al., 2017).

Despite this ample evidence, most of recapitulated breast
cancer microenvironments were formed by rather single
constituent of ECM protein and simple alteration of scaffold
stiffness. Animal models (e.g., PDXs) also showed to evolve over
several passages. Attempts to build better breast cancer
microenvironments included perfusable tumor models,
modulating stiffness and biocompatibility and communication
via cell-cell contact or secretomes. The next section adds more
emerging technologies to better mimic the native breast cancer
microenvironments.

REVISITING THE UNDERDEVELOPED
CUES OF BREAST CANCER
MICROENVIRONMENTS

Tumor and Matrix Stiffness

The majority of stiffness studies are often performed using
rat tail collagen type I (Mason et al,, 2013; Branco da Cunha
et al., 2014; Wei et al, 2015). The most common results
are that increased matrix stiffness promotes an aggressive,
more metastatic cancer cell. This is largely contributed to an
increase in ECM deposition along with ECM cross-linking,
usually by the lysyl oxidase family (Egeblad et al., 2010).
Matrix stiffness modulation activates MAPK and AKT/PI3K
pathways (Figure 2), which are both proliferation and survival
pathways, respectively. Increased stiffness prompts cancer cells
out of senescence and also promotes the TAZ (transcriptional
coactivator with PDZ-binding motif) pathway, resulting in
proliferating CSCs. Clinically, the stiffness of breast tissue can be
used clinically as diagnostic and prognostic predictive measures.
Of a cohort of 362 with breast cancer and 656 healthy patients,
breast tissue stiffness was found to correlate with breast cancer
risk (Boyd et al., 2014). This study was performed by estimating
breast tissue stiffness from mammogram data. Additionally, a
cohort of 55 patients with varying degrees of breast tissue
stiffiness was treated with chemotherapy and their response
was measured. Patients with less stiff breast tissues responded
better to chemotherapy than patients with stiffer breast tissues,
indicating that stiffness can be a predictive tool for breast
cancer patients (Hayashi et al., 2012). As tumors progress,
cancer cells themselves begin to soften while increasing ECM
content to contribute to a higher stiffness overall (Plodinec
et al,, 2012). During tumor progression, tissue stiffness is altered
and expressions of various ECM proteins vary depending on
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location within the tumor (Figure 3). The MMTV-PyMT mouse
model generates spontaneous breast cancer and spontaneous
lung metastases and when injected with fibroblasts secreting
CXCL12 can initiate matrices with varying degrees of stiffness
within the tumor. The tumors were resected and the matrix
stiffness was evaluated. The mice were continuously monitored
to examine the effects of tumor stiffness on local and metastatic
recurrence. Of note, metastasis was inversely correlated with
tumor stiffness, suggesting that ECM properties and content
beyond matrix stiffness contribute to metastatic progression
(Fenner et al, 2014). In another report (Chaudhuri et al,
2014), alginate and reconstituted basement membrane composite
scaffold can change stiffness and composition in a modular
fashion. Stiffness alone can induce normal mammary cells into
malignant, invasive, and non-growth restricted. The combination
of stiffness and composition can modulate mechanotransduction
pathways as well. In addition, cancer cells altered with an
increasing stiffness profile may alter stromal interactions within
the tumor as demonstrated recently using a co-culture of pre-
adipocytes and breast cancer cells on a microwell array with
variable stiffness. ECM stiffness increased as a direct result of this
co-culture and the differentiation potential of the pre-adipocytes
was decreased on stiffer hydrogels (Yue et al., 2018). While the
role for stiff matrix has been well defined, alterations in matrix

stiffness between the primary tumor and sites of metastasis are
less well understood. In general, metastatic cells move from
a stiff primary tumor to a soft tissue. Cellular adjustments to
these new mechanical cues warrant investigation as they may
provide insight to cell dormancy, drug resistance and time
to recurrence. Preliminary studies evaluating this are seen in
metastatic ovarian cancer where the cells prefer a softer matrix
soil, demonstrating advantages of which cancer cells grow on a
less stiff matrix (McGrail et al., 2014). For ovarian cancer, this
mechanosensitivity is controlled by the Rho-ROCK pathway—a
key actin rearrangement pathway. These data suggest that cancer
cells have a mechanical preference depending on the stage, type,
and subtype of cancer.

Tumor Density and Porosity

As cancer progresses, tumor density increases similar to tumor
stiffness. In breast cancer, tumor density affects estrogen receptor
alpha (ERa) responses. When ERa-positive cells were cultured
on high density matrices, the cross-talk with prolactin receptor
pathway resulted in enhanced growth and insensitivity to
hormone antagonists, while initiating collagen reorientation on
the substrates (Barcus et al., 2015). Similar outcomes were found
when this study was translated in vivo using a mouse model. Mice
treated with an isoform of collagen type I displayed increased
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FIGURE 3 | Correlating mechanical properties and ECM reorganization during human breast cancer progression. Stiffness distribution and respective H&E stained
sections (A) of normal mammary gland tissue (top), benign lesion (middle) and malignant tumor (bottom). Stiffness distribution of normal breast tissue is unimodal and
the histology shows the terminal ductal lobular unit of a normal mammary gland fenced by interstitial connective tissue. A benign lesion reveals a unimodal, but
broader stiffness distribution with an increase in stiffness compared with the healthy sample. The histology of benign lesions reveals extensive fibrotic stroma
interspersed with fibroblasts typical for fioroadenoma. Invasive cancer shows heterogeneous stiffness distribution with a characteristic soft peak, where the histology
shows an invasive breast carcinoma with infiltrating nests of cancer cells that have evoked a dense fibrous tissue response. Scale bar applies to all images, 50 wm.
The distinct ECM stiffness and structure of late MMTV-PyMT cancer was probed by atomic force microscopy (B) and immunohistochemistry (C). Gradual stiffening
from the core to the periphery was observed. Mechanical heterogeneity increased and is most extensive at the periphery (B). While collagen type | and laminin-111
were virtually absent in soft tissue (the core), the heterogeneous presentation (brown staining) of collagen type | and laminin-111 was increased at the periphery as
evidenced in (C). Scale bar applies to all images, 50 um. (A-C reproduced with permision from Plodinec et al., 2012).
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circulating tumor cells (CTCs), an increase in the number of
lung metastases and reorientation of collagen type I (Barcus
et al.,, 2017). Tumor density also correlates to changes in the
metabolism of cancer cells. When cancer cells were grown on
high density matrix of collagen type I, the attenuation of the
oxygen consumption and glucose metabolism were observed
(Morris et al., 2016). Breast tissue density is often found to be
a risk gauge for developing breast cancer (Morris et al., 2016).
As a tumor progresses and the ECM increases with in deposition
and cross-linking, the density of a tumor also increases. Figure 4
shows immunofluorescent and scanning electron microscopy
(SEM) results of ECM network organization (Hielscher et al.,
2012). The immunofluorescent staining (Figure 4A) shows the
distribution of ECM networks within various breast cancer
cell lines, including MCF10A, MCF7, and MDA-MB-231, and
compares it to a large deposition of ECM networks found
with neonatal foreskin fibroblasts (fFB). Using SEM (Figure 4B),
fibers in the ECM of the breast cancers and fFBs are both
thin- and large-diameter ranging from 0.1 to 0.5 pm. The ECM
fibers of MCF10A show a relatively higher organization with
a variety of interconnected fibers while those of MCF7 show
lower organization with less interconnection between the fibers.
The ECM architecture of MDA-MB-231 is a relatively spare
fiber network with thin-diameter fibers. In contrast, the ECM
of fFB exhibits higher organization with both interconnection
and a wider range in the diameter of the fibers. Features of the
ECM have been known to affect tumor progression (Sadlonova
et al.,, 2009), in which normal breast-associated fibroblasts and
CAFs have a differential impact on breast cancer progression.
CAFs have a more significant impact on the structure of the
surrounding ECM (Fullar et al., 2015). Another study took a

