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Cancer Cell Invasion of Mammary Organoids with Basal-In
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Eric Parigoris, Soojung Lee, David Mertz, Madeleine Turner, Amy Y. Liu, Jason Sentosa,
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and Shuichi Takayama*

This paper describes mammary organoids with a basal-in phenotype where
the basement membrane is located on the interior surface of the organoid. A
key materials consideration to induce this basal-in phenotype is the use of a
minimal gel scaffold that the epithelial cells self-assemble around and
encapsulate. When MDA-MB-231 breast cancer cells are co-cultured with
epithelial cells from day 0 under these conditions, cells self-organize into
patterns with distinct cancer cell populations both inside and at the periphery
of the epithelial organoid. In another type of experiment, the robust formation
of the basement membrane on the epithelial organoid interior enables
convenient studies of MDA-MB-231 invasion in a tumor progression-relevant
direction relative to epithelial cell-basement membrane positioning. That is,
the study of cancer invasion through the epithelium first, followed by the

1. Introduction

In vitro models of cancer are highly sought
after as low-cost alternatives to investigate
basic cell functions, such as proliferation
and invasion, in addition to providing high-
throughput platforms for drug-screening.[!]
While a variety of platforms exist, rang-
ing from Transwell migration assays to 3D
microfluidic models, 3D spheroid/organoid
cultures are of particular interest for their
ability to be grown in co-cultures for long-
durations of time if needed, used for high-
throughput screens, and applied as patient
surrogates for precision drug testing.>?]

basement membrane to the basal side, is realized in an experimentally
convenient manner where the cancer cells are simply seeded on the outside of
preformed organoids, and their invasion into the organoid is monitored.
Interestingly, invasion is more prominent when tumor cells are added to day 7
organoids with less developed basement membranes compared to day 16

organoids with more defined ones.
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Organoids that mimic physiological cell
heterogeneity, basement membrane struc-
tures, and 3D cellular organization are par-
ticularly valuable.l]

Despite advances in the organoid
field, there are a number of challenges
for practical applications including
lack of uniformity,**! inconvenience of
handling,['! and difficulty of accessing the
organoid lumen.®l In ductal carcinoma in situ (DCIS), cancer-
ous cells reside within the lumen of ducts on the side of the
epithelium opposite the basement membrane. Accumulation of
cells within this ductal lumen and loss of apicobasal polarity are
both hallmark features of epithelial cancers that are commonly
observed in both benign and invasive breast lesions.[”®] In par-
ticular, the transition from noninvasive to invasive breast can-
cer is characterized by invasion out from the lumen of a breast
duct—first through the epithelial cells, and then the basement
membrane.”)

Recently, we described a high-throughput, one-drop, one-
organoid hanging drop culture platform that addresses the uni-
formity and convenience challenges of producing MCF10A cell
mammary organoids. These cellular constructs are significantly
larger (up to &1 mm diameter) and have more complex cell
organization compared to the conventional, small, Matrigel-
embedded acini.'® The term, organoid, is used here in the
broader sense of 3D cellular structures that self-organize to re-
capitulate functional units of biological tissues.[1®12] Although
created from a cell line, these large, self-organizing organoids
exhibit multiple lineage phenotypes and cellular heterogeneity
not observed in typical MCF10A acini.l'”) Furthermore, unlike
spheroids that have cell-filled interiors, this organotypic model
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has a large hollow interior and a sparse distribution of small cel-
lular acini, reminiscent of terminal ductal lobular units (TDLUs).
Here, we report on a minimal gel scaffold requirement to en-
able formation of these unexpectedly large organoids. We also
reveal a surprising basal-in phenotype of the organoids where the
basement membrane forms on the interior surface alongside an
MCF10A epithelium. Importantly, this basal-in phenotype is sta-
ble and the basement membrane formed becomes more promi-
nent over time. The basal-in phenotype and inner surface base-
ment membrane formation by the MCF10A cells persist even
when co-cultured with MBA-MD-231 breast cancer cells from day
0. When the MBA-MD-231 cells are added to the exterior of al-
ready formed MCF10A organoids, the tumor cells invade into the
interior, although to a lesser extent at later timepoints when the
basement membrane is more prominent.

While recent advances in breast cancer organoids derived from
patients have been impressive,!*! the small lumens of cancer
organoids and cell-filled spheroids make invasion studies diffi-
cult. Although there have been previous reports of 3D breast
structures with reversed polarity,*°] they typically represent
acini which are on a smaller size scale, and the presence or lo-
cation of the basement membrane is unclear. The large, basal-
in phenotype mammary organoids and their breast cancer cell
co-cultures described here, while currently still based on use
of cell lines, are envisioned to open new opportunities for con-
venient, standardized, and physiological cancer cell invasion
studies.

