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Abstract

Here we present an experimental model for human luminal progenitor cells that enables single, primary cells
isolated from normal tissue to generate complex branched structures resembling the ductal morphology of
low-grade carcinoma of no special type. Thereby, we find that ductal structures are generated through invasive
branching morphogenesis via matrix remodeling and identify reduced actomyosin contractility as a prerequisite
for invasion. In addition, we show that knockout of E-cadherin causes a dissolution of duct formation as
observed in invasive lobular carcinoma, a subtype of invasive carcinomas where E-cadherin function is
frequently lost. Thus, our model shows that invasive capacity can be elicited from normal luminal cells in
specific environments, which results in low-grade no special type morphology. This assay offers a platform to
investigate the dynamics of luminal cell invasion and unravel the impact of genetic and non-genetic aberrations
on invasive morphology.
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invasive carcinoma. The most commonly diagnosed
type is invasive carcinoma of no special type (NST),
also known as invasive ductal carcinoma, which com-

Introduction

The mammary gland consists of a bilayered branched

epithelial network with an inner layer of luminal cells
and an outer layer of myoepithelial/basal cells. Breast
cancer is thought to generally arise from the luminal epi-
thelial cells [1-4]. Highly proliferative cancerous cells
can either remain within the confined luminal spaces
(in situ carcinomas) or breach the basal cell layer and
lamina, resulting in invasive breast carcinomas [5].
There are several morphologically distinct types of

prises over 70% of all cases [6]. Histologic grade of
NST is, among other factors, determined based on the
extent to which cancer cells form differentiated ducts,
a measurement that bears prognostic value [7-10].
Thereby, arising ducts resemble normal mammary
gland morphology, but they consist solely of invasive
luminal cells that maintain expression of luminal
markers such as GATA3 [11,12] and specific
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cytokeratins [13]. In this grading system, a high degree
of well-differentiated ductal network formation is
attributed to low-grade disease [10]. Importantly, cer-
tain genetic aberrations have a direct impact on mam-
mary duct formation. One prominent example is
E-cadherin, which is typically lost in invasive lobular
carcinomas (ILC), a subtype where duct formation is
completely absent [14,15].

Understanding the mechanisms that underlie invasive
outgrowth of epithelial cells holds the key to the preven-
tion of invasive breast cancer. Importantly, so far it has
not been possible to identify universal genetic alterations
that distinguish pre-invasive from invasive carcinomas
[16-18]. Recent single-cell analyses support these find-
ings by showing that rather than being driven by one or
a few dominant clones, a variety of clones invade con-
comitantly [19,20]. This lack of support for specific
genetic determinants of invasion might indicate that a
conserved mechanism for invasive growth is already
present within pre-invasive luminal cells and that the
process of invasion is influenced by the microenviron-
ment or tumor stroma [21,22]. This fits with the percep-
tion that basal cells and basal lamina act as a physical,
invasion-suppressing batrier between luminal cells and
extracellular matrix (ECM) [23-25]. However, during
invasive cancer development, this barrier loses its integ-
rity, allowing direct contact of luminal cells with the
ECM [23,24,26,27]. The main structural component of
the human mammary ECM is collagen type I, which is
even more predominant in invasive carcinomas [28]. In
vivo, collagen type I can drive tumor cell invasion
[29,30]. In addition, collagen type I has been shown to
encourage invasive behavior and support branching
morphogenesis in vitro in epithelial cells, including the
basal mammary epithelial subset [31-33]. In analogy,
invasive growth could be elicited from luminal cells
once they converted towards a basal phenotype [34].
However, collagen-induced invasive branching morpho-
genesis resulting in the ductal morphology that is charac-
teristic for NST carcinomas has so far not been observed
in luminal cells in vitro. Instead, human luminal progen-
itor (LP) cells cultivated in collagen type I gels in a man-
ner where their luminal identity was maintained were
shown to grow out into spheres or budding-like struc-
tures [33] with reversed apical-basal polarity [35]. Con-
sequently, 3D models of invasive growth have relied
mainly on in vifro immortalized mammary epithelial or
breast cancer-derived cell lines [36,37] that often lack
luminal markers and do not reflect the morphogenetic
aspects of invasion [38—40]. Presumably, one reason
for the lack of luminal cell-based models is that main-
taining viable and actively dividing luminal cells in cul-
ture has been an ever-present challenge.

