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Abstract

About one fourth of all newly identified cases of breast carcinoma are diagnoses of breast ductal
carcinoma in situ (DCIS). Since we cannot yet distinguish DCIS cases that would remain indolent
from those that may progress to life-threatening invasive ductal carcinoma (IDC), almost all
women undergo aggressive treatment. In order to allow for more rational individualized treatment,
we and others are developing in vitro models to identify and validate druggable pathways that
mediate the transition of DCIS to IDC. These models range from conventional two-dimensional
(2D) monolayer cultures on plastic to 3D cultures in natural or synthetic matrices. Some models
consist solely of DCIS cells, either cell lines or primary cells. Others are co-cultures that include
additional cell types present in the normal or cancerous human breast. The 3D co-culture models
more accurately mimic structural and functional changes in breast architecture that accompany the
transition of DCIS to IDC. Mechanistic studies of the dynamic and temporal changes associated
with this transition are facilitated by adapting the in vitro models to engineered microfluidic
platforms. Ultimately, the goal is to create in vitro models that can serve as a reproducible
preclinical screen for testing therapeutic strategies that will reduce progression of DCIS to IDC.
This review will discuss the in vitro models that are currently available, as well as the progress that
has been made using them to understand DCIS pathobiology.
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Introduction

Last year roughly one out of every four newly diagnosed cases of breast carcinoma was
ductal carcinoma in situ (DCIS) [1]. Many women diagnosed with DCIS will receive
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unnecessary care because we currently lack biomarkers to help differentiate between
indolent pre-invasive lesions and those which may progress to invasive ductal carcinoma
(IDC). There is an unmet need to identify biologically important markers in DCIS [2]. In
order to help define these markers and allow for more rational, individualized treatment,
models that accurately recapitulate disease are needed [3]. We and others are developing
such systems in order to identify and validate pathways that play key roles in the transition
of DCIS to IDC. The systems include mouse models, conventional two-dimensional (2D)
monolayer cultures on plastic, and three-dimensional (3D) cultures in natural or synthetic
matrices. Some culture models are comprised solely of DCIS cells (either cell lines or
primary cells). Others are co-cultures, in which additional cell types found in the normal or
cancerous human breast are added. 3D co-culture models can be particularly informative
because they have been shown to accurately mimic the structural and functional changes in
the architecture of the cancerous breast as shown elegantly by Bissell and colleagues (for
review, see [4-6]). In this review article, we will present studies demonstrating that 3D co-
culture models also can mimic the transition of DCIS to IDC. Cell:cell interactions that
enhance this transition can be observed to occur over time. Adapting these in vitro models to
engineered microfluidic platforms further facilitates the study of these cultures over more
extended periods, providing another means of interrogating disease pathophysiology. Each
model system has its own merits and can be a useful tool for answering specific questions.
The advantages and disadvantages of in vivo modeling have been discussed in another
review (Machado and Behbod). In this review we will focus on in vitro systems, their ability
to recapitulate disease biology, and how they may serve as a reproducible and quantifiable
pre-clinical screen for testing therapeutic strategies.

DCIS Cell Lines

Our understanding of cell culture has changed dramatically over the years. As a community,
we now know that tumor cells do not “dedifferentiate” immediately upon being placed in
culture; rather that early methods gave certain stromal components (e.g., fibroblasts) the
edge they needed to take over the sample [7]. Similarly, our understanding of how to apply
this technique to biomedical research has also evolved.

The maintenance of cells isolated from a single source on plastic, also known as 2D culture,
acts as the data workhorse of many research labs around the world. This is especially true in
the broad field of cancer research [8], where a plethora of cell lines are available and provide
a relatively cheap, renewable source of biological material for the characterization of various
tumor types. Generally speaking, when cultured in the absence of other cell types (mono-
culture), these cell lines reliably express the hallmarks of cancer [9] with the exceptions of
angiogenesis and evading immune destruction, which require endothelial and immune cells,
respectively. This makes them ideal for identifying important oncogenes and tumor
suppressors, discerning the mechanism of action for drugs, as well as understanding cell
signaling pathways and how they may contribute to pathogenesis in a particular context. Of
course, the relevance of any cell line is dependent on how closely it resembles the state that
it is supposed to model, and with so many cell lines available some are inevitably less
beneficial than others. Furthermore, the patient-to-patient heterogeneity of these diseases
means that no single-source model will ever accurately represent all cases. Therefore,
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validating research findings using models comprised of cells from more than one line or
patient will continue to be an important practice. This and other factors (reviewed in more
detail here [10, 11]) have made the usefulness of cell lines a well-debated topic for many
decades. Encouragingly, these matters have not only put a greater emphasis on careful study
design and the proper handling of chosen lines, they have also led to the creation of more
applicable model systems.

There are many human breast cancer cell lines available that can be employed to better
understand various aspects of this malignancy. However, despite the fact that DCIS
comprises such a high proportion of newly diagnosed cases of breast cancer, the same
cannot be said for DCIS cell lines. This is likely due to the relatively small size of DCIS
lesions as compared to established, invasive breast tumors. With less tissue, it is difficult to
establish cell lines. As a result, the handful of established DCIS cell lines that do exist
(MCF10DCIS.com in the MCF10 series, S3 in the HMT-3522 series, 21NT in the 21T
series, h.DCIS.01, SUM102PT, and SUM225) have proved to be invaluable to the field, and
represent a variety of breast cancer subtypes. Even so, established cell lines that are cultured
over long periods of time can experience changes in their molecular profiles. A potential
solution is the generation of new cell lines from patient-derived xenograft models or tumor
cells, which should more closely resemble the original tumor.

