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Abstract

Cells grown in three dimensions (3D) within natural extracellular matrices or synthetic scaffolds more closely recapitulate the
phenotype of those cells within tissues in regard to normal developmental and pathobiological processes. This includes degra-
dation of the surrounding stroma as the cells migrate and invade through the matrices. As 3D cultures of tumor cells predict
efficacy of, and resistance to, a wide variety of cancer therapies, we employed tissue-engineering approaches to establish 3D
pathomimetic avatars of human breast cancer cells alone and in the context of both their cellular and pathochemical microen-
vironments. We have shown that we can localize and quantify key parameters of malignant progression by live-cell imaging of
the 3D avatars over time (4D). One surrogate for changes in malignant progression is matrix degradation, which can be localized
and quantified by our live-cell proteolysis assay. This assay is predictive of changes in spatio-temporal and dynamic interactions
among the co-cultured cells and changes in viability, proliferation, and malignant phenotype. Furthermore, our live-cell prote-
olysis assay measures the effect of small-molecule inhibitors of proteases and kinases, neutralizing or blocking antibodies to
cytokines and photodynamic therapy on malignant progression. We suggest that 3D/4D pathomimetic avatars in combination
with our live-cell proteolysis assays will be a useful preclinical screening platform for cancer therapies. Our ultimate goal is to
develop 3D/4D avatars from an individual patient’s cancer in which we can screen “personalized medicine” therapies using
changes in proteolytic activity to quantify therapeutic efficacy.
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1 Introduction

Elegant studies by Bissell, Brugge and colleagues [1-3], in
which they cultured breast cells in three dimensions (3D) in
natural extracellular matrices, have established that the 3D
context is essential to the formation of breast structures that
can undergo development and malignant progression and be
predictive of clinical outcome. The American Cancer Society
predicts that there will be 268,600 new cases of breast cancer
diagnosed in women in the USA in 2019 [4]. This number
does not include the ~ 63,000 predicted new cases of ductal
carcinoma in situ (DCIS). A diagnosis of DCIS is problematic
as DCIS may remain indolent or may progress, yet DCIS that
will progress to life-threatening invasive ductal carcinoma
(IDC) cannot at present be distinguished from DCIS that
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would remain indolent. As a result, almost all women who
are diagnosed with DCIS undergo aggressive treatment.

3D cultures of cells derived from premalignant breast
lesions such as DCIS can model malignant progression
and predict resistance and sensitivity to cytotoxic and
targeted therapies [2, 5-8]. We used a series of isogenic
cell lines derived from MCF-10A non-transformed human
breast epithelial cells to build 3D pathomimetic avatars
that replicate the transition of DCIS to IDC (for review,
see [9]). The hallmark of this transition is progression
from a preinvasive phenotype to an invasive phenotype.
The first sign that DCIS is undergoing transition is the
presence of DCIS with microinvasion, a state in which a
few DCIS cells have invaded through the underlying
basement membrane (for more detailed information on
DCIS, please see a series of recent reviews [10]).
Proteases of aspartic, cysteine, metallo, serine, and threo-
nine catalytic classes have been implicated in the local
microinvasion of DCIS and the invasive phenotype of
IDC ([11, 12] and also see reviews in this issue).
Invasion at local and distant sites involves DCIS and
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breast cancer cells as well as other cell types found in the
tumor microenvironment. This includes lymphocytes that
are predictive of recurrence in DCIS [13]; macrophages
that promote invasion and yet are anti-tumor [14] or that
reduce response to chemotherapy [15] and fibroblasts that
promote invasion [16]. Proteolysis is a common underly-
ing mechanism and in particular proteolysis of extracellu-
lar matrix [17], which is consistent with the high levels of
expression of proteases in these tumor-associated cells
[15, 16]. We predict that establishing 3D pathomimetic
avatars of human breast cancer cells that also incorporate
tumor-associated cells will provide a robust and tractable