Expanding on previous developments of in vitro cul-
ture [41], we set out to revisit the invasive capacity of
primary human LP cells in a collagen type I matrix. To
this end, we developed 3D culture conditions in which
single LP cells give rise to a multicellular branched duc-
tal network resembling the morphology of low-grade
NST without requiring any genetic perturbation to do
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so. Thereby, we discovered that LP cells that are taken
out of their normal tissue context can actively invade
via matrix remodeling. Thereby, invasive branching
morphogenesis was guided by leader cells and depended
on inhibition of the Rho-ROCK-myosin II signaling cas-
cade. Finally, we observed that CRISPR-Cas9 mediated
deletion of E-cadherin in normal luminal cells resulted in
diffusely invading organoids resembling ILC morphol-
ogy. Together, our data show that invasive branching
morphogenesis resulting in low-grade NST morphology
can be triggered within normal LP cells in vitro by spe-
cific growth conditions.

Materials and methods

Isolation and culture of human mammary epithelial
cells

Healthy mammary gland tissue was processed as
described previously [33,42]. In brief, reduction mam-
moplasty tissue was minced with scalpels into 2-
3 mm’ pieces. Tissue was digested with collagenase 1
(Sigma-Aldrich, St Louis, MO, USA), hyaluronidase
(Sigma-Aldrich), and insulin (Sigma-Aldrich) and trea-
ted with trypsin—EDTA (Invitrogen, Carlsbad, CA,
USA) to create single-cell suspensions. The age and par-
ity of donors used in this study are catalogued in supple-
mentary material, Table S1. Cells were grown in an
incubator (Thermo Fisher Scientific, Waltham, MA,
USA) at 37 °C with 5% CO,. O, levels were maintained
at 3%.

3D culture

3D collagen type I gels were prepared as described
previously [33,42] with minor modifications. Single-
cell suspensions were mixed with branched luminal
organoid medium (BLOM) foundation, rat tail colla-
gen type I (Corning, Corning, NY, USA) and neutral-
izing solution. The final collagen concentration was
1.3 mg/ml. Upon polymerization and medium addi-
tion, gels were detached. For Matrigel experiments,
LPs in a BLOM suspension were mixed with growth
factor reduced Matrigel (Corning).

Inhibitor treatment

Collagen degradation via matrix metalloproteinases
(MMPs) was inhibited by using 10 pm marimastat
(Sigma-Aldrich), which was added to the medium of
elongating organoids prior to imaging. E-cadherin
blocking was performed by addition of an E-cadherin
blocking antibody HECD-1 (Abcam, Cambridge, UK)
at a dilution of 1:25 after 5 days of organoid culture.
Para-amino blebbistatin (PAB) treatment was performed
by adding 10 pm PAB (Cayman Chemical, Ann Arbor,
MI, USA) to the culture medium.
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CRISPR-Cas9-mediated gene knockout

Freshly sorted LP cells were expanded in 2D and subse-
quently transfected with the TransIT-X2 transfection
reagent (Mirus Bio, Madison, WI, USA) according to
the manufacturer’s recommendation. Cas9-GFP-
expressing plasmid (pSpCas9(BB)-2A-GFP) and the
gRNA-containing STAgR_Neo plasmid were co-trans-
fected. Fluorescence activated cell sorting (FACS) was
used to enrich for modified cells. CRISPR/Cas9-induced
deletions at the targeted locus were assessed from geno-
mic DNA. To assess editing efficiency on the protein
level, gels were stained for E-cadherin and structures
with and without E-cadherin were quantified.

Supplementary materials and methods include details
of the following: isolation and culture of human mam-
mary epithelial cells, FACS, 3D culture, measurement
of structure dimension and assessment of complexity,
extreme limiting dilution analysis (ELDA), carmine stain-
ing, immunofluorescence, live-cell imaging, collagen
labeling and imaging, data analysis, collagen coating
and 2D culture of LP cells, CRISPR-Cas9-mediated gene
knockout (KO), immunohistochemistry on tissue sec-
tions, and statistical analysis.

Results

Human mammary LP cells give rise to complex
branched ductal structures in collagen type | gels

In order to recapitulate luminal cell invasion in vitro, we
isolated LP cells from esthetic reduction mammoplasties
performed on healthy donors (Figure 1A) using FACS
and the established markers CD49f and EpCAM [43]
(Figure 1B, supplementary material, Figure S1A). We
ensured sample purity by re-analyzing sorted popula-
tions (supplementary material, Figure S1B) and only
sorts with a purity of at least 99.5% were used for further
experiments. As an ECM surrogate, we employed freely
floating hydrogels composed of collagen type I, as
described previously [33,44].