step further and showed which specific hallmarks of cancer
are influenced by CAFs (Shiga et al, 2015). Investigating the
influence of CAFs provided a glimpse into certain mechanisms
involved in tumor progression, and further study on the
influence of a larger range of ECM proteins and genes may
end up providing great insight into multiple aspects of tumor
progression. Another area of research that may generate greater
understanding on tumor progression is on the effect of ECM
porosity. It stands to reason that the porosity of a tumor decreases
because of increased ECM deposition (Wozniak et al., 2003;
Haeger et al., 2014), while the effect of tumor pore size has yet
to be evaluated alone. The importance of porosity is suggested
to demonstrate that the ability of a matrix to provide optimal
cell-cell contact and to results in differences in secreted factors
(Qazi et al., 2017) and the ability to control spatial regulation of
cancer cells of understated factors such as CSC phenotype and
cadherin-mediated effects.

Cell Migration and Morphology in 3D ECM

Collagen constitutes a sizable portion of protein in the body, it
is no surprise that many changes of collagen composition and
orientation occur during cancer progression. Specific collagens
of interest are fibrillar collagens type I, III, and V as well as non-
fibrillar collagen type IV. Typically, collagens type I and III are
increased and collagen type IV is decreased as cancer progresses.
As cancer progresses, cancer cells will degrade the basement
membrane of a tissue as cancer cells become more invasive, which
explains the decrease in collagen type IV (Cavallo-Medved et al.,
2009). With the increases in fibril collagens, a change in the
alignment of collagens occurs in that normal curly/anisotropic
fibril collagen thicken and linearize as tumors progresses in breast

MCF10A

MCF7

FIGURE 4 | Correlating cell type and ECM architecture after decellularization. (A) Immunofiuorescence (IF, scale bars, 50 um) staining showed sparse distribution of
ECM from multiple breast cancer cell lines, while abundant ECM deposition by human neonatal foreskin fibroblast (fFB). (B) To further visualize the deposition of ECM
from the breast cancer cell lines, scanning electron microscopy (SEM, bottom row, scale bars 1 um) was utilized. MCF10A shows organized, interconnected fiber
morphology of ECM; MCF7 has a less organized arrangement of ECM fibers; MDA-MB-231 has a thin, sparse fiber morphology; fFB has a copious monolayer of ECM
containing both large and thin-diameter fibers. ECM fibers (0.1- to 0.5 wm diameter) indicated by arrows. (A,B reproduced with permission from Hielscher et al., 2012).

MDA-MB-231 fFB
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tissue (Provenzano et al., 2008; Conklin et al., 2011). This change
increases the stiffness of the ECM, leading to the progression
of breast cancer via activation of stiffness associated pathways
(Egeblad et al., 2010). It can be inferred that linearized or aligned
fibers provide roadways for invasive, aggressive breast cancer
cells to migrate. In fact, this idea is also used to create so called
apoptosis-sink for glioblastoma multiform (Jain et al.,, 2014).
The sink is an extracortical drug-conjugated hydrogel with an
intracoritcal PCL-nanofiber roadway for glioblastoma cells to
migrate along. Many of the glioblastoma cells that had entered the
engineered hydrogel underwent apoptosis in vitro. Implantation
of the hydrogel sink into mice brain with glioblastoma tumors led
to a decrease in tumor volume in vivo. While not breast cancer
specifically, other engineering 3D platforms have shown cancer
cell line changes in drug resistance as well (Fong et al., 2013). Of
particular interest are Ewing sarcoma cells cultured and drugged
on 3D electrospun PCL scaffolds, where Ewing sarcoma cells
showed an increase in drug resistance to doxorubicin compared
to in vivo xenograft models of the cell line.

Morphologies of breast cancer cells differ on aligned fibers
vs. randomly assorted fibers. When breast cancer cells were
cultured on electrospun PCL-scaffolds either with an aligned
or a random orientation, the proliferation of MDA-MB-231 (a
very aggressive, chemoresistant cell line) was attenuated on both
aligned and random orientation scaffolds of electrospun fibers in
comparison to standard 2D culture methods (Guiro et al., 2015).
However, when MDA-MB-231 cells were cultured on randomly
assorted fibrous scaffolds, the breast cancer cells displayed a more
rounded morphology distinguished from the spread, spindle-like
morphology of MDA-MB-231 in 2D culture. The spindle-like
morphology of MDA-MB-231 was more conserved on aligned
fibrous scaffolds. These data indicate that fiber alignment can
dictate cell movement within tumors and cell morphology.