HER2-Negative DCIS Cell Lines

MCF10DCIS.com is an ER-negative/PR-negative/HER2-negative basal-like cell line that
recapitulates DCIS structures when grown in mice [12-14] and under 3D culture conditions
[14, 15]. As the naming convention suggests, this line is part of the MCF10 series of breast
cancer progression which also includes non-transformed breast epithelial cells (MCF10A),
premalignant variants (MCF10AT), as well as malignant variants (MCF10CA). These
isogenic lines originated from tissue provided by a 36 year-old woman who underwent a
reduction mammoplasty for fibrocystic breast disease [16]. MCF10A cells immortalized
spontaneously and do not form xenografts in nude mice. Cell lines derived from MCF10A,
which contain a stably transfected T24 H-Ras oncogene, do grow as xenografts [17]. The
MCF10DCIS.com line, cloned from an MCF10AT xenograft after it had undergone two
successive trocar passages, forms predominantly high-grade comedo DCIS in vivo [12]. At 3
weeks these lesions are not invasive, however, some have been observed to progress to IDC
after 9 weeks. Why some of the DCIS lesions progress to IDC is not known; it is however
intriguing that this model recapitulates the heterogeneity observed in patients. Of potential
relevance is that Natrajan and colleagues have reported that the MCF10 series harbors
relevant driver alterations that are also seen in primary breast cancers (e.g., PIK3CA) [18].
Despite the infrequency of HRAS mutation in primary breast lesions, they conclude that
these cell lines represent a good model for studying disease progression and evaluating
potential biomarkers or therapeutic targets. At the same time, functional activation of wild-
type Ras in breast cancers through overexpressed growth factors and their receptors [19] is
thought to be a more common occurrence, and thus therapeutics that target Ras may be
useful in disease treatment [20].
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Another ER-negative/PR-negative/HER2-negative DCIS line is S3 of the HMT-3522 human
breast epithelial cell line series (S1, S2, S3, T4-2) [21]. The HMT-3522 cell lines like the
MCF10 cell lines are derived from a patient who underwent reduction mammoplasty for
fibrocystic breast disease. S1 cells immortalized spontaneously and S2 cells were established
through continuous cell passaging in defined medium. The S2 cells gave rise to both the pre-
invasive S3 and invasive T4-2 cells through 3D culture in laminin-rich basement membrane
or implantation in nude mice, respectively. In Boyden chamber assays, S1, S2, and S3 cell
lines do not invade whereas T4-2 cells do. However, when S3 cells are exposed to
conditioned medium from T4-2 cells they become invasive, with the S3-C variant having the
highest invasive potential. Importantly, orthotopic transplantation of the series into the
mammary fat pad results in increases in tumor frequency from S1 (no tumors) to T4-2
(many tumors) that parallel the rates of invasion in Boyden chamber assays. The HMT series
is well-established [22] and models metaplastic disease, with the S3 line operating similarly
to MCF10DCIS.com as a DCIS that is poised to invade [21].

SUMI102PT is also an ER-negative/PR-negative/HER2-negative DCIS cell line (https://
sumlineknowledgebase.com/?page_id=1181). The origin of this cell line differs from the
two examples above as it was derived from a 56 year-old woman who had undergone neo-
adjuvant chemotherapy followed by modified radical mastectomy for a minimally invasive
apocrine adenocarcinoma with extensive DCIS [23]. This line is dependent on epidermal
growth factor receptor (EGFR) signaling for growth, and over-expresses the receptor without
gene amplification. SUM102PT is classified as a basal-like model of DCIS with micro-
invasion [24] and has been studied in both 3D culture [14, 25] and nude mice [26].

Another example of an ER-negative/PR-negative/HER2-negative cell line is h.DCIS.01. This
line was derived from a primary culture of hyperplastic breast epithelial cells (columnar cell
hyperplasia) and form lesions in vivo that are similar to those formed by MCF10DCIS.com
At later passages (>30) these cells spontaneously transformed in culture into a cell line
exhibiting a DCIS-like phenotype [27].

HERZ2-Positive DCIS Cell Lines

HER2-positive DCIS lesions have a significantly higher risk for local in situ recurrence [28].
This positivity is also reported to increase the rate of upstaging to invasive breast cancer as
compared to HER2-negative DCIS [29]. Therefore, cell lines that are HER2-positive are
needed to model DCIS. To date, there are only two cell lines that fit this description:
SUM225 and 21NT from the 21T series, both of which exhibit HER2 amplification.
SUM225 was isolated through culturing a chest wall recurrence from a patient with DCIS
treated by mastectomy [24]. Notably, SUM225 forms dysplastic structures in both 3D
culture models [25] and in vivo in an intraductal mouse model [13]. The 21T series is
comprised of four cell lines: 21PT, 21INT, 21MT-1, and 21MT-2. These were obtained from
a 36 year-old woman who was first diagnosed with infiltrating and intraductal carcinoma,
then developed lung metastases a year later [30]. 21PT and 21NT were collected from
separate primary lesions and serve as models of atypical ductal hyperplasia and DCIS,
respectively. 21MT-1 and 21MT-2 were both isolated from a metastatic pleural effusion after
mastectomy and chemotherapy, with the former more closely resembling the primary tumor
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and the latter displaying a much more aggressive profile [30]. In 3D, 21PT cells, in contrast
to 2INT cells, formed acinar structures with lumens [31]. The most striking difference
between the 21PT and 21NT cells is their ability to form tumors in nude mice (21NT cells
can form tumors, but 21PT cannot). 21NT xenografts mimic comedo DCIS with neoplastic
cells filling the entire mammary fat pad duct, often with accompanying central necrosis.