To maintain luminal cell characteristics and to ensure
robust rates of proliferation, we used the breast cancer
organoid medium (BCOM) as described by Sachs et al
[41]. BCOM was previously used for culturing mam-
mary epithelial fragments in Matrigel, thereby support-
ing the maintenance of the luminal as well as the basal
cellular subset. We observed that in combination with
collagen type I matrix, a fraction of single LP cells
(CD49f"e"EpCAM™E™) cultured in BCOM formed
small cell clusters and gave rise to simple branched orga-
noids with short ducts and at least two branching points
(see supplementary material, Figure S1C,D). Small
amounts of FCS have previously been used to increase
initial survival and promote outgrowth of single primary
mammary epithelial cells in culture [33]. Accordingly,
we could achieve a 12-fold increase in branched struc-
ture formation of single LP cells by the addition of
0.5% FCS to the medium (see supplementary material,
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Table S2), which was hereafter termed BLOM. Other
morphologic shapes that occurred in both media were
sticks and spheres (Figure 1C,D, supplementary mate-
rial, Figure S1C,D). Notably, when cells were cultured
in Matrigel instead of collagen type I, no branched struc-
ture formation occurred (see supplementary material,
Figure S1E). Importantly, branched structure forming
ability in collagen type I gels was not donor-specific:
branched luminal organoids could be generated success-
fully from all donors tested (n = 12; Figure 1E, supple-
mentary material, Table S1). In line with previous
observations, sorted single luminal mature cells
(CD49f°Y/EpCAM"2") barely proliferated when cul-
tured in BLOM in collagen type I gels, whereas single
basal cells (CD49f"€"/EpCAM'™/CD10™") also gener-
ated branched structures (see supplementary material,
Figure S1F).

In summary, these data show that normal primary LP
cells in collagen type I matrix have the capacity to give
rise to complex branched ductal structures resembling
the branched ductal morphology of low-grade NST car-
cinomas (Figure 1F).

Branched luminal organoids arise clonally and
express luminal lineage and polarization markers

We set out to further characterize LP-derived branched
structures derived in BLOM, focusing on frequency,
morphogenetic steps, and lineage marker expression.
First, we performed ELDA to calculate the proportion
of cells within the LP population that have structure-
forming potential [45]. For this purpose, sorted LP cells
were seeded in limiting dilution into collagen type I gels
and their single-cell state was confirmed by light micros-
copy, thus confirming that arising structures were of
clonal origin. Thereby, we determined that overall, one
of 15 freshly sorted LP cells had the capacity to grow
into a branched ductal structure (Table 1). Through low
seeding density and daily microscopic analysis, we ruled
out that branched structures at a later stage resulted from
merged organoids. Moreover, monitoring of organoid
growth revealed different growth phases. During the
establishment phase (days 1-5), single LP cells started
proliferating and formed small cell clusters. Around
day 5 of culture, small ducts were formed, which further
expanded into the matrix, whereby structure complexity
continuously increased (elongation/branching phase,
days 5-10). Finally, we observed decreased duct elonga-
tion accompanied by rounding up and thickening of the
tips (days 11-13) (Figure 2A).

Building on the morphologic resemblance to low-
grade NST, we next set out to assess lumen formation
and luminal marker expression as hallmarks of low-
grade NST pathology (Figure 2B). Those markers
include CK8/18 [46], GATA3 [11,12], ZO-1 [47], and
mucin-1 [48]. Confocal immunofluorescence of fully
grown organoids (days 11-13) revealed expression of
intermediate filaments CK8/18 within the cytoplasm
(Figure 2C) and nuclear expression of transcription fac-
tor GATA3 (Figure 2D) in all organoids examined.
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Figure 1. Human mammary LP cells give rise to complex branched ductal structures in collagen type | gels. (A) Normal mammary gland mor-
phology: schematic illustration and p63-stained section (brown) of normal mammary duct. Scale bar: 50 um. (B) Sorting of epithelial cells
from reduction mammoplasties via FACS based on EpCAM and CD49f expression. The green circle indicates the CD49f"9"/EpCAM"" popu-
lation (= LP). (C) Experimental set-up with carmine staining of arising structure types in BLOM. Scale bar: 100 pm. (D) Quantification of out-
growing structure types in BLOM. Depicted are donors M35, M44, and M45. Structure type was normalized to total structures arising per gel.
Data are mean = SD, n = 4 gels/condition. (E) Carmine staining of branched structures arising from donors M16, M28, M35, M36, M42, and
M44 in BLOM. Scale bar: 100 um. (F) Schematic illustration of invasively growing LP cells and section of low-grade NST carcinoma. Scale

bar: 50 pm.