2. Results and Discussion

2.1. A Minimal Gel Scaffold Is Key for MCF10A Organoid
Formation

We recently described cellular self-assembly of unusually large
mammary organoids in a hanging drop culture platform.['] To
better characterize the role of Matrigel from a materials perspec-
tive, we analyzed the gels that form under our experimental con-
ditions in the absence of cells. It is noted that although Matrigel
is known to form gels upon warming, the manufacturer’s recom-
mended concentration is 3 mg mL~! and above, whereas the con-
centration used in our protocol is around 100 pg mL~!, a concen-
tration where gel formation is usually not expected. Indeed, when
we follow the conventional protocol of mixing all media compo-
nents (including Matrigel) at low temperature and then warming
the media, gelling does not occur (Figure S1, Supporting Infor-
mation). Gelling is minimal even when the Matrigel stock solu-
tion is directly added to pre-warmed media if fetal bovine serum
(FBS) is absent. Interestingly, in our protocol where the concen-
trated Matrigel stock solution is added to pre-warmed media that
also includes a high serum concentration, a gel-like substance de-
velops. This gel-like substance is, initially, homogenously spread
throughout the hanging drop (Figure S1, Supporting Informa-
tion).

When MCF10A cells are present, the cells consolidate this gel-
like substance (Figure 1a—c), as can be seen in Figure 1b where
the arrow is pointing to the edge of the more localized clear gel.
Cell-assisted organization of a minimal Matrigel scaffold is ev-
ident when comparing the differences in gel organization with
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and without the addition of cells. Upon further incubation, the
cells fully entrap the gel in the core of a 3D structure and are
suggested to undergo coordinated rotational movement in order
to maintain apicobasal polarity.['®! We found that the amount of
Matrigel is important as both too little and too much Matrigel pre-
clude formation of one large organoid in each drop. If no Matrigel
is included in the culture, then the MCF10A 3D cultures form
simple compacted spheroids instead of the much larger, hollow
organotypic structures of interest in this paper (Figure 1d,e, and
Figure S1, Supporting Information). Conversely, if too much Ma-
trigel is included, the MCF10A cells form many small acinar
structures, but never merge into one organoid. Even when the
Matrigel concentration is appropriate (120 + 10 ug mL™!), if the
media components are mixed when cold, following the manu-
facturer’s recommended protocol, the MCF10A cells form mul-
tiple small clumps, and often never completely merge into an
organotypic structure (Figure 1f,g). Taken together, it is critical
to add cold Matrigel to warm media with FBS to allow for pre-
gelling, and the Matrigel concentration has been optimized to 120
+ 10 pg mL~.

2.2. The MCF10A Organoids Have a Basal-In Phenotype

We further characterized the Matrigel in the organoid core at
later timepoints. Using histological organoid sections as previ-
ously reported,!’”! hematoxylin and eosin (H&E) staining (Fig-
ure 1h) revealed a network with pink hues inside of the organoid,
suggesting presence of extracellular matrix proteins (ECM). A
pan laminin-1,2 immunostain (Figure 1i) also showed exten-
sive staining consistent with the notion that Matrigel (Corning,
#356231), which is approximately 60% laminin (largely laminin-
1), was encapsulated.

Laminin-5 has been used extensively as an indicator of the
basement membrane for MCF10A cells grown in 3D culture, as
itis known to be produced by the cells but is not present in signif-
icant amounts in Matrigel.®17-1%1 With MCF10A acini formed in
conventional gel scaffolds or overlay systems,!®1¢'7] the laminin-
5 stains show a basal-out phenotype with the basement mem-
brane on the outside of the small acinar structures (Figure 2a).
Upon examination of laminin-5 staining of our organoids, how-
ever, we were surprised to discover the basement membrane to
be on the interior surface of the organoid structure (Figure 2b).
That is, at the outer periphery of the organoids, the distinct layer
of laminin-5 (red) is on the inner side of the MCF10A cell nu-
clei (blue) (Figure 2c). We further assessed the organoids through
integrin alpha-6 staining because of its established role in base-
ment membrane adhesion.!?”! Like the laminin-5 staining, the in-
tegrin alpha-6 was focused on the inner periphery of the organoid
section, further supporting a basal-in cellular phenotype of these
mammary organoids (Figure 2d).

We also analyzed the basement membrane organization of the
acinar structures present in the interior of many organoids (Fig-
ure 2b). These smaller structures mostly maintain their base-
ment membrane layer on the outside of the acini (Figure 2e),
indicative of the more common basal-out polarity. Overall, Ma-
trigel appears to play a critical role in the development of a basal-
in phenotype. When it becomes entrapped inside of the organoid,
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1.5% (120 + 10 pg/mL) Matrigel in warm medla + 3000 MCF10A cells

24-72 hours

Time of seeding

No Matrigel + 3000 MCF10A cells

Time of seeding 72 hours
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1.5% (120 + 10 pg/mL) Matrigel in cold media + 3000 MCF1 0A cells

