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Breast cancer progression involves genetic changes and changes in
the extracellular matrix (ECM). To test the importance of the ECM in
tumor cell dissemination, we cultured epithelium from primary
human breast carcinomas in different ECM gels. We used basement
membrane gels to model the normal microenvironment and colla-
gen | to model the stromal ECM. In basement membrane gels,
malignant epithelium either was indolent or grew collectively,
without protrusions. In collagen |, epithelium from the same tumor
invaded with protrusions and disseminated cells. Importantly,
collagen | induced a similar initial response of protrusions and
dissemination in both normal and malignant mammary epithelium.
However, dissemination of normal cells into collagen | was transient
and ceased as laminin 111 localized to the basal surface, whereas
dissemination of carcinoma cells was sustained throughout culture,
and laminin 111 was not detected. Despite the large impact of ECM
on migration strategy, transcriptome analysis of our 3D cultures
revealed few ECM-dependent changes in RNA expression. However,
we observed many differences between normal and malignant
epithelium, including reduced expression of cell-adhesion genes in
tumors. Therefore, we tested whether deletion of an adhesion gene
could induce sustained dissemination of nontransformed cells into
collagen I. We found that deletion of P-cadherin was sufficient for
sustained dissemination, but exclusively into collagen I. Our data
reveal that metastatic tumors preferentially disseminate in specific
ECM microenvironments. Furthermore, these data suggest that
breaks in the basement membrane could induce invasion and
dissemination via the resulting direct contact between cancer cells
and collagen |.

Collective cell migration is an important mechanism for both
normal epithelial development and cancer invasion (1). Dur-
ing collective cell migration, cells move in coordinated groups and
maintain cell-cell adhesion. In the normal mammary gland, ducts
transition from a polarized bilayer into a proliferative, motile,
multilayered epithelium and then migrate collectively through the
stromal tissue (2, 3). Mammary carcinomas also originate from
a polarized adult epithelium, transition from a simple to multi-
layered organization, and migrate collectively (4, 5). Despite these
similarities, normal ductal morphogenesis in vivo does not involve
local dissemination of cells and eventually results in restoration of
polarized simple epithelial architecture. In contrast, breast carci-
nomas continue to grow, disseminate cells locally, and frequently
metastasize to distant sites (6). These observations raise the fun-
damental question: What features of tumor progression can reg-
ulate the transition from a collective to a disseminative phenotype?

Cancer is a genetic disease, and sequencing has revealed that
genes encoding cell—cell and cell-matrix adhesion proteins fre-
quently are mutated (7, 8). However, breast cancer also involves
characteristic changes in the ECM and the tumor microenviron-
ment (9-12). For example, collagen I is enriched and aligned at the
stromal border in breast tumors (10, 13), changes in collagen I
organization are independent negative prognostic indicators (14),
and increased collagen I crosslinking accelerates progression in
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experimental cancer models (15). Additionally, basement mem-
brane proteins and their integrin receptors have been shown to
regulate carcinoma cell behavior (16-18). A major challenge today
is to distinguish the relative contributions of specific genetic and
microenvironmental changes to the migration and local dissemi-
nation of carcinoma cells.

In vivo, there are vast differences in the soluble signals, the
stromal cells, and the ECM microenvironments surrounding car-
cinomas and normal ducts (9). It is difficult to manipulate these
signals independently in an intact tumor and even more challenging
to assess the acute cell behavioral consequences of experimental
manipulations. The relative optical inaccessibility of mammalian
tissues led our laboratory and others to establish 3D ex vivo models
of both normal and malignant mammary epithelial growth (5, 19—
24). We have applied these techniques to test the relative impor-
tance of genetic and microenvironmental changes in regulating the
pattern of collective cell migration and the likelihood of local
dissemination.