Fig. 1 MCF-10A human breast epithelial cells develop over time into
clusters of acini linked by tubules when grown in 3D r1BM overlay mono-
cultures. Image is 3D reconstruction of optical sections taken through
entire volume on a Zeiss LSM-510 META confocal microscope.
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model system in which the transition of DCIS to IDC can
be analyzed, and the role(s) of proteolysis in this transi-
tion can be evaluated. In this review, we discuss the strat-
egies we used to develop (1) pathomimetic avatars for
breast cancer progression (Sect. 2), (2) live-cell imaging
protocols for quantitative analysis of the pathomimetic
avatars (Sect. 3), and (3) a live-cell proteolysis assay that
can localize and quantify degradation in real-time over
extended periods of time (Sect. 4). Importantly, this assay
uses a protein substrate and thus, rather than measuring
activity of a single protease, captures the overall action of
proteolytic networks.

1 Unit = 45.2 um

Structures were fixed and processed at 21 days of culture and stained
for human laminin 332 to indicate production of human basement mem-
brane proteins in these cultures (green) and Hoechst 33342 as a marker of
nuclei (blue). One grid is 45 pm
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2 Pathomimetic avatars for modeling breast
cancer progression in vitro

3D mono-cultures MCF-10A human breast epithelial cells,
when seeded sparsely in reconstituted basement membrane
(rBM) overlay cultures, develop over time into grape-like
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Fig. 2 Pathomimetic avatars of MCF10 variants. Individual acini of
MCF-10A human breast epithelial cells are polarized when grown for
12 days in 3D rBM overlay mono-cultures. This is indicated by staining
for the basal polarity marker, &6 integrin (red), in confocal sections at the
top (A1), middle (A2), and bottom (A3) of this acinus. Apoptosis results
in lumen formation, as shown in this equatorial plane of an acinus stained
for cleaved caspase 3 (B, green). Nuclei are stained with DAPI (blue).
Size bars, 10 um. C 3D rBM overlay cultures of MCF10 variants model
hyperplasia, atypical hyperplasia, dysplasia, and carcinoma. Images in
upper row represent a single confocal section at the equatorial plane of
12-day cultures that were fixed and stained for the basal polarity marker,
«6 integrin (red); the apoptotic marker, cleaved caspase 3 (green); and

nuclei with DAPI (blue); size bars, 50 um. Lower row shows differential
interference contrast images of 20-day live cultures with the exception of
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clusters of acini linked by tube-like structures resembling
those present in the human breast (Fig. 1). Individual acini
polarize in the rBM overlay cultures and undergo lumen for-
mation at least in part due to apoptosis of cells within the
lumen (Fig. 2a, b). Brugge and colleagues have conducted a
series of studies showing that 3D rBM overlay cultures of 10A

"L L ~ “v‘ ‘ b

the *CA1d sample, which was fixed and processed at 8 days; size bars,
50 um. In 3D rBM overlay cultures, DCIS (D) and CAld (E) variants of
the MCF10 series develop into large preinvasive dysplastic structures and
extensive invasive tumoroids, respectively. This is illustrated in 36 con-
tiguous tiled areas representing a 1200 x 1200 pum field; size bar, 200 pm.
Regions of tumoroid invasion into the matrix are revealed by change in
focus in panel E. F Co-culture of human breast carcinoma-associated
fibroblasts (CAFs) with DCIS cells confers an invasive phenotype. In
3D rBM overlay co-cultures of DCIS and CAFs at a ratio of 5:1, extensive
multicellular invasive outgrowths are present (compare with DCIS cells
in 3D mono-cultures in panel D). Differential interference contrast images
of'live cultures were obtained at 8 days of culture and presented here as 16
contiguous tiled fields. Scale bar, 90 um. Imaging was conducted on a
Zeiss LSM-510 META confocal microscope
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cells can be used to study tumor initiation and oncogenesis
in vitro [1]. We expanded on those observations, using a series
of'isogenic 10A variants developed by Fred Miller [18, 19], to
establish 3D mono-culture models for various stages of breast
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cancer progression (Fig. 2¢). These models recapitulate the
morphology of various stages in progression, including dra-
matic changes in growth and invasiveness (Fig. 2d, e). The
10.DCIS variant has proved of particular interest as it is poised
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<« Fig. 3 Cell/cell interactions in pathomimetic avatars. SUM 225 DCIS