72 hours

MCF10A cell

s Basement membrane

Figure 1. Cell-assisted minimal scaffolding is critical for organoid formation. a,d,f) Schematic representations and b,c,e,g) brightfield images of 1.5%
Matrigel added to warm media, MCF10A cells with no Matrigel, and 1.5% (120 + 10 pg mL~") Matrigel added to cold media, respectively. Black arrow
in (a) and (b) shows a pocket of Matrigel. h) H&E image of a day 16 organoid section. i) Laminin-1,2 stain of a day 16 organoid section. All scale bars

represent 200 pm.

the cells form around a Matrigel core (Figure la—c). In turn, the
organoid senses the basement membrane signal on the inside
and the cells produce their own basement membrane, allowing
for generation of the basal-in phenotype organoid structures.!'¥]
On the other hand, the small acini in the organoid interior result
in a basal-out polarity with an exterior basement membrane due
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to having Matrigel contact from the outside. These laminin-5 and
integrin alpha-6 staining results reveal the intricacy of epithelial
polarity within the organoid not described in our prior publica-
tion with only cytokeratin 5/6 (CK 5/6) and cytokeratin 18 (CK
18) staining.!') We therefore suggest that the basal-in phenotype
is more complex than initially described.
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Figure 2. MCF10A organoids exhibit a basal-in phenotype. a) Commonly observed, basal-out structure of MCF10A acini grown in gels. b) Basal-in
phenotype of MCF10A organoids described here. Smaller internal acinar structures maintain basal-out morphology. c) Laminin-5 staining of a day 16
organoid section. Scale bar represents 200 pm. Inset shows 40x image, with laminin-5 layer on the inner side of the structure. Scale bar represents
50 pm. d) Integrin alpha-6 staining of a day 16 organoid section. Scale bar represents 200 ym. €) Laminin-5 staining of a day 12 organoid with a lesser
extent of hollowing. Scale bar represents 200 ym. Inset shows 40x image of internal acinar-like structures that do not exhibit a basal-in morphology.

Scale bar represents 20 pm.

The stable basal-in phenotype and prominent basement mem-
brane observed in our large organoids stand in contrast to other
reports of the smaller-sized, so-called inverted organoids where
there is lack of characterization or presence of a stable basement
membrane.['* These smaller inverted organoids often show a
mixture of inversion and non-inversion in the same organoid as
revealed by various apical and basolateral markers, and the polar-
ity flips back and forth between normal and inverted states quite
readily.(6-21]

2.3. MCF10A Cells Form Organoids with a Basal-In Phenotype
Even When Co-Cultured with MDA-MB-231 Cells from Day 0

We explored how co-cultures of MCF10A and MDA-MB-231 cells
organize into different 3D structures under different culture con-
ditions. Co-cultures of 3000 MCF10A and 300 MDA-MB-231 cells
were performed in both the absence and presence of the minimal
Matrigel scaffold at the time of seeding. We note that after the
initial seeding, media exchange was performed with media that
does not contain any Matrigel for all culture conditions tested.
Organoids were tracked and imaged every few days for the 16-
day growth period.

3D cultures without the minimal Matrigel scaffold resulted
in a distinct separation between the two cell populations (Fig-
ure 3a). The MCF10A cells formed a small compact spheroid,
and the fluorescent MDA-MB-231 cells grew in loosely packed
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groups of cells surrounding the MCF10A spheroid at random lo-
cations. These observations are similar to previously published
co-cultures of MCF10A and MBA-MD-231 cells.[?22]
Conversely, co-cultures with the minimal Matrigel scaffold ex-
hibited a significantly different morphology. At day 2, there was
a relatively well-mixed distribution of the two cell populations,
although the overall size of the cellular structure was already
significantly larger than co-cultures without Matrigel (p-value
< 0.000001). At later timepoints, the MDA-MB-231 cells orga-
nized into distinct patterns (Figure 3d) with one sub-population
confined to the organoid interior, and another sub-population
forming peripheral spheroids (indicated with a black arrow in
Figure 3d). This 3D organization of MCF10A and MDA-MB-
231 cells is robust and was reproduced among multiple inde-
pendent co-culture experiments (Figure S2, Supporting Informa-
tion). In terms of morphology, the organoids seeded with Ma-
trigel grew significantly larger compared to those seeded without
Matrigel, although the discrepancy in area decreased over time in
the culture. By day 16, the overall sizes were less different due to
more extensive growth of the MDA-MB-231 cells in the condition
without Matrigel (Figure 3b). In terms of roundness (Figure 3c),
organoids without Matrigel experienced a statistically significant
drop in roundness between days 7 and 10, largely because of the
rapid growth of MDA-MB-231 cells at random peripheral posi-
tions. This also accounts for the higher standard deviations be-
tween different organoids for some days shown in Figure 3b,c.
For organoids with Matrigel, the roundness stayed consistent
throughout the culture; the small decrease is due to growth of
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Figure 3. Self-organizing behaviors of MCF10A and MDA-MB-231 co-culture. a) Time course development of co-culture without Matrigel. b) Area and
¢) roundness of co-culture both with and without Matrigel. The mean values are reported, and error bars represent the standard deviation; n = 20
organoids were used for each condition. d) Time course development of co-culture with 1.5% (120 + 10 ug mL~") Matrigel. Black arrow in (d) indicates
the peripheral ball of MDA-MB-231 cells. €) H&E image and f) laminin-5 stain of a day 16 co-culture organoid where a peripheral MDA-MB-231 ball
remained attached to the main organoid body. g) H&E image and h) laminin-5 stain of a day 16 co-culture organoid where a peripheral ball of MDA-MB-
231 cells dissociated from the organoid, which represents a majority of the co-culture organoids. All scale bars represent 200 pm, except the inset in (f)
which represents 50 pm. T-tests were performed between organoids with and without Matrigel. * denotes a p-value < 0.005 and ** denotes a p-value
< 0.000001.
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small peripheral spheroids of MDA-MB-231 cells adjacent to the
main organoid body. These differences between the two cell seed-
ing conditions underline the importance of a minimal Matrigel
scaffold at the time of seeding for producing the outside-in breast
cancer organoids.