Throughout the organoids, we observed a non-
continuous lumen mostly framed by a single-cell layer
(Figure 2C-H). Previously, correct apical-basal polari-
zation of the epithelium has been shown to be a prereq-
uisite for lumen formation during collective invasion of
epithelial cells [49]. In line with these notions, we
detected expression of tight junction protein ZO-1 at an
apical position of the ducts, indicating correct apical-
basal polarization in all organoids examined
(Figure 2E.I). Supporting the same notion, we discov-
ered mucin-1, a marker of luminal differentiation,
expressed at the apical side (Figure 2F,I). To corroborate

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
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this observation, we examined the non-lineage specific
polarization markers laminin and F-actin within individ-
ual ducts. We observed that the basolateral side of most
ducts was covered by the basal lamina component lami-
nin (Figure 2G,]), whereas an accumulation of F-actin
towards the apical side was found at locations where a
lumen was formed (Figure 2H,I). In addition, we inves-
tigated the expression of basal lineage markers p63 and
alpha smooth muscle actin (a-SMA) [38], which are typ-
ically absent in NSTs (Figure 2B). We used basal cell-
derived organoids as a positive control, which reliably
expressed p63 and a-SMA (see supplementary material,
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Table 1. ELDA: determination of branched structure-forming units
(B-SFU).

Positive gels/total gels

Number of M36 M44 M50
cells seeded

5 1/6 3/6 N/A
10 2/6 4/6 2/6
20 5/6 5/6 4/6
40 6/6 6/6 5/6
80 6/6 6/6 6/6
160 6/6 6/6 6/6
320 N/A N/A 6/6
B-SFU 1/15.1 1/9.52 1/20.7
95% Cl 1/8.85-1/26 1/5.53-1/16.7 1/11.8-1/36.5

Mean B-SFU 1/15.11

N/A, not available.

Figure S2A,C). In contrast, neither p63 nor a-SMA was
detected within luminal organoids (see supplementary
material, Figure S2B,D).

In summary, these results show, for the first time,
that upon transplantation into a collagen type I envi-
ronment, a large fraction of normal primary LP cells
bears the potential of growing out into clonal, complex
branched structures. Doing so, luminal cells main-
tained their lineage marker expression and mature
ducts displayed apical-basal polarity as well as lumen
formation. As a result, mature organoids resemble
low-grade NST in morphology and lineage marker
expression.

LP-derived branched organoid formation requires
inhibition of ROCK-myosin Il signaling

In contrast to previous experimental set-ups, where LP
cells cultured in collagen type I gels gave rise to small
spheres [33,50], we observed the formation of highly
polarized, branched structures. Importantly, it has been
shown that invasion as well as apical-basal polarization
of epithelial structures in collagen type I matrices
requires regulation of RhoA-ROCK-myosin II signaling
via inhibition of the Rho-associated protein kinase
(ROCK) [51,52]. Thus, we speculated, that the ROCK
inhibitor Y-27632, which is a constant component of
the BLOM medium, but has not been added continu-
ously in previous studies, might play a critical role for
branched structure formation and polarization of LP-
derived organoids. Indeed, in medium devoid of Y-
27632, the formation of elongated branched structures
was almost completely prevented (Figure 3A). In detail,
the removal of Y-27632 led to a decrease in branched
structure formation by 79%. Instead, most cells grew
out as spheres and sticks (Figure 3B, supplementary
material, Figure S3A). Furthermore, the rarely emerging
branched structures were significantly smaller in size
(—66%) (Figure 3C) and showed a reduced branching
complexity. Specifically, only 6% of organoids showed
tertiary or even more complex branches, in contrast to

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
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65% of control organoids (see supplementary material,
Figure S3B).

In addition, immunofluorescence revealed that polari-
zation was disturbed in the absence of ROCK inhibition
(Figure 3D). Specifically, LP structures derived in the
absence of Y-27632 lacked lumen formation, and nei-
ther laminin deposition at the basolateral side nor F-actin
accumulation at the apical side was observed. Finally,
we set out to provide further support for inhibition of
the ROCK-myosin II pathway as a prerequisite for
branched structure formation by targeting a different
segment of this pathway. To do so, we replaced Y-
27632 by PAB, an inhibitor of the ROCK downstream
target myosin II. Indeed, PAB was able to induce a phe-
notype similar to the one created by Y-27632 (see sup-
plementary material, Figure S3C,D).