cells [42] grow into disorganized dysplastic structures without a central
lumen (a). However, in co-cultures with NIME myoepithelial cells (2
DCIS:1 myoepithelial cell), the structures formed are more organized
with some central lumens (b) (¢f with 10A acini in Fig. 2). Cultures were
imaged live at 12 days. Two hours before imaging cells were stained with
CellTracker Orange (red) to visualize morphology of the structures.
Green fluorescence represents degradation products of DQ-collagen IV.
Confocal image stacks, obtained on a Zeiss LSM-510 confocal micro-
scope, were rendered in 3D with Volocity software with the equatorial
plane shown here; magnification, x 40. Myoepithelial cells also reduce
CAF-induced increases in invasiveness and associated degradation of
extracellular matrices by MCF-10A, MCF10.DCIS, and MCF10.CAld
grown in tripartite 3D co-cultures. Tripartite cultures consist of CAFs
(WSI12Ti) plated in collagen I spiked with DQ-collagen I, covered with
rBM spiked with DQ-collagen IV that contains cells of MCF10 variants
+ myoepithelial (NIME) cells, and followed by an rBM overlay: ¢ 10A +
CAFs, d 10A + CAFs + myoepithelial cells, e 10.DCIS + CAFs, f
10.DCIS + CAFs + myoepithelial cells, g CAld + CAFs, and h CAld +
CAFs + myoepithelial cells. Co-cultures were imaged live at day 8. Two
hours before imaging cells were stained with CellTracker Orange (red) to
visualize morphology of the structures. Green fluorescence represents
degradation products of DQ-collagens. Confocal image stacks, obtained
on a Zeiss LSM-510 confocal microscope, were rendered in 3D with
Volocity software; one grid is 92 pm

to become invasive both when grown as a xenograft in nude
mice [20] and when grown in 3D (Fig. 2d). In vitro there is
heterogeneity with both delimited and invasive DCIS struc-
tures present (Fig. 2d). This is comparable to the heterogeneity
observed in vivo. Growing 10A variants in 3D cultures results
in histopathologies and morphologies comparable to those
observed in vivo in xenograft models and in genomic and
transcriptomic profiles observed in primary breast cancers.
Maguire et al. [8] have found driver alterations in the 10A
series only when they are grown in 3D culture, further
confirming that 3D mono-culture models will be useful for
identifying and testing druggable pathways targeting breast
cancer progression.

3D co-cultures The tumor microenvironment is an active, rath-
er than a passive, participant in development and progression
of breast cancer. 3D models such as the mono-cultures de-
scribed above comprised of only breast cancer cells do not
recapitulate interactions with other cell types in the tumor
microenvironment such as stromal, lymphovascular, and im-
mune cells. Therefore, 3D mono-cultures do not model para-
crine pathways that impact malignant progression and cannot
be used to screen responses to therapies that target those path-
ways. To this end, we include in our 3D pathomimetic avatars
additional cell types that are present in vivo in the microenvi-
ronment of premalignant breast lesions and breast cancers
[21]. We have optimized growth conditions for live-cell im-
aging and molecular and biochemical analyses of phenotypic
changes induced as the breast cancer cells interact with the
other cell types in real-time, i.e., 4D (3D + time) [21].