As seen in Figure 3d, the co-culture organoids often have a
loosely attached peripheral spheroid of MDA-MB-231 cells adja-
cent to the main organoid structure while they are maintained in
hanging drop culture. However, through harvesting and gentle
pipetting, the peripheral spheroid is dissociated from the main
body in a majority of the co-culture organoids. Figure 3 further
shows H&E and laminin-5 images for one example where the pe-
ripheral spheroid remains attached to the organoid (e and f), and
an example where the peripheral spheroid dissociated upon gen-
tle pipetting (g and h). In both cases, the organoid maintained a
basal-in phenotype, as can be seen by laminin-5 (red) predomi-
nantly localized on the inner side of the organoid epithelium. For
the condition where the peripheral spheroid remained attached
to the main organoid body, a microinvasion point with disorgani-
zation of the basement membrane is visible, reminiscent of ini-
tial stages of breast carcinoma in situ.[??°] Overall, we show a
robust and reproducible method for the long-term maintenance
(20+ days) of co-cultures where the MCF10A cells show a basal-in
phenotype.

MCF10A and MDA-MB-231 cells have been co-cultured pre-
viously, including in a 3D format as described by Carey et al. in
2013 (Figure S3, Supporting Information). Interestingly, their ex-
periments resulted in cell-filled spheroids with a core of MDA-
MB-231 cells, followed by layers of MCF10A cells, and ad-
ditional MDA-MB-231 cells on the periphery.?®l Our 3D co-
cultures also formed structures with MDA-MB-231 in the core
and in the periphery but within a much larger hollow organoid
structure where the MCF10A cells form a thin epithelial shell
with a distinct basement membrane (Figure S3, Supporting
Information)./t]

At first glance, the two culture conditions are very similar, not
only using the same cell types but also the same media, incor-
poration of Matrigel, and 3D culture. What could be the key dif-
ference leading to drastically different cellular organization out-
comes? By testing different MCF10A:MDA-MB-231 cell ratios
from 1:1 to 1000:1, we excluded cell ratio as a major factor (Figure
S4, Supporting Information). The key difference is in whether
the cell seeding conditions allow for minimal Matrigel scaffold-
ing or not. Carey et al. performed cell seeding with media that
only contains Methocel. The seeding media did not include Ma-
trigel or 10% FBS, although Matrigel was introduced with the
spheroid growth media following centrifugation and 2 h of incu-
bation. This is a condition that would not allow for cell-assisted
Matrigel scaffolding as described in Figure la—c.

For both experimental platforms, there are clear self-
organizing behaviors likely due to cadherin mediated cell
adhesion.!”?8] E-cadherin is expressed by the MCF10A cells and
not the mesenchymal-like MDA-MB-231 cells, causing regions of
mainly one cell type to form (Figure 4b). Our organoids follow
similar, but slightly more distinct organization patterns, likely
due to the initial Matrigel scaffolding and differences in time
spent in culture. Carey et al. grew the spheroids for 48 h and
performed invasion experiments for 48 h, but did not assess long-
term viability. Because we grew the 3D co-cultures for 16-20 days,
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there is more time for growth of the overall structure, yielding
larger cultures, in addition to more distinct cell separation. Carey
et al. noted the presence of MDA-MB-231 cells at the periphery
and core. We also initially see cells at the periphery and core; how-
ever, while the cancerous core remains intact, the cells initially at
the periphery assemble and form a small ball adjacent to the main
structure.