ECM Proteins-Collagens, Glycoproteins,

and Proteoglycans

The most common components of all ECMs are collagens with
a total of 28 different isoforms. As discussed earlier in section
Tumor and Matrix Stiffness. (Tumor and matrix stiffness),
collagen stiffness is higher in breast cancer as breast cancer
progresses to expedite invasion and movement of cancer cells
(Wyckoft et al.,, 2007). Fibronectin is a glycoprotein that is
strongly upregulated in breast cancer (Sottile and Hocking,
2002), specifically in metastasis and invasion. Fibronectin is
expressed by CTCs (Raimondi et al, 2011), and promotes
invasion via STAT3 pathway and metastasis via MAPK pathway
(Qian et al, 2011; Balanis et al, 2013; Figure2). Laminin
consists of the majority of the non-collagenous basement
membrane. Several laminin isoforms promote the progression of
cancer often through affecting cancer cell adhesion, specifically
integrin binding and E-cadherin expression (Zahir et al,
2003; Kwon et al., 2012). E-cadherin adhesion and matrix
binding are closely linked cellular processes (Figure 2). When f-
catenin dissociates from E-cadherin, phosphorylated p-catenin
is degraded by proteasome. In contrast, non-phosphorylated

B-catenin is translocated to the nucleus and functions as an
activator for T-cell factor (TCF) transcription factors, resulting in
adhesion and tumor development. ECM proteins or Wnt ligand
can phosphorylate ILK, which in turn inhibits phosphorylation
of GSK3f and activate Wnt target genes. Stabilizing mutations
in the PB-catenin N-terminal sequence were found in 25%
of metaplastic breast cancers (Hayes et al., 2008). Increased
cytoplasmic and nuclear B-catein levels were observed in 40% of
primary breast cancers and correlated with poor prognosis and
worse patient survival (Sormunen et al., 1999; Lin et al., 2000;
Karayiannakis et al., 2001; Ryo et al., 2001; Ozaki et al., 2005;
Prasad et al., 2008).

In addition to collagen, fibronectin and laminin, relatively
underutilized ECM proteins, such as glycosaminoglycans,
proteoglycans, and matricellular proteins, influence breast cancer
development and progression. Syndecan (SDC) is a member
of heparan sulfate proteoglycan (HSPG) family, where SDC-
1 promote cancer cell proliferation (Maeda et al., 2004; Baba
et al., 2006) and integrin-mediated binding for cell adhesion
and migration (Beauvais and Rapraeger, 2003). The expression
of SDC-1 changes from within the cancer cell to ectopically
during EMT (Loussouarn et al., 2008), indicating that available
SDC-1 within a scaffold could be useful for investigating cell
migration. Another HSPG of interest are glypicans (GPC)
whose isoforms have opposite effects. The most well-researched
glypican is GPC-3, specifically for its tumor suppressor effects
by inhibiting Insulin-like GF (IGF)/Wnt (Wingless-type MMTV
integration site family) signaling and phosphoinositide 3-
kinase (PI3K)/AKT signaling (Buchanan et al., 2010). Ectopic
expression of GPC-3 shows decreases in proliferation of breast
cancer cells both in vitro and in vivo (Peters et al., 2003),
while GPC-1 is highly expressed in breast tumor compared to
regular breast tissue. Lumican is a member of the small leucine-
rich repeats proteoglycans (SLRPs). Specifically, low levels of
lumican correlate to poorer outcome for patients treated with
endocrine therapy (Troup et al, 2003). This could be due to
lumican’s suppressing effects on cancer cells through regulating
ER functions. Lumican alters cancer progression by suppressing
proliferation, migration, and invasion as well as upregulating
epithelial markers and downregulating mesenchymal markers in
an ER-independent fashion (Karamanou et al., 2017). Lumican
is not likely to be incorporated into a synthetic scaffold
but can be found on decellularized scaffolds (Jadalannagari
et al., 2017; Muhamed et al., 2017). Lysyl oxidases (LOX) are
enzymes which catalyze the cross-linking of fibrillar collagens
and elastin. Increasing tumor cross-linking is directly related
to increases in tumor stiffness, thus LOX is a key factor found
in tumor progression. Clinically, LOX expression is correlated
with a poor prognosis (Sakai et al., 2009). Direct inhibition
of LOX yields reduced tumor size and stiffness, resulting in
a delay in tumor progression (Levental et al, 2009). LOX-
like protein 2 (LOXL2) is albeit non-traditional ECM cross-
linking reagent in breast cancer metastasis to the lung. The
LOXL2 association with EMT regulatory transcription factor
Snaill stabilizes Snaill expression, promoting breast cancer
cells to undergo EMT. Additionally, LOXL2-overexpressed cell
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lines demonstrate increased metastatic seeding from tail vein
injection (Salvador et al., 2017). Betaglycan or transforming
growth factor (TGF)- BIII receptor promotes tumor growth in
TNBC (Jovanovic et al., 2014) and the shedding of its ectodomain
suppresses TGF-beta signaling and breast cancer migration
(Elderbroom et al., 2014).

One way to incorporate a majority of these obscure ECM
proteins in a breast cancer microenvironment is to decellularize
tumor tissue. Decellularization is a technique which aims to
remove native cells within a tissue while maintaining the
specific architecture and structural proteins. By decellularizing
tumors, 3D models are created that can accurately replicate
the complexity of in vivo ECM proteins with similar material
properties (stiffness, density, pore size, fiber alignment, etc.)
(Lu et al, 2014). When repopulating an acellular scaffold
derived from a xenograft of pulmonary adenocarcinoma, MCEF-
7 proliferation was altered similar to in vivo rates. Additionally,
secretions of IL-8, bFGFE, and VEGF by MCF-7 were increased
on the decellularized scaffold compared to cultures on 2D TCPS
and Matrigel™ (Lu et al., 2014). A recent report from Dunne
et al. shows that in decellularized adipose tissue scaffolds, MCF-
7 and BT474 breast cancer cells lines proliferate at a slower rate
similar to in vivo models and have increased drug resistance when
compared to 2D models. These findings suggest decellularized
ECM may provide a strong in vitro matrix model for screening
drugs and profiling cancer (Dunne et al, 2014). Strangely,
somewhat opposite results were found when culturing T47D
and BT474 breast cancer cell lines on hydrogels consisting of
decellularized, lyophilized mouse breast tissue, named tissue
matrix scaffold (TMS). The proliferation rates of breast cancer
cells on TMS were faster than a 3D collagen matrix, 3D laminin-
rich matrix, and a 3D synthetic poly (lactic-co-glycolic acid)
(PLGA) scaffold. Additionally, drug resistance was decreased on
TMS when compared to the other 3D scaffolds (Rijal and Li,
2017). A perfusable decellularized murine lung model was used to
grow various lung cell lines successfully as evidenced by forming
nodules when perfused through a bioreactor connected to the
decellularized lung. These nodules display similar qualities to
both typical lung cancer and metastatic lung cancer (Mishra et al.,
2015). Despite positive outcome, tumor decellularization remains
an incomplete and very inaccessible option. Decellularized
matrix cannot provide the stromal cues and all of the molecular
factors that are part of the native tumor microenvironment.
Tumor decellularization is dependent on access to relevant
tissues and which comes with an inhibiting cost. Access to
patient samples is inherently limited since the standard of care
methods ensure any tissue removed during patient biopsy is used
for treatment purpose, specifically pathological review (Morgan
et al., 2016). The cost of relevant decellularized tumor is also
due to the high cost of maintaining colonies of mice with PDXs
(Pompili et al., 2016).