ER-Positive/PR-Positive Cell Lines

There are few ER-positive/PR-positive models of DCIS. Lee and colleagues reported the
creation of five ER-positive/PR-positive DCIS cell lines in 2014 [32]. All five cell lines
derive from a single source, i.e., a pre-invasive DCIS excised from a 47 year-old Chinese
woman. These cells were transfected with a pGRN145 vector containing hTERT and
antibiotic resistance sequences. Single cell colonies were then allowed to grow under
selection for at least 2 weeks, leading to the generation of ETCC006, ETCC007, ETCCO008,
ETCCO010, and ETCCO011 lines. Of these, ETCCO006 (and to a lesser degree ETCC010)
resembled the original lesion the closest with regard to expression of pan-cytokeratin,
cytokeratin-19, vimentin, estrogen receptor a./p, and progesterone receptor. HER2
expression was indirectly assessed through treatment with trastuzumab/Herceptin and no
response was reported. The parental line and ETCCO008 were non-tumorigenic over a 90-day
period as assessed by subcutaneous transplantation into severe combined immunodeficiency
female mice. In contrast, ETCC006, ETCC007, ETCC010 and ETCCO011 all showed tumor
growth after 50 days. To date these lines have not been studied by other laboratories.

2D DCIS Mono-cultures as a Tool for Understanding Disease Biology

Some progress has been made in understanding how DCIS relates to invasive breast cancer
using 2D mono-cultures. Porter and colleagues used MCF10DCIS.com 2D mono-cultures,
xenografts, and patient tissue to elucidate the role of singleminded-2s (SIM2s) in malignant
progression [33]. Their previous work had suggested that SIM2s is a tumor suppressor and
that, by inhibiting epithelial to mesenchymal transition signaling and promoting
differentiation, SIM2s maintains the integrity of the epithelium [34-38]. In a more recent
paper [33], they analyzed the effect of modulating SIM2s expression on DCIS progression.
SIM2s expression in patient tissues decreases from normal to DCIS to IDC and in parallel
with malignancy of breast cell lines. Schribner et al. [33] found that stable knockdown of
SIM2s in MCF10DCIS.com cells results in an increase in proliferation and invasiveness. In
contrast, over-expression of SIM2s inhibits proliferation, yet has no effect on invasiveness.
Contradictory changes in expression of several matrix metal-loproteinases (MMPs) are
observed in xenografts generated from the cells in which SIM2s expression had been
manipulated. MMP expression was analyzed in the xenografts, but not in the cells in mono-
culture. Therefore, it is not possible to assess whether the contradictory changes in
expression of MMPs reflect changes induced in host cells that have infiltrated into the
xenografts, changes in the MCF10DCIS.com cells or a combination of the two. Porter and
colleagues concluded that SIM2s may play a role in breast cancer progression, and that
expression of the protein can promote tumor differentiation [33]. MCF10DCIS.com 2D
monocultures have also been used to assess other possible treatment strategies that will
induce DCIS differentiation, in this case of peroxisome proliferator-activated receptor
gamma (PPARy) [39]. PPARy signaling is known to affect multiple cellular processes,
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including differentiation, proliferation, and apoptosis in both normal and cancerous tissue
[40]. Ory et al. [39] tested effects of a third-generation PPARy agonist, efatutazone. In 2D
mono-cultures, they observed increased expression of luminal epithelial markers and
decreased expression of basal epithelial markers, consistent with an effect on differentiation.
They also analyzed effects on 3D cultures of MCF10DCIS.com cells grown in reconstituted
basement membrane (rBM) and on xenografts. Tumorsphere or mammosphere formation by
3D rBM cultures was reduced as was invasiveness of the xenografts, both consistent with
efatutazone treatment inducing differentiation. Thus, by using 2D mono-cultures of DCIS
cells, two pathways that can induce differentiation and delay progression of DCIS have been
identified. In both cases, the results have been validated in xenograft models. The complex
changes in MMPs in the study on SIM2s and the changes in expression of inflammatory
response pathway genes in the study on PPARy suggest a need to consider possible effects
on the microenvironment as well as on DCIS cells.

2D DCIS Cultures: Analyses of Interactions with Cellular and Pathochemical Tumor
Microenvironment

Many studies have looked at the potential role of the microenvironment in DCIS progression
using 3D cultures, yet only a few of these have used 2D cultures of DCIS cells with other
cells present or in pathochemical conditions present in the microenvironment of breast
cancers.

2D DCIS:Fibroblast Co-cultures

Boerner and colleagues [41] primarily investigated resistance to inhibitors of epidermal
growth factor receptor (EGFR) in triple-negative breast cancers (TNBCs), which frequently
over-express EGFR [42, 43]. They did, however, compare results to those for the
SUM102PT DCIS cell line due to its reliance on EGFR and its being basal-like as are many
TNBCs. EGFR can be activated not only by its ligand, EGF, but also through crosstalk with
the MET signaling transduction pathway [44, 45]. MET signaling is commonly activated
when the ligand for MET, hepatocyte growth factor (HGF), is present at high levels [46].
Therefore, if MET signaling is active in the presence of an EGFR inhibitor, this crosstalk
could negate the therapeutic effects of the EGFR inhibitor. HGF is not expressed in
epithelial cells, but is secreted by fibroblasts in the tumor stroma [41]. To recapitulate this
environment, SUM102PT was co-cultured with HGF-expressing fibroblasts. This resulted in
Met phosphorylation and DNA synthesis in the presence of the EGFR inhibitor gefitinib.
Fibroblast-conditioned medium, which contains HGF, also stimulates clonogenic survival in
the presence of gefitinib. Mueller et al. [41] concluded that EGFR/Met crosstalk, mediated
by tumor-stromal interactions, may play a role in the resistance of breast cancer patients to
tyrosine kinase inhibitors. Importantly, this work also suggests that resistance mediated by
crosstalk between breast cancer cells and fibroblasts can occur in premalignant disease as
well as IDC.