To 3D rBM overlay cultures of human MCF-10 breast
variants, we have added human breast myoepithelial cells
and human breast carcinoma-associated fibroblasts
(CAFs). The myoepithelial cells, which surround the epi-
thelial cells in normal breast acini in vivo, have been hy-
pothesized to play a tumor-suppressor role [22].
Myoepithelial cells are lost during the transition from
DCIS to IDC. In 3D rBM overlay co-cultures, we have
observed that myoepithelial cells confer a less dysplastic
phenotype on the structures formed by DCIS cells [[21]
and (Fig. 3a, b)]. The presence of myoepithelial cells is
sufficient to induce reversion of dysplastic DCIS struc-
tures, in some cases to acini with central lumens. CAFs
in contrast increase transition of DCIS to an invasive phe-
notype (Figs. 2f and 3e) and the invasiveness of structures
formed by MCF-10A and MCF10.CA1d cells (Fig. 3c, g).
Direct physical interactions between CAFs and cancer
cells exert a pulling force on the cancer cells that is me-
diated by cadherins on the membranes of the two cell
types and that results in collective invasion by the cancer
cells [23]. This has been established in 3D cultures of
epidermoid cancers and in lung and vulvar tumors
in vivo. An involvement of cadherins in CAF-induced
invasion of breast cancer has not yet been demonstrated;
however, our live-cell images are consistent with direct
physical interactions between CAFs and DCIS cells

Fig.4 A single CAF exerts a pulling effect on a 3D DCIS structure as has
been observed in other types of cancers. Prior to seeding, CAFs were
labeled with CellTrace CFSE (green). Cultures were imaged live.
Confocal image stacks, obtained on a Zeiss LSM-510 confocal micro-
scope, were rendered in 3D with Volocity software. Prior to imaging,
nuclei were labeled with Hoechst 33342. One grid is 45 pm
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leading collective migration of the DCIS cells in the 3D
co-cultures (Fig. 4). Myoepithelial cells are able to sup-
press development of an invasive phenotype by DCIS
structures even when the transition to invasiveness is in-
duced by co-culture with CAFs. This is strikingly appar-
ent from the greater height of the co-cultures when
myoepithelial cells are present (Fig. 3d, f, h). Similar ef-
fects on lesions/tumors are observed in vivo when the
various cell types are implanted into nude mice [21], con-
sistent with 3D co-cultures being able to phenocopy
breast cancer progression and being suitable for identify-
ing and validating paracrine pathways that impact pro-
gression [24].

Other cells found in the microenvironment of breast
cancers also alter DCIS progression in 3D co-cultures.
Perhaps most dramatic are the effects observed in co-
cultures of DCIS cells and endothelial cells. In mono-cul-
tures, human umbilical vein endothelial cells grow into
3D networks of tubules [25]. This is also seen initially
in co-cultures with DCIS cells (Fig. 5). Within 5 days,
however, there have been extensive morphological chang-
es. The endothelial tubules have developed into tubes
with lumens. There is dramatic expansion of the DCIS

Fig.5 Human DCIS cells migrate
toward the tubular networks
formed by human umbilical vein
endothelial cells over time in 3D
rBM overlay co-cultures, attach
and intravasate into the tubules. In
movies of 3D reconstructions of
optical sections, individual DCIS
cells can be seen within the
tubules. There is in parallel a
striking increase in the growth
and invasive phenotype of DCIS
structures from 2 days in culture
(a, b) to 5 days (¢, d). DCIS cells
were transduced with LentiRFP
(red) and endothelial cells labeled
with CellTrace Far Red
(pseudocolored blue). Green
fluorescence represents degrada-
tion products of DQ-collagen IV.
Images of live co-cultures were
obtained on a Zeiss LSM-510
META confocal microscope and
confocal image stacks recon-
structed in 3D with Volocity soft-
ware. One grid is 45 um
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structures with some attaching to and intravasating into
the endothelial tubes. Interestingly, microvascular endo-
thelial cells of lymphatic origin induce more rapid migra-
tion of DCIS cells than do those of blood vessel origin
(data not shown). This would be consistent with the first
site of breast cancer metastasis being the lymphatics and
suggests that such 3D co-cultures may serve as screens for
anti-metastatic therapies.