The proteins covered in this section are a small selection
of ECM proteins that have been found or used in an in vitro
3D model for cancer research purposes. For a more detailed
description of ECM proteins in breast cancer, readers are
recommended to read the following two reviews (Hoye and Erler,
2016; Insua-Rodriguez and Oskarsson, 2016).

Primary and Secondary Tumor Site

Differences

By the time metastasis occurs, the primary tumor site becomes
a hard place to survive and grow. The tumor and surrounding
areas become exceedingly stiff as a result of desmoplasia.
Little vascularization results in hypoxic conditions, leading to
more vascularization and pathways involved with invasion and
metastasis. Collagen fibers begin to orient themselves in different
ways, specifically curly and anisotropic fibers begin to linearize
and orient themselves perpendicular to the tumor boundary
facilitating invasion and metastasis (Provenzano et al., 2008;
Egeblad et al., 2010; Conklin et al., 2011). Aside from the normal
structure and function of the tissue, the primary tumor often
secretes factors into exosomes that can prime the secondary
site for metastasis. These factors alter ECM composition
at the secondary site, creating a favorable environment for
metastatic seeding (Hoye and Erler, 2016). Proteomic data
provided by the Matrisome Project have highlighted differences
of ECM composition between primary and secondary tumor
sites. Proteomic profiles of differential metastatic potential are
included in the following references (Naba et al., 2012; Gocheva
et al,, 2017) with human colon, liver, and corresponding tumors
(primary in colon, metastatic lesion in liver Naba et al., 2014). The
samples in these cases were decellularized in milder conditions
leaving a minimal amount of intracellular protein.

As cancer progresses in the tumor microenvironments, such
progressive changes are distributed farther to the margins of
tumors. These changes may prime the area for recurrence
following treatment (mastectomy, radiation, etc.). The altered
breast cancer microenvironment following these therapies is
referred to as the remnant microenvironment. It is important
to note that these changes can potentially be picked up
by utilizing cell-specific prognostic biomarkers in a recent
report (Casbas-Hernandez et al., 2015). Adjacent tissue can
be altered to CSC-like phenotypes, specifically TNBC being
the most altering based on patient tumor data (Atkinson
et al, 2013). Considering CSCs reinitiate tumor formation
following primary therapy, CSCs play a crucial role in the
remnant microenvironment. For example, when hepatocellular
carcinoma cells are treated with chemotherapy and cultured on
either stiff or compliant matrices, cancer cells cultured on soft
substrates show a clone-initiating ability and present a CSC
phenotype, as evidenced by significant increases of pluripotency
transcription factors OCT4 and NANOG. This suggests that
following chemotherapy, a stem-like quality of metastatic tumor
cells found in less stiff microenvironments (Schrader et al.,
2011).

Tumor stiffness is correlated with cancer progression and
in vitro studies with collagen-only scaffolds at increasing stiffness
shows higher drug resistance and proliferation. However, this is
a simplistic view in that such increased stiffness does not account
for cell migration from primary tumor (stiff) to new metastatic
site (soft), where a soft matrix may induce cell dormancy and
facilitate CSC phenotype, leading to recurrence and loss of
response to primary therapy at metastatic sites. A few preliminary
studies have initiated these evaluations in organs outside of
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breast tissues. For instance, metastatic ovarian cancer cell lines
(e.g., SKOV-3) showed a correlation between drug resistance
and decreased focal adhesion formation (McGrail et al., 2015),
where decreased focal adhesions are indicative of cells cultured
on a softer matrix (Yeh et al., 2017). These results support the
claim that metastatic ovarian cell lines prefer a softer substrate
(McGrail et al., 2014). Together, the movement of cells from
primary tumor to soft surrounding matrix may lead to loss of
focal adhesion and provide insight into novel mechanisms of
drug resistance at metastatic sites (McGrail et al.,, 2014). For
instance, breast cancer cells often metastasize to the brain, lung,
and liver. All of these metastatic sites are softer than primary
breast tumors. While not yet demonstrated, the movement of
breast cancer cells from a stiff environment to a soft tissue may
provide mechanism for cell dormancy and drug resistance. The
exception to this scenario is breast cancer metastasis to bone,
where drug resistance may be facilitated by the milieu of growth
factors and more rigid matrix in the new environment (Cox and
Erler, 2011).

In this section, we reviewed the biophysical
microenvironments (stiffness, density and porosity) of breast
tissue of patients were altered during breast cancer progression
and chemotherapy. This alteration is a risk gauge for breast
cancer stages. As breast cancer progresses, cells in primary and
secondary (metastatic lesion) experienced different stimuli and
responses. In the following two sections, we will focus on breast
cancer microenvironments with biochemical factors (section
Biochemical Properties to Further Develop Breast Cancer
Microenvironments) and with 3DBP (section 3D Bioprinting).

BIOCHEMICAL PROPERTIES TO FURTHER
DEVELOP BREAST CANCER
MICROENVIRONMENTS

In breast cancer microenvironments, biochemical factors are
stimulated by tissue-resident cells to secrete soluble factors.
For a synthetic scaffold to properly mimic the breast cancer
microenvironment, the proper composition of the soluble factors
needs to be added to guide breast cancer cell behavior. The main
biochemical factors include ECM proteins along with enzymes
responsible for ECM remodeling (MMP or TIMP) and soluble
factors accompanied with ECM proteins (GFs).