2D DCIS:Adipocyte Co-cultures

Zhou and colleagues have reported that co-culturing adipocytes with either of the two DCIS
cell lines, MCF10DCIS.com or SUM102PT, results in increased migration [47]. They also
observed a more aggressive phenotype of MCF10DCIS.com, characterized by enhanced
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invasiveness and increased tumor growth in vivo. In a subsequent paper, they examined how
inhibiting exosome trafficking from pre-adipocytes influenced the ability of
MCF10DCIS.com to migrate in 2D culture and grow as tumors in nude mice [48]. Their
rationale for this study was that tumor cells can actively influence certain cell types or
cellular processes in their immediate vicinity to create a more hospitable niche, and this
process promotes their continued growth and survival [49]. The secretion of exosomes, then,
is one way that tumor cells are able to influence their microenvironment. This rationale
appeared correct, as migration of MCF10DCIS.com cells did increase when the cells were
co-cultured with exosomes [48]. Conversely, when pre-adipocytes are treated with shikonin
(an anti-tumor compound that induces necroptosis and also inhibits cancer cell glycolysis
[50]) before co-culturing with the DCIS cells, the migration of DCIS cells is less than
observed in co-cultures with untreated pre-adipocytes. Importantly, the authors observed a
similar trend when tumor growth was assessed in vivo: exosome co-culture increases tumor
growth, and treating pre-adipocytes with shikonin before incubating the DCIS cells with
adipocyte exosomes partially reverses this effect. From these results they concluded that
intercellular signaling mediated by adipocyte exosomes in the tumor microenvironment is
important for the regulation of breast tumorigenesis and disease progression.

2D DCIS Cultures and Acidosis

Gillies and colleagues have investigated whether chronic acidosis, which is characteristic of
the pathochemical microenvironment of solid tumors, has an effect on malignant progression
of DCIS [51]. They had previously demonstrated that the acidic microenvironment of solid
tumors promotes tumor progression by stimulating invasion and metastasis (as reviewed in
[52-54]), as well as by degrading/remodeling the extracellular matrix (ECM) to create an
environment that is toxic to normal cells [55]. Interestingly, they propose that these changes
may arise from the tumor selecting for phenotypes that can overcome the proliferative
barriers created by the microenvironment [52]. However, the mechanisms by which cancer
cells survive these conditions are not well understood. Through proteomic screening of acid-
adapted and acid-naive MCF-7 breast cancer cells [51], they found that lysosome-associated
membrane protein-2 (LAMP2) expression is significantly increased with adaption. They
confirmed these findings in other breast cell lines and also in MCF10DCIS.com cells
cultured in 2D under acidic conditions. The increase in LAMP2 expression in
MCF10DCIS.com cells and an increase in LAMP2 expression in DCIS patient samples
compared to normal breast tissue samples suggests that this change precedes the transition to
IDC. Further examination of stained patient samples revealed that LAMP2 expression is
high in areas of DCIS microinvasion—a location in which acidification potentially promotes
disease progression. Gillies and colleagues propose that under evolutionary pressure cancer
cells adapt to a chronically acidic environment by increasing lysosomal turnover. This, in
turn, leads to an increase of LAMP?2 at the plasma membrane.

As indicated by the studies above, the microenvironment has a strong influence on the
behavior of a tumor. Factors secreted from surrounding cellular components are not only
able to promote migration and growth, they are able to influence drug resistance. Moreover,
when the local environment is chronically acidic, tumor cells can adapt by increasing
lysosomal turnover to create a survival advantage. These observations of environmental
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adaptation also offer an explanation for the heterogeneity commonly observed in the tumor
mass (i.e., there are many genomic paths that lead to a common phenotype).

3D DCIS Mono-cultures as a Tool for Understanding Disease Biology

Culturing tumor cells in 2D, even with the addition of other relevant cell types, only
provides a small part of the biological picture because many of the checks and balances are
missing. 3D cultures in which tumor cells grow in an architecture resembling the cell:cell
interactions and cell:ECM interactions that are found in vivo are more relevant (see Table 1
for comparisons of benefits and limitations of culture systems) and are proving to be a
preclinical model that can predict drug efficacy and toxicity (for review, see [75-78]). This
has been shown in studies using DCIS cell lines and cells isolated from patient samples by
Bundred and colleagues [79-82]. The DCIS cells are grown in non-adherent 3D cultures as
mammospheres, an assay that selects for cells that exhibit stem-like properties and express
E-cadherin on their surface [83]. The only matrix in the mammosphere cultures is that
produced by the DCIS cells themselves. Formation of mammospheres by DCIS cells is
reduced by inhibiting EGFR or Notch signaling pathways with gefitinib and Notch 4-
neutralizing antibody, respectively [79]. Drug combinations that inhibit EGFR (e.g.,
gefitinib) or Her2/neu (e.g., lapatinib) and Notch indirectly (e.g., DAPT (N-[N-(3,5-
difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester), a gamma-secretase inhibitor)
are more effective [80]. Formation of mammospheres by DCIS cells also can be reduced by
targeting a novel focal adhesion kinase-Wnt/beta-catenin signaling pathway that regulates
DCIS stem cell activity [82]. The mammaosphere studies thus support the potential of 3D
DCIS mono-cultures as pre-clinical models for drug discovery.