3 Live-cell quantitative imaging
of pathomimetic avatars

We and others have established 3D culture and co-culture
models that can be used to identify and test mechanisms
that mediate breast cancer progression (see Sect. 2). These
models clearly show changes in morphology and cell/cell
interactions associated with progression. The changes
with progression are dynamic, take place in three dimen-
sions, and can involve reciprocal changes as cells interact,
whether they be breast cancer cells or breast cancer cells
interacting with CAFs, myoepithelial cells, endothelial
cells, etc. Therefore, to obtain a more complete
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understanding, one needs to be able to monitor and record
the cultures in 3D in real time and over the time periods
necessary for progression to occur, i.e., in 4D. This type
of model system and the live-cell imaging provide an
opportunity for testing interventions at specific periods
during progression, e.g., cytotoxic agents at the point
when the cancer cells are rapidly proliferating or anti-
angiogenic drugs as endothelial cells are migrating.
Changes in morphology and invasiveness can be assessed
over time in optical sections acquired throughout the en-
tire volume of 3D cultures and illustrated in 3D recon-
structions of the cultures generated from the optical sec-
tions. This includes (1) cell number/proliferation, (2) cell
migration, (3) cell/cell interactions, (4) structure volumes,
(5) invasive outgrowths (volumes or lengths), and (5)
complexity of 3D structures, including shape, ratio of sur-
face area to volume, and deviation from sphericity.
However, to obtain accurate measurements of structure
volumes, the cells need to be labeled. This can be done,
prior to seeding, by lentiviral transduction with fluores-
cent proteins (Fig. 5) and, for experiments over periods of
time that will not be affected by cells proliferating, labels
such as CellTracker or CellTrace dyes can be used
(Figs. 3, 4, and 5). Labeling also allows one to follow
interactions of one cell type with another, such as the
intravasation of DCIS cells into an endothelial tube (Fig.
5). Labels of course need to be selected for distinct fluo-
rescence properties that allow simultaneous confocal de-
tection of multiple cell types.

Imaging can produce a beautiful picture, but how can
one make sure their results are reproducible, prevent bias
in selection of images, and quantify their findings? We
address reproducibility by acquiring optical Z-sections
throughout the entire depth of our cultures/co-cultures
and routinely doing so in 16 contiguous fields. Thus, we
are acquiring data in 3D from 16 fields. This reduces the
possibility of selecting single fields for analysis that do
not reflect the heterogeneous nature of a sample. We use
Volocity and/or Huygens software for 3D reconstruction
of optical Z-sections, volume rendering of the image
stacks, image analysis and quantification, intensity mea-
surements, morphometric analyses, and labeling and
counting nuclei so that quantification can be conducted
on a per cell basis.

4 Live-cell functional imaging
of pathomimetic avatars

The pathomimetic avatars described are proving useful for
identifying and validating druggable pathways that medi-
ate breast cancer progression (for example, see [21, 24,
26]). There is a need for non-destructive assays that