Matrix-Associated Proteins Responsible
for Remodeling Breast Cancer

Microenvironments

Exploring the critical ECM and matrix-associated proteins aids
in understanding why they should be an integral component in
an in vitro matrix. Cancer-associated inflammatory cells produce
cytokines, chemokines, MMPs, and other factors to mediate
carcinogenesis and metastasis in lungs (Mao et al., 2013; Shi et al.,
2015). A biomimetic scaffold devoid of key factors results in an
inaccurate model for ex vivo experiments. For example, cytokines
are important in intercellular communications and regulate CSC
phenotype (Ye et al., 2014). Chemokines are key components
of cancer-related inflammation via leukocyte recruitment and

function, cell senescence, tumor cell proliferation and survival,
tumor progression, invasion, and metastasis (Camnitz et al,
2012). Some examples include TGF- o/f guiding tumor-
adipose cell interactions and CCL2/5 for tumor-tumor-associated
macrophage interaction. MMPs are involved in all stages of
cancer progression, including tumor proliferation, adhesion,
migration, and differentiation to name a few (Siefert and Sarkar,
2012; Mao et al,, 2013). Activity of MMPs plays an important
role in the invasion and extravasation of breast cancer cells,
serving as biomarkers of progression and metastasis for tumor
cells to invade the surrounding tissues. MMP-7/9/12 (tumor-
associated macrophages), MMP-9 (embryonic cells), MMP-
11 (adipose cells) and a myriad of MMPs are known to
interact with CAFs, while also causing a transition of mature
stromal cells to tumor cells (Mao et al, 2013). The large
amount of research into the interaction between MMPs and
various cells located in the breast cancer microenvironment
impresses the importance of the addition of signaling between
key stromal cells into an engineered native-like breast cancer
microenvironments.

Soluble Factors to Direct Breast Cancer

Cell Behaviors
Hormones that influence tumor growth are delivered via the
blood stream and create a gradient within the microenvironment.
These hormones include estrogens, which strongly influence
breast cancer development, and testosterones, which target
prostate carcinoma progression (Thoma et al, 2014). Some
immunosuppressive myeloid lineages promote angiogenesis
through the secretion of soluble GFs. Vascular endothelial
growth factor (VEGEF), fibroblast growth factor (FGF), and
TGE-f are three important GFs that promote this angiogenesis
(Motz and Coukos, 2011). To gain trans-endothelial entrance,
cells secrete MMP-1/2/3/10, TGF-B, and VEGF. Leading cancer
cells enhance vasculature permeability particularly at the site
of extravasation, where normal endothelial cells are organized
(Wan et al., 2013). In the case of TNBC, cancer metastasis
involves tumor microenvironment factors as peripheral signals
including epidermal growth factor (EGF) and insulin-like
growth factor I (IGF-I) at distant tumor sites (Castano et al,
2013). To increase the expression of transcription factors
associated with pluripotency, proliferation, and phenotypic
transition, EGF and IGF-I must be available in the tumor
microenvironment. Combinatorial therapy to target EGF and
IGF-I signaling prevents metastatic growth, suggesting plasticity
and recurrence rates are dictated by host systemic factors and
potentially a candidate therapy for patients (Castano et al,
2013).

Establishing the importance of the biochemical factors found
in the breast cancer microenvironment expresses the need for a
more accurate in vitro model. The complexity of the breast cancer
microenvironment, paired with the lack of accurate models
further proves why more research is required. All the various
biochemical components have their own role in the tumor life-
cycle, thus finding ways to effectively apply them to a synthetic
scaffold should be the focus moving forward.
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Natural and Synthetic Biomaterials to
Modulate Breast Cancer

Microenvironments

To engineer breast cancer microenvironments, natural and
synthetic biomaterials are required to create a scaffold that
mimics the breast cancer ECM. Natural biomaterials such as
alginate, collagen type I, reconstituted basement membrane
(Matrigel™), laminin, and HA were the first and most commonly
used materials due to their cytocompatibility, intrinsic cell
adhesion properties, and ease of remodeling (Elsdale and
Bard, 1972). Synthetic materials include polyacrylamide (PA),
polydimethylsiloxane (PDMS), poly(ethylene glycol) (PEG), and
poly(lactide-co-glycolic acid) (PLGA) provide more precise
control of mechanical properties but lack cell adhesion and
cytocompatibility (Gu and Mooney, 2016). In a recent review
(Leggett et al., 2017), models for breast cancer ECM can
comprise of individual ECM component to build the scaffolds,
but more commonly includes a combination of multiple ECM
components. For example, collagens and reconstituted basement
membrane are commonly used together (Nguyen-Ngoc et al.,
2012; Ahmadzadeh et al., 2017; Carey et al., 2017; Guzman et al.,
2017). It is already well documented that traditional 2D and
in vivo animal models do not adequately capture the breast cancer
ECM (Infanger et al., 2013; Gill and West, 2014; Song et al., 2014).
The inability to properly model the breast cancer ECM created a
gap in the modeling of breast cancer ECM.

To confer biological features onto scaffolds, several
biomaterials are functionalized with biochemical cues
or presented to breast cancer cells in the engineered
microenvironments. PEG hydrogels are functionalized with
integrin-binding arginine-glycine-aspartic acid (RGD) peptides
to enhance breast cancer cell attachment and with MMP-
sensitive peptides to promote 3D epithelial morphogenesis of
lung adenocarcinoma (Gill et al., 2012). Additionally, collagen
and reconstituted basement membrane hydrogels are employed
to study tumor-induced angiogenesis by co-culturing various
types of cancer cells with human umbilical vein endothelial
cells (Cross et al., 2010; Seano et al., 2013). Alternatively, it
was shown that melanoma cells cultured in 3D models become
more resistant to immune cells, compared to 2D models (Hirt
et al.,, 2014). Other studies include alginate-chitosan hydrogels to
study the interactions between prostate cancer and lymphocytes
(Florczyk et al, 2012, 2013). Using temperature-sensitive
Pluronic F127 and gelatin methacrylate hydrogels, angiogenesis
is mimicked within vascularized tissue models (Kolesky et al.,
2014). With RGD-modified alginate hydrogels and collagen
type I within microfabricated PDMS scaffold, hypoxic 3D
hydrogels were created to assess tumor angiogenesis (Verbridge
et al., 2010). To better understand the changes of breast cancer
microenvironments due to tumor progression, Matrigel™-
collagen hydrogels were initially constructed to determine the
correlation between matrix stiffness and an induced malignant
phenotype (Levental et al., 2009). Recent improvements allow
for the control of the hydrogel stiffness using alginate instead
of collagen. Because alginate can be ionically crosslinked with
CaClp, the stiffness could be controlled simply by altering

alginate or CaCl, concentration (Chaudhuri et al., 2014) without
reinventing cross-linking chemistry.