Mammosphere studies might be interpreted as evidence that interactions of DCIS cells with
surrounding matrices are of little importance for drug discovery. Nonetheless, there are
matrix-related risk factors for breast cancer development. These include increases in
mammographic density due to elevated collagen deposition [84]; increases in matrix
stiffness due to changes in the mechanical properties of collagen (for review, see [85]); and
changes in matrix topography due to realignment of collagen fibers [86] all are risk factors
for breast cancer development. Changes in collagen | have been observed in DCIS in
patients and in mouse models. For example, there are increases in fibrillar collagen in DCIS
in a mouse model of postpartum breast cancer [87]. At the sites of stromal reactions in DCIS
lesions, two proteins that will increase matrix stiffness, the collagen cross-linker lysyl
oxidase and a lysyl oxidase-like protein, colocalize [88]. In addition, increased expression of
focal adhesion kinase, a downstream pathway in stimulation of collagen I production [89,
901, is observed in DCIS lesions [91]. Wei et al. [92] have evaluated the effect of matrix
stiffness on MCF10DCIS.com cells grown in 3D culture. In this case, the cells were grown
in a complex system comprised of rBM overlay cultures plated on collagen I-coated glass
slides of calibrated Pascals of stress. Increased matrix stiffness induced nuclear translocation
of the transcription factor TWIST1 in the DCIS cells. This response to increased matrix
stiffness is one conserved in breast epithelial cells. When the cytoplasmic partner of
TWISTL, the Ras GTPase-activating protein-binding protein 2 or G3BP2 was knocked down
in the MCF10DCIS.com cells, the TWIST1-G3BP2 mechanotransduction pathway was
activated, inducing epithelial to mesenchymal transition and invasiveness. These results,
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however, are inconsistent with those of Gupta et al. [93] who reported that high expression
of G3BP2, which regulates initiation of breast cancer, is associated with poor survival of
breast cancer patients.

Studies on DCIS progression have focused on two different hypotheses for the acquisition of
invasiveness that characterizes the transition from DCIS to IDC: 1) molecular and genetic
alterations in the DCIS cells or 2) alterations resulting from cross-talk between DCIS cells
and their microenvironment including matrices as discussed above or stromal cells and
pathochemical factors as discussed below (see “3D DCIS cultures: analyses of interactions
with tumor microenvironment™). Profiling of DCIS patient samples has revealed significant
changes in gene expression in association with the transition to IDC [27, 94-97], similarities
in gene expression and mutation in epithelial cells from in situ and invasive regions [98—
101], and both changes and similarities [99, 102]. These disparate results may be due in part
to difficulties in obtaining DCIS lesions from patients that do not contain contaminating
cells even when using laser capture microdissection techniques [103, 104]. Another
approach is to isolate RNA from cultured DCIS cells [25, 105].

We have performed next-generation sequencing of RNA isolated from 3D rBM mono-
cultures of three DCIS cell lines and the MCF10A non-transformed human breast epithelial
cell line. Our transcriptome DCIS signature [25] (NCBI: GSE 36863) was validated by the
identification of genes previously associated with DCIS, i.e., transforming growth factor
beta 1 (7TGFBI) [106], dystonin (DST) [27], high-temperature requirement a serine
peptidase 1 (HTRAI) [107], and gap junction protein beta 2 (GJB2) [108]. Using the
Genomatix Pathway System we identified two highly-enriched common frameworks (336-
fold and 254-fold) in the promoters of 3 and 4 genes, respectively, in the human genome.
Pursuing these potential target genes has led to some intriguing findings, not only for those
that appear to play a role in DCIS progression, such as Rap 1Gap [109], but also for those
which can influence the invasive capability of malignant breast cancer cells. An example of
the latter is the gene encoding for C-C motif chemokine ligand 20 (CCL20), also known as
macrophage inflammatory protein-3 alpha (M/P-3a). Secretion of CCL20/MIP-3a increases
in 3D rBM mono-cultures of MCF10 variants from atypical hyperplastic to DCIS and
remains high in the isogenic IDC cell line. Furthermore, when highly malignant MDA-
MB-231 cells are grown under the same conditions but in the presence of a neutralizing
antibody to human CCL20, we observed a reduction in both invasion and proteolysis
(Osuala and Sloane, unpublished data). Validating the functional roles of targets such as
those found in our screen may identify biomarkers for discriminating indolent lesions from
premalignant lesions and also may reveal new therapeutic targets.

3D DCIS Cultures: Analyses of Interactions with Tumor Microenvironment

The microenvironment makes important contributions to modulating DCIS progression to
IDC (56, 57, 97, 110]; see also review by Nelson et al.). 3D cultures that model interactions
between DCIS and its microenvironment have been used to analyze the mechanisms
inducing transition of pre-invasive DCIS to an invasive phenotype [56-59, 111, 112].
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3D DCIS:Fibroblast Co-cultures

Carcinoma-associated fibroblasts (CAFs) are the most abundant cell component of the tumor
microenvironment and communicate with cancer cells via secretion of growth factors and
chemokines (for recent comprehensive reviews, see [113, 114]). They play a variety of roles
in promoting: 1) cancer cell proliferation and survival; 2) metastasis; and 3) resistance to
therapy. Studies using 3D rBM co-culture models of DCIS cells and CAFs have shown that
proteases and cytokines are among the mechanisms that promote the DCIS-to-1DC transition
(Fig. 2), findings also validated in in vivo studies [14, 56, 57, 118]. Hu et al. [118] showed
that DCIS cells in co-culture with CAFs exhibit increased invasiveness. There are also
increases in cyclooxygenase-2 in the DCIS cells and in secretion of MMP-9 and -1 from the
DCIS cells. We demonstrated that secretion of interleukin-6 by CAFs in co-culture with
DCIS cells results in increased growth and invasiveness of the DCIS cells, in part through
ECM degradation by the cysteine protease cathepsin B [57]. Gascard and Tlsty [114] cited
the latter study for extending the roles of CAFs and reactive stroma to earlier in malignant
progression, i.e., during the transition from DCIS to IDC.