Next, we wanted to assess the dynamics of the pro-
cess required for the formation of LP-derived branched
structures and its dependency on ROCK inhibition. For
this purpose, we performed live-cell confocal micros-
copy during the organoid elongation phase, focusing
on the cellular dynamics within branched organoids
and their interaction with the surrounding collagen
matrix. Specifically, we monitored cellular movements
within LP-derived branched organoids in the presence
and absence of Y-27632 using nuclear labeling.
Thereby, we observed that under ROCK inhibition, cell
migration was primarily directed outwards in parallel to
the axis of the extending duct. This directionality was
significantly diminished in conditions without ROCK
inhibitor. Here, the parallel (Vy;) and orthogonal (Vy)
velocities were more similar, resulting in a less directed
movement (Figure 3E). Furthermore, to visualize cellu-
lar interaction of the cells with the surrounding ECM,
we conducted live-cell imaging of organoids in colla-
gen type I gels spiked with fluorescent tracer particles/
beads. Doing so, we observed that in the presence of
ROCK inhibitor, bead displacement and, therefore,
contractility was not completely abolished but limited
to the front of elongating ducts (Figure 3F, supplemen-
tary material, Movie S1). By contrast, in the absence of
ROCK inhibition we observed strong, generalized bead
displacement towards the organoids, suggesting high
cellular contractility (Figure 3G, supplementary mate-
rial, Movie S2).

Together, these results show that in normal LP cells,
reduction of the ROCK-myosin II signaling enables
directed contractility and migration, resulting in branch-
ing morphogenesis and concomitant apical-basal polari-
zation in collagen type I gels.

Ductal organoids are generated through invasive
branching morphogenesis

As previously described, active cellular invasion is facil-
itated by remodeling of the ECM [53]. Importantly, the
above-described engagement with the ECM was sugges-
tive of matrix remodeling as a driver of luminal organoid
formation. Therefore, we hypothesized that in order to
undergo branching morphogenesis resulting in the
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branched luminal organoid developing from a single cell over the course of 12 days. Scale bar: 100 pm. (B) Schematic illustration of inva-
sively growing LP cells and p63 (brown) or GATA3 (brown) stained section of ducts arising in low-grade NST carcinomas. Scale bar:
50 pm. (C-H) Confocal microscopy on branched LP-derived organoids: representative images of luminal and polarization markers. Organoids
were stained for CK8/18 (green), GATA3 (green), ZO-1 (green), mucin-1 (green), laminin (green), F-actin (white), and DAPI (blue). n = 30
structures/condition; 3 donors; 10 structures/donor. Scale bar: 50 um. (1) Quantification of ducts with and without correctly polarized expres-

sion of markers. Data are presented as stacked bars with mean + SD, n = 25 ducts.

observed low-grade morphology of NST carcinoma, LP
cells need to invade the ECM actively and collectively.
To address this, we first focused on matrix topography
to understand invasive mechanisms exploited by LP
cells.

Normal mammary epithelium is typically surrounded
by curly, anisotropic collagen fibers [54]. Upon tumor
initiation, collagen fibers are linearized, which promotes
migration and invasion of breast cancer cells along
aligned fibers. This alignment has been shown to be

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

facilitated by invading carcinoma cells [54,55]. Simi-
larly, using fluorescently labeled collagen type I, we
observed an alignment of collagen fibers in front of the
extending ducts. By contrast, collagen fibers in the
periphery of the organoid showed no preferred orientation
(Figure 4A, supplementary material, Figure S4A). Impor-
tantly, it is well known that fiber alignment requires
ROCK-mediated cellular contractility [55,56]. This further
supports the notion that ROCK inhibition as used in our
model does not completely abolish cellular contractility,

J Pathol 2021; 255: 451-463
www.thejournalofpathology.com


http://www.pathsoc.org
http://www.thejournalofpathology.com

Unraveling invasive potential in normal mammary

luminal cells

0

Y-27632 DMSO

B M35 M44 M45
= 1001 o

8 g 607 607 e 80

=

- D

QO

2 3 407 40 60

n +

B2 40

'S © 20+ 20

2 £ 20

@S

O_
Y-27632 DMSO

0_
Y-27632 DMSO

C = M35 M44 M45 D Laminin DAPI DAPI
g 2.0 Fkkk 1.59 4.0 *k
8 *
‘@ 1.5 3.0
o 1.0
"?J 1.0 2.04
2
k7 0.54
% 0.5 1.04
: = = L
% 0 T T 0 T T 0 T T
@ Y-27632 DMSO Y-27632 DMSO Y-27632 DMSO