2.4. MCF10A Organoids as a Model to Study Ductal Carcinoma
In Situ

One main advantage of the basal-in phenotype of the MCF10A
organoids is direct access to the epithelial surface opposite the
basement membrane, as the region in the media surrounding
the organoid now represents the “luminal” side. In many pre-
vious organoid models, access to the lumen is challenging, as
time-consuming and technically demanding techniques, such as
microinjection, are typically required.[®*] To capitalize on this
ease of “luminal” access in our model, we grew the MCF10A
organoids to partial maturity (7 days) and placed 300 MDA-MB-
231 cells in the media surrounding the organoid. The cancer cells
were allowed to invade for 7-9 days before harvesting, fixing, and
cryosectioning (Figure 4a). Analysis revealed that the organoids
generally maintain their epithelial integrity, as indicated by E-
cadherin immunostaining (Figure 4b and Figure S5, Supporting
Information). However, laminin-5 staining revealed disorganiza-
tion of the basement membrane, as GFP labeled MDA-MB-231
cells could be observed inside a portion of the organoid sections
that were analyzed (Figure S5, Supporting Information).

We further assessed how the timing of introduction of MDA-
MB-231 cells affects penetration into the organoid. We chose day
7 and day 16 for introduction, and allowed the cells to invade for
9 days (thus, cultured to days 16 and 25, respectively). In these
experiments, the MCF10A cells were stably transduced with RFP
to contrast with the green fluorescent MDA-MB-231 cells. Fur-
thermore, invasion was analyzed using confocal stacks obtained
after optical clearing of the organoids (Figure 4c and Figure S6,
Supporting Information). When cancer cells are introduced to
day 7 MCF10A organoids, a majority of organoids were invaded,
whereas only a small fraction of day 16 organoids experienced
MDA-MB-231 invasion (Figure 4f). Importantly, this trend cor-
relates with prominence of the basement membrane—initially,
it is largely disorganized, has weaker laminin-5 staining, and is
highly discontinuous along the inner periphery of the organoid
structure (Figure 4d). However, by day 16, the basement mem-
brane is much more pronounced, with a prominent band along
the basal side of the MCF10A epithelium (Figure 4e).

Because of the ease of use and high-throughput nature of this
platform, there are significant biological applications. For exam-
ple, we envision that our system will be useful for the study of the
early invasion steps in DCIS-to-invasive carcinoma progression.
DCIS is a type of non-invasive breast cancer that accounts for
~25% of all breast carcinoma diagnoses.!*! It has been demon-
strated that ~30% of untreated cases of DCIS develop invasive
ductal carcinoma (IDC) within 10 years.[*! At present, there are
no biomarkers that can predict which cases of DCIS will progress
to invasion.[?3!] Therefore, there is currently a need for a better
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Figure 4. MCF10A organoid model as a cancer invasion platform. a) Schematic of cancer invasion experiments. Organoids are grown to partial maturity,
and MDA-MB-231 cancer cells are introduced on day 7 or 16. Due to the basal-in nature of the organoids, there is easy apical-surface access, represented
by the outside of the organoid. Organoids were maintained in culture for an additional 9 days before fixation. b) E-cadherin staining of MCF10A organoids
after MDA-MB-231 cells invaded inside. Scale bar represents 200 pm. c) Confocal slice at midplane of a cleared organoid showing MDA-MB-231 cancer
invasion introduced at day 7 and maintained for 9 additional days. Scale bar represents 300 pm. d) Laminin-5 staining of the basement membrane
development over time at day 8 and e) day 16. Scale bars represent 200 pm. f) Quantification of percent of organoids showing cancer invasion when
MDA-MB-231 cells were added on day 7 (n = 8) or day 16 (n = 5) of MCF10A organoid culture.

understanding of underlying factors responsible for the disease
progression and for the development of prognostic biomarkers.
To help study disease progression, a few 2D and 3D models
of DCIS have been developed ranging from co-culture spheroid
models(®3% to microfluidic devices®'3* that recapitulate the key
physiological features of the disease and serve as potential plat-
forms for assessment of invasion and transition into IDC. One
model of interest is the work done by Sameni et al. that details
the use of mammary architecture and microenvironment engi-
neering (MAME) to produce 3D models of DCIS invasion.[**]
While this model allows for the study of basement membrane
breach and invasion, the system is gel-embedded, the cells form
small acini, and luminal access is highly limited. On the contrary,
microfluidic devices can facilitate investigation of environmen-
tal factors of cancer invasion over long periods of time. Previ-
ously, Choi et al. developed a microfluidic platform consisting of
upper and lower channels to mimic the ductal lumen and vas-
cular layer, respectively. In between the two channels, a DCIS
spheroid was placed on a mammary epithelium layer grown on
a Matrigel-coated vitrified collagen membrane, which addition-
ally covered a stromal layer consisting of cancer-associated fi-
broblasts (CAFs).2*] Another microfluidic platform by Bischel
et al. takes advantage of viscous finger patterning to create a hol-
low lumen lined with MCF10A cells, which can be filled with
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MCF10DCIS.com cells to mimic the disease state. To further in-
crease physiological relevance, the chip contains two side chan-
nels, which can be filled with mammary fibroblasts.3!l While
versatile, microfluidic models are structurally complex and have
lower throughput.