3D DCIS:Myoepithelial Cell Co-cultures

Myoepithelial cells (MEPSs) play a role in: 1) polarity of the epithelial cells in normal
mammary acini, 2) synthesis and maintenance of basement membrane and 3) lactation

[119]. Loss of the myoepithelial cell layer, degradation of the underlying basement
membrane, and invasion of tumor cells into the stroma are hallmarks of DCIS-to-1IDC
progression. Moreover, MEPs exert an inhibitory effect on cancer growth and invasion by
secretion of protease inhibitors (e.g., myoepithelium-derived serine proteinase inhibitor
[120]; TIMP-1 [121]; secretion of anti-angiogenic mediators [121] (e.g., thrombospondin-1,
plasminogen, and prolactin); and expression of potential tumor suppressor proteins such as
relax-in, activin, connexin-43, and neogenin [121, 122]. In 3D rBM co-cultures with DCIS
cells, MEPs can be shown to exert inhibitory effects on growth, invasiveness, and proteolysis
of the DCIS cells, reliant on high levels of secretion of plasminogen activator inhibitor-1, an
inhibitor of urokinase plasminogen activator [56]. Duivenvoorden et al. [123] have shown
that another protease inhibitor, i.e., stefin A, an inhibitor of cysteine cathepsins, is abundant
in MEPs and that stefin A suppresses DCIS invasion, an inhibitory effect reliant on cathepsin
B. Targeted downregulation of stefin A in MEPs promotes invasion [123].

3D DCIS:Myoepithelial Cell:Fibroblast Co-cultures

We have also used a 3D tri-culture model to more closely mimic the in vivo architecture of
breast tumors in the context of their microenvironment [56]. By live-cell confocal imaging
we observed and quantified changes in the malignant phenotype and proteolytic activity of
pre-invasive MCF10DCIS.com cells co-cultured with CAFs, MEPs or both cell types. We
analyzed tri-cultures in which the CAFs were embedded in type | collagen below the breast
epithelial cells and MEPs in rBM (Fig. 1a). These multi-matrix layered co-cultures
mimicked the in vivo location of CAFs in surrounding stroma prior to their infiltration into
the DCIS lesions. They also allowed us to observe dynamic and temporal changes in
migration of CAFs toward, and their invasion into, DCIS structures over time in culture. The
studies in the multi-matrix layered co-cultures were compared to ones in rBM mixed co-
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cultures (Fig. 1b), the latter mimicking DCIS lesions into which CAFs have infiltrated. By
spiking the matrices used in these co-cultures with 1% dye quenched (DQ)-collagen | and
0.2% DQ-collagen 1V in collagen I and rBM, respectively, we can image and quantify
degradative activity [56]. Representative examples of the two types of co-cultures show that
CAFs increase degradative activity and invasiveness of DCIS cells, in association with
migration of CAFs toward DCIS structures (Fig. 2a and b, top). MEPSs suppress the CAF-
induced degradative activity and invasiveness of DCIS structures in the multi-matrix layered
co-cultures at both 8-and 21-days (Fig. 2a, bottom). In contrast, MEPs do not suppress
degradative activity in rBM mixed co-cultures in which CAFs are in direct contact with the
DCIS structures (Fig. 2b, bottom). Our data thus demonstrate that 3D co-cultures can be
used to evaluate dynamic and temporal interactions among DCIS cells, CAFs, and MEPs,
and should be informative about therapeutic approaches to reduce progression of DCIS to
IDC. Similar models are likely to be able to assess cross-talk between DCIS cells and other
cell types (e.g., adipocytes and immune cells) in the transition to IDC as well as to
understand effects on progression induced by pathochemical aspects of the
microenvironment.

3D DCIS:Macrophage Co-cultures

Inflammatory cells, such as macrophages and lymphocytes, are recruited into tumors, where
they play a critical role in tumor-associated inflammation (see reviews, [124, 125].
Macrophages infiltrating into tumors, termed tumor-associated macrophages, are composed
of multiple subpopulations with overlapping phenotypes [126]. Thus, tumor-associated
macrophages contribute to: 1) tumor progression through production of IL-10 and CCL17,
18, 22 andmannose receptor and 2) tumor suppression through secretion of IL-1, =12, and
TNF-alpha [126, 127]. In 3D rBM co-cultures, bone marrow-derived macrophages have
been shown to induce an invasive phenotype in pre-malignant cells: non-invasive murine
mammary epithelial cells [128] and pre-invasive PN1a murine ductal hyperplastic cells
[129]. In the study of non-invasive epithelial cells, migration and invasion were promoted by
the macrophage-derived chemokine receptor CXCR2 [128]. CXCR2 is implicated in breast
cancer progression as targeting CXCR2 in mouse mammary carcinoma models enhances
responses to chemotherapy and inhibits tumor growth, angiogenesis, and lung metastasis
[130].