457

E —~ 6.0+ .
2
= 5.0 F G
2 4.0
TCU »
3.0 = 2
o < o
B © .
@ 2.0 - @
= T vi \Y
O 1.04 v -
o A\
S S I T
Y-27632 DMSO %) -
< o
o =
Il o

t

t

Figure 3. LP-derived branched organoid formation requires inhibition of ROCK-myosin Il signaling. (A) Carmine staining of branched struc-
tures arising in BLOM with Y-27632 or without (DMSO control). Scale bar: 100 pm. (B) Quantification of branched structures in BLOM with
Y-27632 or without (DMSO control). Depicted are donors M35, M44, and M45. Branched structures were normalized to total structures aris-
ing per gel. Data are mean =+ SD, n = 4 gels/condition. Pvalues were calculated using an unpaired two-tailed t-test, **p < 0.01, **p < 0.001,
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median £ 25%. n = 4 gels/condition. P values were calculated using an unpaired two-tailed t-test, *p < 0.05, *p < 0.01, ***p < 0.0001.
(D) Confocal microscopy of branched luminal organoids grown in BLOM with Y-27632 or without (DMSO control): representative images
of polarization markers. Organoids were stained for laminin (green), F-actin (white), and DAPI (blue). Scale bar: 50 pm. (E) Top: directionality
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median + 25%. Pvalue was calculated using an unpaired two-tailed t-test, ***p < 0.0001. Bottom: schematic depiction of elongating duct.
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(blue) versus t = 0 < t < 18/19 h (green). Scale bar: 200 um. Experiments were repeated in n = 3 donors with a total of individual organoids
n = 30.

but rather reduces it to a level enabling directed movement  and divisions persisted within the organoid body, thereby

of cells as well as rearrangement of collagen fibers. Another
crucial aspect of matrix remodeling during invasion is
active degradation by MMPs, which has also been observed
as a competence of epithelial cells during cancer cell inva-
sion [57-59]. Accordingly, live-cell imaging revealed that
treatment with the MMP inhibitor marimastat during the
duct elongation phase stopped the duct tips from further
invading the matrix. At the same time, cell movements

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

excluding a general cytotoxic effect of marimastat treatment
(Figure 4B, supplementary material, Figure S4B, Movies
S3, S4). Of note, we found that during the observed elonga-
tion phase, the distinct expression of laminin as described
for fully grown organoids was not established yet. This
finding helps to explain how direct interaction of the
invading cells with the collagenous ECM is enabled
(see supplementary material, Figure S4C,D).
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Figure 4. Ductal organoids are generated through invasive branching morphogenesis. (A) Alignment of collagen fibers in front of invading
ducts versus in control sections of the gel without cells. Scale bar: 50 pm. n = 22 individual organoids. (B) Duct elongation upon treatment
with marimastat versus untreated control organoids measured by live-cell imaging with t =0 h (black) versus t = 17 h (red). Scale bar:
200 pm. n = 18 individual organoids. (C) Confocal microscopy on tip cell stained for F-actin (white) and DAPI (blue). Scale bar: 50 um.
(D) Tip cell exchange. Cells tracked by live-cell imaging. Tip cell 1 (green arrow), tip cell 2 (blue arrow). Organoids measured by live-cell imag-
ing via nuclear labeling with sirDNA (white). Scale bar: 50 pm. (E) Bifurcation at tip. Organoids measured by live-cell imaging via nuclear
labeling with sirDNA (pink). Scale bar: 80 pm. (F) Confocal microscopy on invading organoid stained for E-cadherin (green) and DAPI (blue).
Scale bar: 50 pm. (G) Duct elongation of organoid (day 8) upon addition of HECD-1 antibody on day 5. Organoids measured by live-cell imag-
ing over the course of 20 h via nuclear labeling with sirDNA (white). Scale bar: 50 um. n = 30 individual organoids.

In addition, invasive branching morphogenesis is = morphology characterized by filopodia-like membrane
characterized by the formation of an invasive front  protrusions (Figure 4C). Matching this observation,
guided by a leader cell [60]. Accordingly, we found that  live-cell imaging revealed that during the elongation
during the elongation phase, a single cell was observed ~ phase, one cell was situated at the tip of each continu-
at the tip of each duct which exhibited an extended  ously outgrowing duct and remained at this front
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position over several hours (see supplementary material, =~ exchanged by a cell from the structure body
Figure S4E, Movie S5). However, we also observed that  (Figure 4D, supplementary material, Movie S6). More-
the leader cell was not per se specialized, but could be  over, if two neighboring leader cells with differentially
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Figure 5. Deletion of E-cadherin results in ILC-like morphology. (A) Immunofluorescence of E-cadherin expression in 2D culture and sche-
matic illustration of clonal outgrowth in 3D culture upon transfection and enrichment. Cells were stained for E-cadherin (green) and DAPI
(blue). Scale bar: 50 pm. (B) Modification efficiency on the protein level. All structures found in gels after transfection and enrichment were
classified via confocal microcopy by E-cadherin status into wt versus KO structures. Data are presented as stacked bar with mean 4 SD of
n = 3 donors. (C) Quantification of structure type arising in collagen gels after transfection and enrichment divided by E-cadherin status
of the structures (wt versus KO). Each structure category was normalized to the total number of structures per condition. Data are presented
as stacked bar with mean 4 SD of n = 3 donors. (D) Quantification of maximum width of arising branched structures and sticks. Structures
are divided by E-cadherin status into wt versus KO. Data are shown as median £ 25%. Pvalues were calculated using an unpaired two-tailed
t-test, ***p < 0.0001. (E) Confocal microscopy on structures growing out in collagen gels after transfection and enrichment that either still
maintained E-cadherin (wt) or had lost it (KO). Structures were stained for E-cadherin (green), CK8/18 (red), and DAPI (blue) Scale bar: 50 pm.
(F) H&E and E-cadherin (brown) stained section of NST carcinoma and ILC. Scale bar: 50 pm.
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oriented filopodia-like protrusions were present, the
ducts bifurcated, thereby increasing the complexity of
the structure (Figure 4E and supplementary material,
Movie S7).