Results

An epithelial cell in a mammary duct exists in a highly structured
3D environment and receives extensive inputs from cell—cell, cell-
matrix, and soluble signals. We previously identified the critical
conditions that enable primary mammary epithelium to undergo an
organotypic program of branching morphogenesis (2). We found
that, despite extensive cell migration, normal mammary morpho-
genesis in 3D Matrigel cultures and in vivo occurs without ECM-
directed protrusions (2, 3). In contrast, carcinomas in vivo can
migrate with protrusions and can disseminate cells locally and to
distant sites (6, 25). Because the tumor microenvironment changes
in parallel with genetic changes in the cancer cells (10), it is unclear
whether the protrusive migration and dissemination of carcinoma
cells are the result of cell-intrinsic motility differences or of inter-
actions of the cancer cells with their microenvironment. Therefore,
we exploited organotypic culture techniques to isolate and culture
fragments from individual primary human mammary carcinomas
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in different ECM microenvironments (Fig. 14 and SI Materials and ~ thousand cells. We allocated fragments of the same tumor to dif-
Methods). We first optimized the medium conditions to yield ferent 3D ECM microenvironments and observed ECM-de-
consistent branching morphogenesis in samples of normal human  pendent carcinoma migration strategies (Fig. 1 B-C”'). In 3D
breast epithelium (Fig. S1 A-D). We then focused on two ECM  Matrigel, we observed both indolent behavior and collective epi-
environments: a gel composed of basement membrane proteins  thelial migration (Fig. 1 B-B’"). We observed single-cell protrusions
(Matrigel) to model the normal breast epithelial microenvironment ~ from the epithelium in Matrigel only rarely and did not observe
and 3 mg/mL collagen I to model the stromal matrix encountered — robust collective protrusive migration. In contrast, fragments from
by invading mammary carcinomas (10). Although fibrillar collagen ~ the same primary human mammary carcinoma exhibited pro-
I is present near normal mammary ducts, it remains outside an  trusive migration and disseminated cells extensively into 3D gels
intact basement membrane even during branching morphogenesis, ~ of 3 mg/mL collagen I (Fig. 1 C-C”, H, and I). Although the
limiting contact with normal epithelial cells (26). extent of invasion and dissemination varied among tumor frag-