3D DCIS Cultures in Engineered Microfluidic Platforms

Despite the advantages of 3D culture models, they only partially replicate in vivo
tissue:tissue interactions and tissue geometries/structures that are of pathophysiological
relevance [131, 132], and they do not allow for analyses of cell:cell interactions and
paracrine signaling over extended times in culture. Engineered microfluidic devices have
emerged recently that can support models recapitulating tumor progression, including
dynamic models in which one can observe spatiotemporal changes in cell:cell interactions
that accompany the transition of DCIS to invasiveness (e.g., see [111]) and interactions with
other aspects of the tumor microenvironment such as acidosis, hypoxia, and concentration
gradients of growth factors, cytokines, etc.
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Microfluidic 3D culture systems can be designed to meet the requirements of specific
studies. This can include multiple compartments or channels in which to grow individual
cell types such as DCIS cells and fibroblasts [59], thus generating a phenotype in vitro that
more closely resembles the in vivo structure. Alternatively, distinct physical compartments
fabricated from silicon-based organic polymers such as polydimethylsiloxane can be used to
separate cell types (e.g., the microchannels in Bischel et al. [59] and Choi et al. [112]).
Separation of cell types may be achieved by layering of matrices as shown in Fig. 1 and in
Choi et al. [112]. Formation of structures resembling mammary acini and ducts may be
achieved by plating breast epithelial cells and breast myoepithelial cells sequentially in rBM
[56] or by viscous finger patterning of lumens using hydrogels that differ in viscosity [59].
This variety of techniques can generate platforms with well-defined spatial control of
specific cell types and channels that can be used for temporal control of additions such as
culture medium or cells.

Beebe and colleagues have developed a series of microfluidic devices for studying the
transition of DCIS to IDC. In one for co-culture of MCF10DCIS.com cells and fibroblasts
[111], they provide spatial control of the two cell types by loading them simultaneously in
two compartments by pumping. They observed transition of the DCIS cells to an invasive
phenotype in regions where there is physical contact between the two cell types, consistent
with observations in xenografts [14]. The pumping system in this device can also be used for
analyses of temporal control by sequential loading of the MCF10DCIS.com cells and
fibroblasts, (i.e., loading the DCIS cells and allowing them to form structures for 6 days
prior to loading the fibroblasts). Here, Beebe and colleagues found that the invasive
transition of DCIS occurs in regions where the two cell types are close. In contrast, DCIS
further away from the fibroblasts retains a non-invasive phenotype. Truong et al. [133] have
developed a dual chamber/dual matrix microfluidic device for quantitative analysis of single
cell invasion and the invasive front of breast cancer cells, but to our knowledge this has not
been used for studies on DCIS cells. Choi et al. [112] have developed a breast cancer-on-a-
chip microdevice for use as a predictive tool in DCIS diagnosis as well as a drug screening
platform. This model uses a compartmentalized 3D platform in which two channels are
separated by a vitrified collagen membrane. Human primary fibroblasts are cultured in the
lower chamber in a collagen gel. The collagen membrane is coated with rBM on which a
non-transformed breast epithelial cell line is grown to confluence. Spheroids of
MCF10DCIS.com cells are then generated on a hanging drop plate and placed on top of the
epithelial cells. Over a culture period of 2—7 days, the DCIS spheroids incorporate into the
epithelial layer and the fibroblasts retain a spindle-shaped morphology in the collagen gel.
An advantage of this DCIS-on-a-chip model is that drugs can be introduced to the lower
channel to simulate intravenous administration in patients. For example, introduction of the
taxane paclitaxel inhibits the growth of the DCIS spheroids, supporting the potential of this
model for testing of drug efficacy and toxicity. DCIS, however, do not grow as spheroids in
vivo, but form irregularly shaped structures that often include areas of microinvasion. The
imposition of a spherical architecture may limit the ability of this DCIS-on-a-chip model to
accurately predict drug efficacies.

2D cultures have been used to model drug resistance by adding successively higher
concentrations of drugs as the cells are passaged [134]. In patients, however, resistant
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subpopulations of tumor cells may arise over the course of drug administration at a single
concentration. As we have shown for DCIS and IDC cells [60, 116], 3D cell cultures are
more predictive of drug responses than are 2D monolayer cultures. This is hypothesized to
reflect the architecture of cell:cell and cell:ECM interactions in 3D cultures [135]. One
potential advantage of 3D cultures that is not yet routinely exploited is that drug treatment
can be initiated either early or during the course of the development of structures, allowing
results to be compared with other preclinical models (e.g., animal studies where drug
treatment is initiated after the tumors are well established) [116]. In 3D DCIS co-cultures,
the effects of drugs on the complex interplay between DCIS cells and other cell types and
resistance mechanisms can be assessed. This interplay will vary with time and may include
changes in cytokine secretion, proteolytic activity, and morphology such as formation of
multicellular invasive outgrowths. Quantitative assays will be needed such as those that can
be performed with cultures growing in engineered microfluidic platforms (e.g., platforms
that allow regulated delivery of drugs at specific time points [136] and platforms designed
for direct or indirect interactions among the cell types [111, 136]).

Transition of DCIS to IDC involves changes in various pathophysiological processes such as
matrix remodeling and paracrine signaling which leads to local invasion and eventually
metastasis to distant organs. These processes occur over extended periods of time that are
not readily recapitulated in vitro. Therefore, we have fabricated and tested microfluidic
platforms that will allow us to image and quantify cell:cell and cell:matrix interactions in 3D
cultures over long periods of time and over these same periods collecting conditioned media
for analysis of the secretome without disturbing the cultures. The culture wells in our
platforms are fabricated from polymers of acrylates [136]. We chose acrylic due to concerns
about leaching and absorption in devices made of polydimethylsiloxane (for discussion, see
[74,137,138], which will be of higher concern for devices intended for long-term cultures.
Using our platforms, we have cultured MDA-MB-231 human breast cancer cells alone and
with human breast CAFs and normal fibroblasts for up to 70 days (Ji and Sloane,
unpublished data). We are using our platforms for studies of how interactions of breast
cancer cells, including MCF10DCIS.com cells, are affected by interactions with other cell
types associated with malignant progression (e.g., microvascular endothelial cells of
lymphatic and vascular origin), by acidification of the tumor microenvironment, and by a
variety of therapeutic approaches designed to target cell:cell interactions and acidosis.