While the presented studies have successfully improved the
breast cancer ECM model, they still lack the ability to spatially
control biophysical properties of candidate scaffold for suitable
breast cancer microenvironments. It is already well established
that the breast cancer ECM is highly heterogeneous and the
inability to control the spatial deposition of biomaterials reduces
the accuracy of any model. The highly-organized patterning of
vasculature, cells in their stroma, corresponding architecture
of ECMs are yet readily available. With specific patterning via
high-precision fabrication or 3DBP technologies, the growth
and recapitulation of breast cancer microenvironments with the
highly-organized manner found in natural tissue is feasible.

3D BIOPRINTING
2D to 3D Scaffolding

While 2D modeling is a common starting point for most cancer
models, its simplicity limits applicability for complex, native-like
breast cancer microenvironments. From an engineering point-
of-view the paradigm shift from 2D to 3D can be challenging
but allows for more physiologically relevant models. A 3D
microenvironment provides a physical barrier to processes
such as spreading, proliferation, invasion, and migration
that is not outstandingly present during culture on 2D
surfaces (Lee and Chaudhuri, 2017). Traditionally, modeling
3D microenvironments refers to using in vitro scaffolds or
in vivo animal models. While using 3D scaffolds or animal
models are more accurate in modeling a breast cancer ECM
than 2D surfaces, there are still disadvantages in their use. In a
recent review, the authors produce a comprehensive view on in
vitro tumor models providing advantages and disadvantages for
selecting the right platform (Katt et al., 2016). For example, the
impact of the dimensionality is evidenced by the data showing
that cells cultured in 2D vs. 3D showed drastic changes in gene
expression (Breslin and O’Driscoll, 2016). Initial attempts to
create 3D models included spheroid formation, simple formation
of a matrix in a spherical shape to encapsulate cells (Wang
et al,, 2014; Asghar et al,, 2015; Zhang et al., 2016), hanging-
drop method (HD) using mechanical or automated methods
(inkjet printing), and electrospinning. HD, inkjet printing, and
electrospinning print 3D architectures that allows cells to grow
and mature based on the surrounding environment. Each of the
different methods utilizes different techniques and feeds material
to produce the 3D structures. Comparison between some of these
technologies is detailed here (Knowlton et al., 2015; Peng et al.,
2016).

One of disadvantages of HD, inkjet printing, and
electrospinning, is the lack of control over the structural
architecture of the 3D microenvironments. This limitation
results in stiffness, pore size, and other physical characteristics
having to be adjusted solely based on chemical composition
and cross-linking of feed biomaterials (Peng et al., 2016). In
addition, the HD method is found to have a high level of
difficulty in fabrication because the spheroids are initially
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formed by manually pipetting. Furthermore, the pipetting also
makes it difficult to have a significant level of replicability
in the spheroid size and shape. Eventually the HD method
is automated but the replicability and applicability is still
undesirable when compared to other methods (Ozbolat et al.,
2017). From the basic understanding of the HD method,
advancements in the delivery of the droplets lead to the inkjet
method. The inkjet method utilizes computer-aided programs
to deposit spheroid droplets on a previously designed pattern
with great accuracy (Boland et al., 2006). Electrospinning also
has similar issues with difficulty of use and the applicability
of the produced biomaterials. Concerns over toxicity from
the spinning processing create a major drawback for clinical
application. Due to the need for high electrical fields and harsh
solvents, it is a challenging method to maintain native protein
function (Hinderer et al., 2016). Very few publications focus on
functional electrospinning of ECM molecules (Hinderer et al.,
2012) while a clinical translation has yet to be demonstrated.
HD, inkjet printing, and electrospinning lack the potential for
scalability and ease of use in future biomedical applications,
making it difficult for them to succeed. The disadvantages
inspire researchers to develop more efficient and controllable
bioprinting methods with 3D context.

Types of 3DBP Applicable to Fabricate

Breast Cancer Microenvironments

3D printing is a widely used additive manufacturing process that
deposits materials on a layer by layer basis to produce complex
3D architecture. Historically, 3D printing has been around since
the early 2000’ and advancements in printer design increase their
use and range of applications (Svensson et al., 2011). Traditional
3D printing methods utilize specialty plastics/polymers and
computer-aided software to design and create objects. From
this platform, the existing electrical and mechanical components
are adapted for the extrusion or delivery method, which leads
to the development of 3DBP. While there are many different
types of 3DBP, the extrusion or delivery method distinguishes
each method from one another. The three widely used methods
are extrusion-based, inkjet-based, and laser-assisted bioprinting.
Each of the three methods is not equal but is application specific.
In Table 6, common bioprinting technologies are compared
using metrics that are key to determine which technology would
be best suited for developing a breast cancer microenvironment
model (Knowlton et al.,, 2015; Peng et al., 2016). From the table,
there is no clear favorite bioprinting technology, but choosing
a desirable bioprinting method depends on the limitations of
system being developed and available biomaterials for the chosen
3DBP method.

Extrusion-Based Bioprinting

Extrusion-based bioprinting (EBB) generally uses more viscous
bioinks because syringes dispense the bioink into a cross-
linking chemical or a collector plate. Generally, bioinks used
for EBB have three stages of viscoelastic nature: a) initial bioink
formulation of polymers, cells, and cross-linkers, b) lightly cross-
linked bioink, and ¢) finally a robust heavily cross-linked gel
(Chimene et al., 2016). Ideal properties for partially cross-linked

(Skardal et al., 2010; Boere et al., 2015; Rutz et al., 2015)
and shear-thinning (Cohen et al., 2006; Loozen et al., 2013)
gel-phase inks are already identified. EBB uses a mechanical
mechanism dispensing the ink, layer-by-layer, to produce the
3D construct. The three most used EBB methods are pneumatic
(pressure), piezoelectric (solenoid), and screw-driven (motor).
All the methods provide the same product but utilize different
mechanical methods to extrude the bioink. While most of the
methods is practically interchangeable, personal preference can
be a deciding factor. EBB prints layered structures with a greater
deposition, providing print speed suitable for easier scalability in
a short period of time, when compared to other printing methods
(Ozbolat and Hospodiuk, 2016). The use of EBB is relatively easy
to implement because it uses CAD-ssisted modeling to develop
and print complex structures. This allows for individuals with
limited training to operate the instrument efficiently. The main
limitation of EBB is the slow print speeds and long print times
associated with printing scaffolds.