ments (Fig. S2.4A-C), the borders of carcinoma fragments cultured
Human Mammary Carcinomas Invade and Disseminate Preferentially  in Matrigel maintained an epithelial appearance without pro-
into Collagen I. We explanted fragments from primary human trusions (150/155 fragments from five human tumors) (Fig. 1H),
mammary carcinomas (n = 7 tumors) (Fig. SIE and SI Materials ~ whereas the borders of carcinoma fragments in collagen I were
and Methods) into 3D ECM cultures (Fig. 14). The starting point  protrusive (90/109 fragments from five human tumors) and exhibited
for culture was epithelial fragments of a few hundred to a few extensive local dissemination (89/109 fragments) (Fig. 1 H and I).
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Fig. 1. ECM microenvironments modulate the pattern of collective migration and local dissemination in human mammary carcinomas. (A) Schematic de-
scription of isolation and 3D culture of human mammary carcinoma fragments. In the first round of culture, tumor fragments were embedded in either 3D
Matrigel or collagen I. In the second round of culture, the same tumor fragments were freed from the 3D gels and were re-embedded in the same or were
swapped to the other microenvironment. (B—C'’) Representative DIC time-lapse sequences of human mammary carcinomas in Matrigel (B) or collagen | (C). (B’
and C’) Enlarged views of B and C at 30 h showing the smooth and protrusive leading fronts, respectively. (B”" and C'’) Micrographs of the border of the same
mammary carcinoma embedded in Matrigel or collagen and stained with phalloidin-F-actin and DAPI. (D-G) Representative frames of DIC time-lapse movies
of human mammary carcinomas switched from Matrigel to Matrigel (M-M) (D), Matrigel to collagen | (M-C) (E), collagen | to Matrigel (C—M) (F), or collagen |
to collagen | (C-C) (G) at 0 or 1 h in culture (Left) or 45 h in culture (Right). (H and /) Bar graphs showing the number of tumor fragments in each ECM
condition with protrusive migration (H) or local dissemination (E) relative to the number of primary human tumor fragments analyzed in each condition.
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Current, Local ECM Microenvironment Determines the Cellular
Strategy of Invasion for Primary Human Mammary Carcinomas. We
next sought to determine whether protrusive migration and dis-
semination could be reversed if the ECM composition returned to
basement membrane-like composition. To test this concept, we
first cultured primary human tumor fragments in either Matrigel
or collagen I until the pattern of migration was clear and then
digested the ECM and transferred the tumor fragments to another
ECM environment (Fig. 1 D-G). We tested all reciprocal com-
binations, including transfer from Matrigel to Matrigel, from
Matrigel to collagen I, from collagen I to Matrigel, and from
collagen I to collagen I. Transfer between Matrigel and Matrigel
resulted in a restarting of collective migration (Fig. 1D). Transfer
from Matrigel to collagen I resulted in protrusive migration in the
new environment (Fig. 1E), whereas transfer from collagen I to
Matrigel resulted in a retraction of protrusions and confined,
collective growth (Fig. 1F). Carcinoma fragments transferred from
collagen I to collagen I were protrusive but on average were less
disseminative (Fig. 1 G-I), suggesting there may be a limited
subpopulation of highly invasive cells in a tumor. However, we
cannot exclude the possibility that the more extensive enzymatic
digestion required to free epithelial fragments from a collagen I
gel might have reduced their invasive behavior. We therefore
conclude that the current, local ECM environment determines the
migration strategy and likelihood of dissemination.
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Collagen | Induces Protrusive Migration and Local Dissemination of
Murine Carcinoma Cells. Our investigations with human breast car-
cinomas suggested that the local ECM microenvironment is suffi-
cient to induce or repress protrusive and disseminative behavior.
However, live primary human carcinoma tissue is scarce, and the
details of tumor pathology vary widely from one available sample to
the next (Fig. S1E). Therefore we modeled this regulatory in-
teraction using mouse mammary carcinomas. We selected a mam-
mary carcinoma model in which the mouse mammary tumor virus
long terminal repeat drives the expression of the polyomavirus
middle T oncogene (MMTV-PyMT), because it exhibits pro-
gressive cellular and molecular changes that parallel those ob-
served in human breast cancer (27, 28). Gene expression in this
model clusters with the highly aggressive luminal B subtype of
human breast cancer (29).

We isolated epithelial fragments of 200-1,000 cells from ad-
vanced murine mammary carcinomas (12-15 wk, 1.5- to 2-cm
tumors) and embedded them into Matrigel or collagen I (Fig. 24).
Carcinoma fragments in Matrigel culture developed into budded
structures with high efficiency (Fig. 2B). Cells within these frag-
ments remained in a stratified organization, without lumens,
throughout their time in Matrigel culture, and cells at the ECM
border maintained an epithelial appearance, without protrusions
(Fig. 2 B and B’). Although the MMTV-PyMT model metastasizes
to the lungs with high efficiency in vivo, 90% of the carcinoma
fragments did not disseminate cells into Matrigel (Fig. 2D and 45/
50 movies). In contrast, carcinoma fragments embedded in 3 mg/
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Fig. 2. The ECM governs the migratory pattern and disseminative behavior of both tumor and normal murine mammary epithelium. (A) Schematic de-
scription of isolation and 3D culture of murine tumor fragments. (B and C) Representative frames of DIC time-lapse movies of tumor fragments in Matrigel (B)
and collagen | (C). Black arrowheads indicate disseminated cells, some of which are observed to proliferate (white arrowhead). (B’ and C’) Localization of
actin, SMA, and DAPI in tumor fragments in Matrigel (B’) and collagen | (C'). White arrowheads mark the leading fronts. (D) Percent of tumor fragments
showing cell dissemination in Matrigel and collagen I. n, total number of movies (four biological replicates, Student'’s t test, two-tailed, unequal variance). (E)
Schematic description of isolation and 3D culture of normal mammary organoids. (F and G) Representative frames from DIC time-lapse movies of normal
organoids in Matrigel (F) and collagen | (G). (F' and G’) Localization of actin, SMA, and DAPI in normal organoids in Matrigel (F') and collagen | (G’). White
arrowheads mark the leading fronts. Yellow arrowhead indicates myoepithelial cell dissemination. (H) Percent of normal organoids showing dissemination in
Matrigel and collagen 1. n, total number of movies (four biological replicates, Student’s t test, two-tailed, unequal variance).
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mL collagen I developed extensive protrusions and frequently
(98%) disseminated cells into collagen I (Fig. 2 C-D and 47/48
movies). Both the protrusions and dissemination were detectable
by transmitted light microscopy (Fig. 2 C and C’). We conclude that
the ECM microenvironment determines the collective cell migra-
tory strategy and the likelihood of local dissemination in both hu-
man breast cancer cells and murine mammary carcinoma models.