In addition to models specific to the study of DCIS, there are
several alternative in vitro and in vivo models of breast cancer in-
vasion. While Transwell models are simple and effective to use,
they do not encapsulate the cancer microenvironment and can
only assess single cell motility. Optimized cancer invasion mod-
els also exist, such as the Chemicon/QCM ECMatrix Cell Inva-
sion Assay which measures invasion by post-labeling with fluo-
rescent dye. However, it is only an endpoint assay,*®! and it fur-
ther does not provide a true cell-produced basement membrane,
but rather an exogenous extracellular matrix layer. In vivo in-
vasion assays take advantage of animal basement membranes,
such as sea urchin embryo basement membrane (SU-ECM) and
chick embryo chorioallantoic membrane (CAM), for more accu-
rate modeling of complex systems.[*”38] Despite the ease of use
of these assays, their animal-origin limits availability of reagents
and the differences in drug metabolism with mammals make
drug testing difficult.3®

We propose hanging drop organoids that possess MCF10A
cell-produced, native basement membranes as a platform for
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studying cancer cell invasion. Our model’s basal-in phenotype
allows it to serve as a convenient platform for the study of inva-
sive abilities of breast cancer cells where the “luminal” epithe-
lium on the side opposite the basement membrane is readily ac-
cessible from the organoid exterior. Organotypic models that as-
sess invasion in a manner similar to DCIS progression to IDC
can pose a challenge for throughput and feasibility if the base-
ment membrane is located on the outside layer, as microinjection
into the lumen would be required, and invasion outward would
be assessed. The results in Figure 4 demonstrate the potential
of our basal-in phenotype organoid, as we have shown success-
ful invasion of triple negative breast cancer cells from the “lumi-
nal” side of the epithelium (represented by the media surround-
ing the organoid), through the basement membrane, to the ba-
solateral side of the epithelium (represented by the inside of the
organoid). Cancer cells can be pipetted into the surrounding mi-
croenvironment of the organoid, and invasion inward can be as-
sessed through histology and microscopy. With our current plat-
form, typically 192 organoids (every other well of a 384-well plate)
can be simultaneously assayed per plate and maintained in cul-
ture for 25+ days.

Limitations of the current platform include the use of cell
lines rather than primary cells, only mammary epithelial cells
and tumor cells, and low-throughput tissue sectioning and clear-
ing methods for much of the analysis. As DCIS transitions to
IDC, there is a well characterized and progressive loss of the
myoepithelium along with its associated differentiation mark-
ers; in vivo, these cells are responsible for basement membrane
deposition.[?*3%] As such, the presence or absence of these two
layers, in most cases, is used to differentiate between DCIS, DCIS
suggestive of invasion, or IDC.[**-*2] Because our model does not
contain a deliberately seeded population of myoepithelial cells,
this is one aspect that limits its physiological relevance to the
bilayered epithelium found in many types of DCIS. Addition-
ally, although our hanging drop platform is a high-throughput
technique, the plates can be difficult to handle because of risk
of droplet loss due to bumping, rapid evaporation when left in
the open, and difficulty of programming automatic imaging plat-
forms to focus on cells inside hanging droplets. The methods and
concepts, however, should be readily expandable to test for use of
primary cells, incorporation of additional cell types, and use in
mechanistic assays.

3. Conclusion

Building off of our previously described mammary organoid
platform,'% we newly discovered that these organoids have a
basal-in phenotype. Laminin-5, an indicator of the basement
membrane, is located on the interior surface of the organoid
structure consistently across all samples that were imaged. We
found that cell-assisted scaffolding through the reorganization
of Matrigel and entrapment in the organoid core plays a criti-
cal role in this basal-in phenotype. While several reports of so-
called inverted organoids exist,[®214**! prior systems observe
much smaller acinar structures that often have mixed polar-
ity, undergo easy inversion and re-inversion based on culture
environment change, and have unclear basement membrane
presence. In contrast, our experiments consistently produce
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organoids that are large and have a well-developed laminin-5-rich
basement membrane with a basal-in orientation. Importantly,
our organoids maintain their basal-in phenotype even when co-
cultured with MDA-MB-231 cells from initial seeding, though
sometimes there is disorganization in the basement membrane
with sub-populations of MDA-MB-231 cells located both inside
and outside of the organoid. Capitalizing on the robust basal-in
phenotype of the MCF10A organoids, we propose that our model
will be useful to study the early steps of breast carcinoma in-
vasion as it occurs in DCIS-to-invasive carcinoma progression.
The robust maintenance of the basal-in phenotype also allows for
long-term studies of at least 25 days. While the specific cellular
model described focuses on mammary tissues and breast cancer,
the methods and concepts, such as cell-assisted Matrigel scaffold-
ing for robust production of large organoids with a basal-in phe-
notype, may be applicable to a broad range of organ, tissue, and
cancer types. This is particularly relevant, given the previously
reported potential for polarity inversion of organoids and acini
formed by epithelial cells from the breast,['>"*°] kidney,[214344]
gut,!*®] and lung.[*]