Transfer of leader cell-generated forces along epithe-
lial cohorts during collective invasion has been
described to depend on cadherin-mediated cell-cell
junctions [61]. Immunofluorescence confirmed that cells
in invading structures were tightly connected with the
leader cell and with each other via expression of E-
cadherin (Figure 4F). Based on these considerations,
the importance of E-cadherin-mediated cell—cell junc-
tions during collective invasion was determined by treat-
ing structures with a function blocking antibody
(HECD-1). Live-cell imaging of HECD-1-treated orga-
noids during the elongation phase revealed dissolution
of invasive branching morphogenesis with single cells
or even whole ducts losing contact to the structure body
(Figure 4G, supplementary material, Movie S8). Conse-
quently, we saw scattering of the cells with subsequent
loss of duct coherence (see supplementary material,
Figure S4F).

Together, these results show that normal LP cells
actively invade into the ECM via matrix remodeling.
Thereby, interchangeable leader cells guide invasive
branching morphogenesis. Finally, tight cell-cell con-
nections with the leader cell, mediated, at least in part
by E-cadherin, ensure duct integrity during collective
invasion.

Deletion of E-cadherin results in ILC-like morphology

The strong impact on organoid morphology observed
upon E-cadherin inhibition is in line with the critical role
of E-cadherin status in invasive cancer formation.
Indeed, E-cadherin status is the main discriminator
between NST and ILC, a specific, morphologically dis-
tinct subtype of invasive cancer. Whereas NSTs typi-
cally express high levels of E-cadherin, in ILC, full
loss of genetic function and therefore protein expression
is typically observed [14,15].

Based on these considerations, we set out to recapitu-
late the full deletion of E-cadherin encoded by CDH1
with the CRISPR-Cas9 system. Doing so, we wanted
to take advantage of the clonality of outgrowing orga-
noids to create clonal KO structures. To efficiently per-
form the KO, we tested whether organoid-forming
potential of LP cells was maintained during prior 2D cul-
ture, which greatly facilitated efficient transfection and
expansion in contrast to 3D culture. Indeed, we deter-
mined that 3D branched ductal organoids could be gen-
erated even after three passages in standard 2D culture
(see supplementary material, Figure S5A).

After transfection of LP cells in 2D and enrichment
for successfully transfected cells via a GFP-tagged
Cas9 plasmid using FACS, single LP cells were seeded
into collagen type I gels (Figure 5A). Upon KO with
two gRNAs framing a section of exon 5, we saw a partial
deletion at the genetic level within the sorted population
(see supplementary material, Figure S5B,C). Due to the
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clonal growth of single cells within the assay, we were
able to differentiate between wildtype (wt) and KO orga-
noids by E-cadherin immunofluorescence. Overall, we
observed a mixture of wt and KO organoids with around
25% of organoids bearing the KO (Figure 5B). Notably,
in control gels with empty-vector transfected cells, no E-
cadherin-negative structures were observed (data not
shown). Importantly, the phenotypes of fully grown wt
and KO structures were strikingly different. Wt cells
grew into sticks, spheres, and complex branched struc-
tures displaying the previously described morphology.
In contrast, the ducts of KO organoids were typically
thinner, and they often showed stick-like instead of
branched morphology. Several KO structures showed
partial loss of cell-cell contact and were scattered
throughout the gel or forming single rows of invading
cells. In addition, a decrease in sphere formation was
observed (Figure 5C-E). To exclude that the aberrant
morphology was the result of loss of proliferative capac-
ity, we performed a Ki67 staining and determined that
KO and wt structures showed similar rates of prolifera-
tion (see supplementary material, Figure S5D,E).