Normal Mammary Epithelial Cells Exhibit Protrusive Migration and
Local Dissemination in a Collagen | Microenvironment. We next asked
whether a protrusive, disseminative response to collagen I was
tumor specific. We isolated epithelial fragments (organoids) from
the mammary glands of FVB mice and cultured them in Matrigel
or 3 mg/mL collagen I (Fig. 2E). Again, the cell-migratory strategy
and likelihood of local dissemination depended on the ECM mi-
croenvironment. In Matrigel, normal organoids migrated collec-
tively to accomplish branching morphogenesis without protrusions
into the ECM (Fig. 2 F and F’), as we previously reported (2). In
collagen I, organoids isolated from the same mouse migrated with
extensive protrusions, and cells disseminated locally into the ECM
(Fig. 2 G and G"). To test the reversibility of the ECM-induced
changes in migratory program, we next cultured normal epithelial
fragments for 90 h in Matrigel or collagen I (Fig. S3.A-C) and then
recovered and re-embedded the epithelium in either the same or
the opposite matrix (Fig. S3D). Similar to the results observed in
human carcinoma fragments (Fig. 1 G-H), the current, local ECM
microenvironment dictated the migratory pattern, with collective
epithelial migration in Matrigel (Fig. S3 E and G) and collective
protrusive migration in collagen I (Fig. S3 F and H).

Mammary Carcinomas Exhibit Sustained Local Dissemination in
Collagen I. To understand better how epithelia transition from
collective migration to individual cell dissemination, we quantified

Mesenchymal
pIl

7_Amoebo‘id

Collagen |

30h 4
Matrigel

__Collective

specific dissemination behaviors. Carcinoma fragments dissemi-
nated cells into collagen I throughout culture, with an average of
13 cells observed to leave each tumor mass (612 disseminating cells
observed in 48 movies; see SI Materials and Methods). We classified
the disseminating tumor cells, based on previous morphological
definitions (1, 30), as mesenchymal, amoeboid, or collective (Fig. 3
A-D). Most carcinoma cells disseminated with a mesenchymal
morphology (60%) as they protruded into the ECM and main-
tained an elongated morphology while migrating through the
collagen I matrix (Fig. 34). Other carcinoma cells (34%) dissem-
inated in an amoeboid fashion as rounded cells that rolled or
squeezed through the collagen I matrix (Fig. 3B). In a minority of
cases (6%), we also observed collective dissemination of groups of
cells (Fig. 3C). Individual carcinoma fragments typically exhibited
both mesenchymal and amoeboid dissemination (Fig. 3F). Most
disseminated carcinoma cells remained motile in the ECM during
the entire period of observation (69%), but 17% of the dissemi-
nated cells died, and 14% rejoined the tumor fragment (Fig. 3E).
Once in the matrix, individual cancer cells were observed to con-
vert between elongated and rounded morphologies, consistent
with a previous report on melanoma cells (31). Despite local dis-
semination, carcinoma cells localized E-cadherin to intercellular
borders in both Matrigel and collagen I (Fig. 3 H and J).