4. Experimental Section

2D Cell Culture: MCF10A cells were purchased from ATCC and cul-
tured in DMEM/F12 (Gibco) supplemented with 5% horse serum (Gibco),
20 ng mL~" heparin-binding epidermal growth factor (HB-EGF) (Pepro-
tech), 0.5 pg mL™" hydrocortisone (Sigma), 100 ng mL~" Cholera toxin
(Sigma), 10 pg mL™" insulin (Sigma), and 1% penicillin/streptomycin
(pen/strep) (Gibco).l8] MDA-MB-231 stably transduced with GFPI“6] were
grown in DMEM (Gibco) supplemented with 10% fetal bovine serum
(FBS) (Gemini), 1% pen/strep, and 1% GlutaMAX (Gibco). Cultures were
maintained at 37 °C and 5% CO, in T75 culture flasks. Cells in 2D culture
were routinely passaged at 70-80% confluence.

MCF10A RFP Transduction: MCF10A cells were seeded at a density of
100 000 per well in a 6-well tissue culture plate. After allowing cells to at-
tach overnight, media was aspirated and cells were rinsed with PBS. Then,
2 mL of transduction media containing heat-inactivated horse serum,
polybrene at a final concentration of 5 yg mL™' (Sigma #107689), and
RFP lentivirus (Cellomics Technology) at a final concentration of 400 000
TU mL~! for a total multiplicity of infection (MOI) of 8 was added to the
cells. Transduction occurred for 8.5 h, after which the transduction me-
dia was aspirated and the cells were rinsed with sterile PBS. Then 2 mL of
fresh media was added to the cells. The cells were expanded and the RFP-hi
positive population was selected for using florescence-activated cell sort-
ing (FACS). Before seeding into organoids, the cells were maintained in
growth media containing 1 pg mL™" puromycin to maintain selective pres-
sure against unlabeled cells.

3D Organoid Culture:  To grow MCF10A mammary organoids in hang-
ing drop culture, previously described custom plates!*’] were soaked
overnight in 0.1% F108 pluronic solution (Sigma 542342), rinsed with wa-
ter, and UV sterilized for 20 min on each side with a UVP Crosslinker
(Analytik Jena). To minimize evaporation of the drops, the plate was
sandwiched between a 96-well round bottom plate, and the wells filled
with distilled water. To provide further humidity, the troughs of the hang-
ing drop plate were filled with distilled water and sterile gauze pads.
Organoids were seeded and maintained in hanging drop culture as previ-
ously described.[1%1 Briefly, 3000 MCF10A cells were seeded in every other
well of a 384-well hanging drop plate in a final volume of 25 pL. The cells
were supplemented with 0.24% Methocel (A4M, Sigma), 1.5% Matrigel
(Corning, #356231 Growth Factor Reduced Basement Membrane Matrix),
and 10% FBS to promote initial aggregation, growth, and subsequent
hollowing.l1%48] To ensure the organoids exhibited a basal-in phenotype,
cold Matrigel was added to pre-warmed growth media containing FBS and
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Methocel prior to introducing the cells. On day 3 of organoid culture, the
media was exchanged 3 times to wash out the seeding supplements using
a CyBio FeliX liquid handling machine (Analytik Jena). To exchange media,
9 pL was removed, and 10 pL was added to account for evaporation. For
routine culture, media was exchanged 2 times every 2-3 days. Organoids
were maintained in culture for 16 to 25 days. For co-culture experiments,
300 MDA-MB-231 cells were seeded with 3000 MCF10A cells. Cells were
seeded in the same media as the MCF10A mono-culture organoid seeding
media containing 1.5% Matrigel, 10% FBS, and 0.24% Methocel in com-
plete MCF10A growth media. During routine media changes, complete
MCF10A growth media was also used to replenish the hanging drops fol-
lowing the exchange protocol described above.

Cancer Invasion Experiments: MCF10A organoids were seeded as de-
scribed using 3000 cells, and grown in culture for 7 or 16 days. On day 7 or
day 16 of culture, 300 MDA-MB-231 cells were introduced into each drop,
and the cultures were maintained for an additional 7-9 days. At the end
of the experimental timepoint, the organoids were harvested, fixed, and
prepared for histology or optical clearing.

Organoid Imaging and Morphology Analysis:  While organoids were
maintained in hanging drop culture, they were imaged every 2-3 days us-
ing an EVOS FL Auto 2 microscope (Thermo Fisher) with a 4x objective.
For basic morphology analysis, Image | was utilized.[*] The images were
converted to binary, inverted, and the “Analyze Particles” macro was used
to calculate both the area and roundness of the organoids.