Conclusions

In vitro models to distinguish indolent DCIS from those lesions that will progress to IDC are
needed to identify and validate druggable pathways that mediate the transition of DCIS to
IDC. Such studies are limited in 2D monolayer cultures in part because 2D cultures do not
include cell:cell and cell:ECM interactions comparable to those present in vivo. DCIS in
vivo models provide valuable information by capturing the complexity and physiological
pathways present in the body; however, it is difficult, expensive, and time-consuming to
perform mechanistic and quantitative studies in these models. Recent advances in 3D culture
models in combination with tissue engineering and microfabrication techniques are
overcoming the limits of traditional 2D cultures and better mimic tissue architecture in vivo.
More pathophysiologically relevant 3D models are being generated by co-culturing DCIS
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cells with other cell types that positively or negatively impact progression to IDC as well as
under pathochemical conditions such as acidosis that impact progression. These models are
proving to be powerful tools for identifying pathways that mediate progression and for
testing drugs that target those pathways. Adapting such models to engineered microfluidic
platforms will increase their reproducibility, facilitate mechanistic studies of dynamic and
temporal changes associated with the DCIS to IDC transition, and increase their use as
preclinical screens of therapies to reduce progression of DCIS to IDC.

Abbreviations

2D Two-dimensional

3D Three-dimensional

DCIS Ductal carcinoma in situ

IDC Invasive ductal carcinoma

ER Estrogen receptor

PR Progesterone receptor

HER2 Human epidermal growth factor receptor 2
SIM2s Singleminded-2s

TNBCs Triple-negative breast cancers

EGF Epidermal growth factor

EGFR Epidermal growth factor receptor

HGF Hepatocyte growth factor

MET Hepatocyte growth factor receptor
PPARYy Peroxisome proliferator-activated receptor gamma
rBM Reconstituted basement membrane

MMP Matrix metalloproteinase

ECM Extracellular matrix

LAMP2 Lysosome-associated membrane protein-2
CCL20 C-C motif chemokine ligand 20

CAF Carcinoma-associated fibroblast

MEPs Myoepithelial cells

DQ Dye quenched
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b
Multi-Matrix Layered Co-cultures rBM Mixed Co-cultures

Fig. 1. 3D co-culture models for analysis of DCIStransition to invasive phenotype.
Top: a Architecture of pre-invasive DCIS in which the basement membrane (cream) and

layer of myoepithelial cells (MEPSs; beige) surrounding DCIS cells (red) are intact.
Fibroblasts (cyan) are present in surrounding stroma. b Architecture of microinvasive DCIS
in which areas of basement membrane (cream) are disrupted, MEPs (beige) lost, and
fibroblasts (cyan) have infiltrated into lesion. Bottom: Pathomimetic 3D co-cultures to
model pre-invasive (&) and microinvasive (6) DCIS. a In multi-matrix layered co-cultures,
DCIS cells and fibroblasts are cultured in relevant matrix: fibroblasts (fuchsia)in lower layer
of type | collagen and DCIS cells (red) + breast myoepithelial cells (unlabeled) in a top layer
of rBM as in a rBM overlay culture. To follow proteolysis, quenched fluorescent substrates
(dyequenched (DQ)-collagens IV and I) are mixed with rBM and collagen I, respectively.
Green represents the fluorescent cleavage products of these substrates. b In the rBM mixed
co-cultures, a mixture of DCIS cells = MEPs and fibroblasts are plated in a rBM overlay
culture. To follow proteolysis, quenched fluorescent substrate (DQ-collagen 1V) is mixed
with rBM. Green represents the fluorescent cleavage products of these substrates
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a  Multi-Matrix Layered Co-cultures b rBM Mixed Co-cultures
8 days 8 days 21 days

DCIS + CAFs

DCIS + CAFs + MEPs

Fig. 2. Images of 3D co-culturesillustrating increasesin DCI S invasive phenotype induced by co-
culturewith CAFs and decreasesinduced by co-culture with MEPs.

Multi-matrix layered co-cultures (a) and rBM mixed co-cultures (b), comprised of
MCF10DCIS.com-lenti- RFP cells (red), WS-12Ti-lenti-YFP CAFs (pseudocolored fuchsia)
and/or MEPs (unlabeled), are described in legend to Fig. 1. Structures and interactions were
imaged live by confocal microscopy and proteolysis was assessed by a live-cell proteolysis
assay developed in our laboratory [115]. Green fluorescence in A represents degradation
products of DQ-collagen IV in the top layer of rBM and DQ-collagen I in the bottom layer
of type I collagen. Green fluorescence in B represents degradation products of DQ-collagen
IV in rBM. Degradation at surface of structures or cells appears pink-white on CAFs and
yellow-white on DCIS cells. Representative angled views of 8- and 21-day co-cultures are
tiled from 16 contiguous fields of optical sections taken through the entire depth of the 3D
co-cultures and reconstructed in 3D with Volocity software; one grid unit = 92 um (top) and
90 um (bottom). For details on assembling and imaging the co-cultures and detailed
methodologies for live-cell proteolysis assay and quantification of cell numbers, growth in
3D, degradation products and invasiveness, see [56, 115-117]
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