Laser-Assisted Bioprinting

Laser-assisted bioprinting (LAB) is initially introduced as
stereolithography and is similar to inkjet-based bioprinting (IBB)
since LAB uses a less viscous bioink to create the spheroids
or to directly write onto the tissue (Burks et al., 2016). The
broad label of LAB can be further defined by laser-guided direct
writing (Odde and Renn, 1999, 2000) or modified laser-induced
forward transfer (Ringeisen et al., 2002, 2004). The process is
still expensive because of the need for laser equipment and the
application of the laser. Furthermore, the overall complexity of
the instrument makes it difficult for any user to easily setup and
operate in any setting. The example of laser direct-write onto
living tissues explains a complicated method of bioprinting that
takes a long time to complete the final product while posing
potential threats to patient and user safety. While picking the
optimal bioprinting method is not trivial, choosing the right
materials and their compositions is more challenging. Based on
previous reviews on bioprinting (Zhang et al., 2016), selecting
a right formulation and biophysical properties of the bioink
is a critical step toward the success of 3D bio-printed cancer
microenvironments. While each of the printing methods has
their advantages and disadvantages, the bioink employed in a
specific printing method can determine the survivability and the
key hallmarks (Figure 1) for specific types of cancer.

Inkjet-Based Bioprinting

Inkjet-based bioprinting (IBB), based upon inkjet printer
technology, requires a less viscous bioink to prevent clogging
of the cartridges. IBB is also regarded as the advancement of
the HD method originally used to develop spheroids. Using this
precursor method, users can print scaffold structures by layering
the individual spheroids into a scaffold. Like EBB, IBB uses CAD-
assisted modeling to print the desired object. However, the inkjet
method is shown to struggle with complex 3D structures and the
ability to layer bioink on top of the previous layer. Because of
this issue, inkjet bioprinting produces a complex 2D object rather
than a true 3-D scaffold, when compared to EBB.
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TABLE 6 | Comparison of common 3DBP technologies?.

Performance Extrusion-based bioprinting (EBB) Laser-assisted Inkjet-based References
metric bioprinting (LAB) bioprinting (IBB)
Throughput Medium Low to Medium High Tasoglu and Demirci, 2013
Droplet size 5um to millimeters wide >20-80 um 50-300 wm Guillemot et al., 2010; Tasoglu and
Demirci, 2013; Murphy and Atala,
2014
Spatial Resolution Medium Medium to high Medium Tasoglu and Demirci, 2013
Material/hydrogel 30 mPa.s to >600 kPa.s 1-800 mPa.s <10 mPa.s Chang et al., 2011; Murphy and
viscosity Atala, 2014
Gelation method Chemical, ionic, enzymatic, lonic lonic, enzymatic, Malda et al., 2013
photocrosslinking, shear thinning, photocrosslinking,
thermal, pH thermal
Gelation speed Medium High High Malda et al., 2013
Print/fabrication High Low Medium Malda et al., 2013
speed
Printer cost Medium High Low Murphy and Atala, 2014

9Table adapted with permission from Knowlton et al. (2015).

3DBP in Modeling Breast Cancer ECM

Information and research into biomechanical properties of the
ECM are limited when synthetic scaffolds are employed for
modeling. Biomechanical properties are shown to play a very
important part in modulation the ECM and cell progression
(Hinton et al., 2015; Laronda et al., 2017; Trachtenberg et al.,
2017). Due to the limitations of previous bioprinting methods
(Knowlton et al., 2015), the architecture of the scaffold is
inadvertently neglected because methods such as spheroid
formation and inkjet printing have limited capabilities. 3DBP
methods, such as EBB, regulate the pore size in each layer
printed for a scaffold, allowing for the fabrication of 3D
gradient structures (Sobral et al, 2011; Trachtenberg et al.,
2014). Due to their complex organization of cells and varying
intratumoral permeability, diffusion barriers for mass transport
and drug delivery varies (Paulsen and Miller, 2015). Thus,
careful design of the architecture is required to accurately model
breast cancer ECM. Of the 3DBP methods, EBB shows the
most potential for precise architecture control. Factors of fluid
shear stress and macro-scale architecture have synergistic effects
on tumor phenotype, protein expression, and cell proliferation
(Trachtenberg et al., 2017). Furthermore, previous studies show
that hydrogel architecture including fiber density, size (length
and width), and stress relaxation in addition to hypoxic gradients
increases sarcoma cell migration (Lewis et al., 2017). Stress
relaxation and elastic modulus of the ECM also regulate cellular
responses (McKinnon et al., 2014) including cell motility (Lo
et al., 2000), MSC differentiation (Chaudhuri et al., 2016), and
ECM sensing capability of the cells (Carey et al., 2016).

Examples of 3DBP to Model Breast Cancer ECM

In a recent study (Figure5), 3DBP was utilized to model
interactions between breast cancer cells and bone stromal cells
(Zhou et al., 2016). Scaffolds were developed using a tabletop
stereolithography 3DBP and gelatin methacrylate hydrogel with
nanocrystalline hydroxyapatite (nHA). This study printed MSCs

or human osteoblasts-laden bioinks to develop the cell-laden
scaffold and initiated co-cultures with breast cancer cells. Co-
cultured MSCs/osteoblasts and breast cancer cells on the 3DBP
scaffold showed increased VEGF secretion and enhanced growth
of the breast cancer cells, while inhibiting proliferation of
MSCs/osteoblasts. The group did not specify controlling the
pore size or layer thickness of the scaffolds but altered the
scaffold composition (10 and 15% of gelatin methacrylate with
and without nHA (Figure5). Nowhere did they report the
response due to varying the size parameters and only focused
on the swelling ratio and rheological properties. While the two
properties are a function of pore size and layer height, it would be
interesting to see further breast cancer cell response or metastatic
behavior in bone microenvironments based on the biophysical
properties.