Taken together, the morphology we observed upon
KO of E-cadherin was reminiscent of the growth pattern
that ILCs exhibit in vivo, which is characterized by the
absence of duct formation and cells penetrating the
matrix as single cells or thin files of cells (Figure 5F)
[62]. Thus, we conclude that KO of a gene relevant for
invasive branching morphogenesis has an impact on
the resulting phenotype in our model that is comparable
with its effect in patients in vivo.

Discussion

When cultured in collagen type I gels under defined con-
ditions, up to 10% of freshly isolated normal LP cells
generated complex multicellular organoids through
invasive branching morphogenesis. Considering that tis-
sue isolation and FACS prior to 3D culture can drasti-
cally reduce the viability of primary LP cells, we
hypothesize that matrix invasion potential does not rep-
resent the ability of a rare luminal subset. Rather, our
results indicate that almost every single LP cell bears
matrix invasion potential that can be triggered under
suitable conditions. This supports the theory that inva-
sion potential is already existent in pre-invasive malig-
nancies rather than being unlocked in the luminal
compartment as a consequence of specific genetic aber-
rations [16-20].

Morphologically, the organoids arising from unmodi-
fied LPs resemble low-grade NST by phenocopying
branching morphogenesis or, said differently tubulogen-
esis, which represents an important parameter for assign-
ing tumor grade. The resulting low-grade phenotype is in
line with the correlation of mutational load and tumor
grade as described previously [63].

Even though invasive behavior per se has not been
connected to specific genetic aberrations in the luminal
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population, certain perturbations impact invasive
branching morphogenesis and are strongly associated
with breast cancer subtype. Our single-cell-based assay
allows insertion and precise quantification of pheno-
types connected to genetic aberrations, as shown by the
analysis of an E-cadherin KO phenotype. Here, the KO
morphology mirrors the loss of duct formation and
thereby closely resembles clinical samples of the ILC
subtype. Therefore, the experimental system presented
here is a useful tool for unraveling the gene-specific
impact on invasive subtype and screening purposes
based on phenotype.

Despite relying on direct contact to collagen type I,
matrix invasion of LP cells was highly dependent on
ROCK inhibition. This suggests that an activation of
the ROCK-myosin II signaling cascade represents an
invasion-suppressing response of LP cells upon contact
to the collagenous ECM. A similar observation has been
reported recently for murine cells in vivo, where it was
shown that the mere contact to the ECM did not result
in luminal cell invasion. However, invasion was enabled
once the functionality of actomyosin contractility regu-
lator MYPT1 was reduced within the luminal cells
[64]. This phenomenon has further been reported in
in vitro studies with immortalized normal-like mammary
epithelial cells [32] as well as epithelial kidney cells
[51]. In both cases, ROCK inhibition enabled cellular
invasion into a collagen type I matrix. In our model,
we observed residual contractility even upon ROCK
inhibition as indicated by spatially restricted bead dis-
placement and collagen fiber alignment, which in turn
further supports directional migration [54,56]. In line
with these considerations, Schipper et al [64] showed
that a full obstruction of MYPT1 function resulted in a
loss of invasive capacity in vivo. Together, these results
highlight the importance of a tightly balanced actomyo-
sin contractility for luminal cell invasion rather than a
full obstruction.

The ECM invasion process is based on complex inter-
actions between epithelial and stromal cells and the
surrounding matrix. Stromal cells, particularly cancer-
associated fibroblasts, have been described as matrix
remodeling drivers of invasion [53,65,66]. Our work
puts the spotlight exclusively on the interaction of lumi-
nal cells with the surrounding collagen matrix, which
in vivo only occurs once the basal cell layer and base-
ment membrane barrier are disrupted. Nevertheless,
our work shows that once the contact between LP cells
and collagen type I is established, luminal cells can
actively invade without the requirement for genetic aber-
rations or stromal support.

In our model, reduced contractility is required for
invasive branching morphogenesis of luminal cells, yet
we lack detailed understanding of how the same mecha-
nism could be utilized in vivo during invasion of malig-
nant luminal cells. The inability to identify universal
aberrations between invasive and in sifu carcinomas
might hint towards participation of stromal factors for
the reduction of actomyosin contractility. Future studies
in which the collagen gels are complemented with

© 2021 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
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cancer-associated stromal cells will help to elucidate
the relevance of stromal interactions during luminal cell
invasion. Thus, by furthering our knowledge on luminal
cell invasion, this model will help us to find new means
for early diagnosis and prevention of invasive cancers
arising from the LP subset.
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