Sample Embedding and Cryosectioning: Organoids were harvested
from the hanging drop plate upon completion of the experiment, and
washed 3 times in PBS. Samples were fixed in 4% paraformaldehyde (Alfa
Aesar) for 1 h at room temperature and washed with PBS. To aid in the vi-
sualization of the organoids, they were stained with 0.5% methylene blue
(Ricca Chemical Company) for 10 min, followed by several PBS washes
to remove the excess dye. A small amount of optimal cutting tempera-
ture (OCT) compound (Tissue-Tek) was added to a cryomold, and ~15
organoids were added to each mold. Subsequently, the organoids were
covered with additional OCT. Isopentane (Sigma) was cooled in liquid
nitrogen, and samples were flash frozen in the isopentane for less than
2 min. Cryoblocks were stored at —80 °C, and 10 pm sections of the
organoids were obtained using a CryoStar NX70 cryostat (Thermo Fisher).

H&E Staining and Microscopy: Mounted sections were stored at —20
°C and thawed for 5 min prior to H&E staining. An ST5010 Autostainer XL
(Leica) was used to perform the H&E staining. Samples were coverslipped
with Xylene and Cytoseal 60 (Richard-Allan Scientific). The samples were
imaged using a DMi1 inverted microscope equipped with a color camera
and 10x objective (Leica).

Immunofluorescence Staining and Microscopy: Mounted sections were
rinsed with PBS and permeabilized with 0.2% Triton X-100 (Sigma) for 5
min. The sections were washed 3 times with PBS and blocked with 4%
bovine serum albumin solution (BSA, Millipore Sigma, #82-067) for 1h at
room temperature. Rabbit anti-E-cadherin (Cell signaling #3195, 1:200 di-
lution), Rabbit anti-laminin-1,2 (Thermo Fisher #PA1-16730, 1:1000 dilu-
tion), Rabbit anti-laminin-5 (Abcam #ab14509, 1:200 dilution), and Rabbit
anti-integrin alpha-6 (Thermo Fisher #27189-1-AP, 1:500 dilution) primary
antibodies were added to the samples, and incubated at 4 °C overnight.
Primary antibodies were then removed, and samples were washed 3
times with 1% BSA solution in PBS. Secondary antibodies were incubated
with the samples for 2 h at room temperature. For all stains, Goat anti-
Rabbit Alexa Fluor 594 was utilized as the secondary antibody (Invitro-
gen #A11012, 1:1000 dilution). Slides were rinsed 3 times with PBS, and
incubated with DAPI (Thermo Fisher, 1.4 x 1076m) for 15 min at room
temperature. The slides were rinsed 3 times with PBS, briefly dried, and
mounted using ProLong Diamond Antifade mounting media (Thermo
Fisher #P36965). A DMi8 inverted epifluorescence microscope (Leica)
equipped with 10%, 20%, and 40X air objectives was used to image the
samples.

Optical Clearing, Confocal Microscopy, and Invasion Assessment:
Organoids were collected from the hanging drop plate and fixed as
previously described. The paraformaldehyde was then aspirated and the
organoids were rinsed 3 times with PBS containing azide (Santa Cruz)
and stored at 4 °C for clearing. The organoids were rinsed consecutively
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in ethanol-PBS solutions containing increasing fractions of ethanol to
dehydrate: 50%, 70%, 80%, 96%, and two rinses at 100%, 3 min per rinse
on a gently rocking platform. Then, the organoids were transferred to a
chambered glass slide, and submerged in the clearing solution of benzyl
alcohol/benzyl benzoate (BABB, 1:2 (v/v)). Imaging was conducted using
a Perkin Elmer UltraView VoX spinning disc confocal microscope. Z-stacks
were acquired with a 10x objective and 4.4 pm spacing. Confocal stacks
were deconvolved using a calculated point spread function in Volocity
Restoration software (Quorum Technologies) to better resolve relative
cell positioning. The confocal stacks were analyzed in a double-blind
manner; the images from the different timepoints were de-identified and
then assessed for the presence of invasion by a different individual.

Statistical Analysis:  For quantification of morphological parameters,
20 organoids were used for each condition. The mean values were re-
ported, and error bars represented the standard deviation. Multiple t-tests
were performed to analyze the difference in area and roundness between
organoid culture with and without Matrigel for days 2, 4, 7, 10, 13, and 16 of
culture. * denotes a p-value < 0.005 and ** denotes a p-value < 0.000001.
For invasion experiments, n = 8 organoids were used for the addition of
MDA-MB-231 cells on day 7 and n = 5 organoids for their addition on day
16. Bar graphs were produced to show the percentage of organoids exhibit-
ing invasion for each condition. All graphs were produced and statistical
tests were performed using GraphPad Prism.
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