A recent review summarized 3D printed in vitro cancer
models, highlighting advancements made using spheroids,
mono-culture, and co-culture applications (Samavedi and Joy,
2017). Ling et al. investigated tumor spheroid formation using
MCEF-7s encapsulated in sacrificial gelatin arrays. Later, the arrays
were used to fabricate PEG-dimethacrylate concave wells (Ling
et al, 2015). The combination of gelatin and PEG allowed
for a single tumor spheroid formation step, eliminating the
need for an additional seeding step. In another recent study,
concave PEG-diacrylate hydrogel microstructures enabled the
development of single BT474 breast cancer spheroids using a
3D projection printing technology (Hribar et al., 2015). In both
studies, hypoxic cores and necrosis was demonstrated. Dai et al.
showed discrepancies between a 2D and 3D drug resistance
model for temozolomide. By forming glioma spheroids using
a gelatin-alginate-fibrinogen bioink, breast cancer cells in 3D
observed a higher drug resistance than those in 2D culture
(Dai et al., 2016). Two other studies used PEG-based bioinks
to create hydrogels with tunable stiffness showing a significant
difference between 2D and 3D microstructures (Soman et al.,
2012; Huang et al., 2014). While there are many examples of 3D
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FIGURE 5 | An example of 3DBP breast cancer microenvironments. (A) Schematic diagram of direct, 3D bioprinted, cell-laden bone matrix as a biomimetic model for
a breast cancer metastasis study. (B) CAD model of the 3D matrix. (C) 3D surface plot of the bioprinted matrix. Scale bar: 200 um. (D-G) Scanning electron
micrographs (cross-sectional view) of porous matrices: (D) 10% GelMA, (E) 10% GelMA + nHA, (F) 15% GelMA, and (G) 15% GelMA+nHA, respectively. Scale bar:
100 wm. The inset images are photographs of the corresponding matrices. (H,l) Fluorescence micrographs of the 3D bioprinted MSC-laden 10% GelMA matrix; 3D
bioprinted cells were prelabeled by Cell Tracker Green CMFDA dye. GelMA; gelatin methacrylate (A=l reproduced with permission from Zhou et al., 2016).

printing synthetic bioinks for breast cancer modeling, there are  freeform reversible embedding of suspended hydrogels (FRESH),
still very few 3DBP models that successfully use natural bioinks.  is important for printing advanced architecture and shows high
Matrigel™ (Rizvi et al., 2011; Xu et al., 2011), gelatin (Zhao et al.,  potentials for various biomedical applications (Hinton et al.,
2014; Dai et al., 2016), or alginate (Zhao et al., 2014; Dai et al., ~ 2015). Other applicable technologies include development of
2016) are commonly used for 3DBP models, but a gap exists  bioprinted in vitro breast cancer co-cultured model (Leonard
in reported 3DBP employing important breast cancer-associated ~ and Godin, 2016), bioprinting HeLa cells with gelatin/fibrinogen
ECM proteins such as collagens type L, III, fibronectin, laminin,  hydrogel to find differences of MMP expression vs. 2D models
other glycoproteins, and proteoglycans. Incorporation of the  (Zhao et al., 2014), and even bioprinting a brain tumor model
breast cancer-associated ECM proteins as biochemical cues with by extruding glioma stem cells-laden hydrogel (Dai et al,
the spatial acuity controlled by 3DBP will fill the current gap of ~ 2016). The inclusion of spatial control through 3DBP with
bioinks to recreate native-like breast cancer microenvironments.  key biochemical factors will have created a new and more
Furthermore, the adaptability of 3DBP allows for future studies  precise form of the native-like breast cancer microenvironments.
to investigate breast cancer cell behaviors and post-metastatic =~ With the advancements presented here, future directions can be
progression using scaffolds with precisely engineered biophysical ~ made in the field of personalized cancer research, specifically
properties with an easy modification of the native-like breast  therapeutic drug testing and reproducing pre/post-metastatic
cancer microenvironments. microenvironments to effectively capture and expand CTCs.
3DBP offers the ability to easily tailor scaffolds for in vitro
modeling of the breast cancer ECM. Adjusting the pore size, QUTLOOK AND SUMMARY
fiber density, and orientation of the layers shows to alter
cellular responses responsible for tumor progression (Laronda  Research on breast cancer has advanced over the several
et al,, 2017; Lewis et al., 2017). A current 3DBP technology,  decades and we reached several milestones in the application
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of therapeutics, such as chimeric antigen receptor (CAR)
T-cell therapy. However, lacking is physiologically relevant
and competent in vitro breast cancer models to expedite
drug screening trials and to widen available therapeutics with
improved predictable powers. Now, pitfalls of 2D culture is no
longer questioned and efforts are focused on providing better
defined, breast cancer microenvironments to test many novel
hypotheses. ECM is at the center of this idea, allowing us to
control breast cancer cell behavior by signaling directly via ECM
proteins, GFs sequestered/tethered by ECM as well as biophysical
properties of the ECM. Greater controls of the ECM structure of
in vitro models could result in a higher sensitivity and specificity
when testing hypotheses. Difficult questions that could only be
partially answered—or not answered at all—with in vivo methods
may be better answered using these new engineered model
platforms. Furthermore, incorporation of stromal support cells
and physiologically relevant ECM could provide accurate, reliable
3D breast cancer microenvironment models, allowing us to better
understand how specific ECM molecules direct the expression
and activation of immune components and therapies like PD-
L1 inhibitors. Before these specific questions are answered, the
central question is how we handle these multifactorial inputs
with best engineering methods. Here, we proposed to use 3DBP
of ECM proteins via EBB in the absence of toxic chemicals (as
required in electrospinning) or radicals and phototoxicity (as
required in photo cross-linking). Rich knowledge of synthetic,
natural and composite biomaterials is accumulated, conferring
flexibility of materials selection for 3DBP.

3DBP is an additive production of biomaterials, which
emerges recently to fabricate tissues and organs. Printing
resolution is at scales comparable to cell body, enabling
modulation of extracellular signals to cells by continuous
multi-material fabrication at micrometer scale. Evolving bioink
formulations makes 3DBP a more accessible option to prepare
an engineered breast cancer microenvironment for breast
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