measure a function such as activity in 3D over time
(4D). To this end, we have developed a live-cell proteol-
ysis assay [27, 28]. Our rationale was that proteases have
been widely implicated in cancer progression (for review,
see [11, 12, 29]). The proteases implicated in the invasive
phenotype of cancers do not act alone, but act as part of
an interactive proteolytic network or cancer degradome
consisting of multiple families of proteases and their en-
dogenous inhibitors. This suggested to us that using a
natural protein substrate from the matrices into which
cancer cells invade might identify proteolytic networks
that could be targeted as opposed to using substrates high-
ly selective for individual proteases or protease classes.
The substrates that we use in our live-cell proteolysis
assays are dye-quenched (DQ)-collagens IV and I origi-
nally developed by Molecular Probes and now available
from ThermoFisher. We spike the DQ-collagen IV into
rBM as illustrated in Figs. 3 and 5. DQ-collagen I is
spiked into collagen I as in the bottom layer of the tripar-
tite cultures illustrated in Fig. 3. This is a gain-of-function
assay in which proteolysis results in formation of fluores-
cent degradation products of the collagens that can be
quantified. Using the DQ-collagens, we have shown that
when CAFs are co-cultured with breast cancer cells, there
is an increase in proteolysis and, when myoepithelial cells
are present, there is a decrease in proteolysis [21]. In
tripartite cultures, proteolysis by MCF10 variant struc-
tures in the upper layers of the cultures is reduced in the
presence of myoepithelial cells whereas proteolysis by
CAFs in the lower collagen I layer is not affected (Fig.
3). The live-cell proteolysis assay is thus able to detect
spatial differences in DQ-collagen degradation. In gener-
al, the fluorescence representing degradation products of
DQ-collagen 1V is observed on the surface of structures,
whether they be DCIS structures (Figs. 3 and 5), MCF10
variant structures (Fig. 3), or endothelial tubules/tubes
(Fig. 5). Indeed, live-cell imaging over a 16-h time period
demonstrated that degradation products of DQ-collagen
IV localize along the surface of endothelial cells as they
migrate toward one another and coalesce into tubes, in-
cluding on the surface of the sprouting tips of the endo-
thelial cells [25]. The live-cell proteolysis assay also lo-
calizes degradation products within cells [25, 30] due to
an alternative intracellular degradation pathway dependent
on receptor-mediated collagen uptake into lysosomes via
uPARAP/Endo180 [31]. In addition, the live-cell proteol-
ysis assay can detect effects on proteolytic pathways of
pathochemical changes in the tumor microenvironment
such as acidosis. Acidosis, which is part of the emerging
cancer hallmark of reprogramming of energy metabolism
[32], results in an increase in degradation of DQ-collagen
by breast cancer cells [30] and colon cancer cells in par-
allel with an increase in invasiveness [33].
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Other functional imaging assays that can be used to detect
active proteases in live cells use small-molecule optical probes
that are either activity- or substrate-based (for discussion of
advantages and disadvantages of the two types of probes, see
[34]). We have used activity-based probes to identify and lo-
calize active forms of cysteine cathepsins both in vitro and
in vivo [30, 35-37]. Since cysteine cathepsins sit upstream
in many proteolytic networks [11], probes that detect active
cysteine cathepsins can serve as surrogate markers for an in-
vasive phenotype. Specificity of the probes is an issue how-
ever if one wants to identify an individual cysteine cathepsin
or an individual protease of any class. This is being addressed
by Drag and colleagues by use of unnatural amino acids in the
probes such as those they developed for detection of active
serine proteases in neutrophils [38]. We have used activity-
based probes for cysteine cathepsins, as we did the live-cell
proteolysis assay, to detect effects of acidosis in the tumor
microenvironment [30]. This technology revealed an increase
in active cysteine cathepsins extracellularly in breast cancer
cells exposed to an acidic microenvironment, a finding that is
consistent with earlier studies by us and others in which traf-
ficking of lysosomes to the cell surface and lysosomal enzyme
secretion had been found [39, 40].

5 Conclusions

In Nature Reviews Drug Discovery, Moffat et al. [41]
contended that there is an unmet need for mechanism-
informed phenotypic screening in cancer drug discovery that
integrates “three-dimensional cell-culture systems, high-
throughput confocal microscopy and three-dimensional image
analysis tools” as well as “sophisticated cell models” that
include tumor cells and cells of the in vivo tumor microenvi-
ronment. The pathomimetic avatars we have described here
are such sophisticated 3D cell models. In addition, we have
shown that these pathomimetic avatars can be used for live-
cell quantitative imaging in real time of spatial, temporal, and
dynamic changes in breast cancer progression. We have
established that our models and technologies can identify, val-
idate, and track proteolytic pathways that mediate breast can-
cer progression. We suggest they can be used for comparable
studies in a wide variety of cancers in which proteases play
causal roles in progression and metastasis and thus will meet
the need for mechanism-informed phenotypic screening in
cancer drug discovery.
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