Protrusive Migration and Local Dissemination Are Transient Responses
of Normal Myoepithelial Cells to Collagen I. We previously observed
no ECM-directed protrusions at the front of elongating mammary
ducts in Matrigel or in vivo (2). In contrast, collagen I induced acute
protrusive and disseminative behaviors in both normal and malig-
nant mammary epithelium (Fig. 3 F and G, 1-50 h). We observed
dissemination from 79% (34/43 movies) of normal epithelial
organoids (Fig. 2H), with an average of five cells leaving each ep-
ithelial group (210 disseminating cells observed in 43 movies),

=210) (n=612)

0.(1=210) (1=612)

S10 10015

N A O ®
© © & © ©

Fate of Disseminated Cells m|

0
Normal Tumor Normal Tumor
WMesenchymal B Rejoined epithelium

Fig. 3. Cell dissemination into collagen | is persistent in tumor and transient in normal epithelium. (A-C) Tumor cells disseminate with mesenchymal (black
arrowheads) (A), amoeboid (white arrowheads) (B), and collective (black arrow) (C) morphologies. (D and E) Distribution of morphological types of dis-
semination (D) and fate of disseminated cells in normal and tumor organoids (E) in collagen I. n, total number of disseminated cells observed in each
condition. (F and G) Representative frames from DIC time-lapse movies of tumor (F) and normal organoids (G) in collagen I. (H and /) Localization of E-
cadherin and DAPI in tumor (H) and normal organoids (/) cultured in Matrigel. (J and K) Localization of E-cadherin and DAPI in tumor (J) and normal organoids

(K) cultured in collagen |.
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typically at the protrusive borders (Fig. 4 A and A”"). Despite local
dissemination, cells in the main epithelial group remained E-cad-
herin* in both Matrigel and collagen I (Fig. 3 I and K). The main
difference in cell behavior between normal and carcinoma cells was
that both protrusions and dissemination were transient in normal
epithelial cells (Fig. 3G), because normal epithelial organoids
ceased protrusive activity and reverted to a program of branching
morphogenesis. The protrusive normal cells stained positive for the
myoepithelial marker smooth muscle a-actin (SMA) (Fig. 2G") in
67/69 samples. Using a transgenic myoepithelial cell reporter to
visualize the protrusive behavior in real time (Fig. 4B, keratin-14::
actin-GFP, and ref. 32), we observed subcellular protrusions
extending and retracting from single myoepithelial cells (Fig. 4B")

as well as multicellular extensions of myoepithelial cells (Fig. 4B").
Live imaging revealed that the transition from protrusive to epi-
thelial organization at the ECM interface (Fig. 44’) represented
a change in cell behavior in individual myoepithelial cells (Fig.
4B’). In contrast, in Matrigel, myoepithelial cells remained closely
adherent to the luminal epithelial cells and did not extend pro-
trusions into the ECM (2).

Normal Mammary Organoids Progressively Organize a Basement
Membrane in Collagen I. We observed a shift from protrusive to
smooth, organized basal surfaces in normal mammary organoids
cultured in collagen I (Fig. 4 4 and B). To test whether this shift
might relate to reestablishment of a basement membrane, we
used antibodies to stain for laminin 111, laminin 332, and colla-

Normal in collagen |

c
@
=)
Lol
°
5]
£
©
£
S
P4

Cell Membranes (membrane tdTomato) Myoepithelial Cells (Keratin14::Actin-GFP)

Normal in collagen |

Actin DAPI  Col IV Col IV

Tumor in collagen |

|\

Fig. 4. Normal epithelium transiently protrudes and disseminates into collagen | but reestablishes a complete basement membrane. (A) Representative
frames of a DIC time-lapse movie of a normal organoid grown in collagen I. (A’) Higher magnification of a transition from a protrusive to a smooth border
with ECM. (A”') Higher magnification of the reintegration of disseminated cells with the epithelial group. (B) Representative frames from a confocal time-
lapse movie of a normal organoid grown in collagen I. (B’) Higher magnification of transient protrusions within single myoepithelial cells. Arrows indicate
individual protrusions, retractions, and epithelial reorganization. (B"") Higher magnification of a multicellular extension of myoepithelial cells (blue arrows) at
the leading front. (C-G) Normal epithelia in collagen reform a multicomponent basement membrane. (C-D’ and F and F’) Localization of actin, DAPI, and
laminin 111 in a merge of all channels (C, D, and F) and in a single channel of laminin 111 (C’, D, and F’) in a normal organoid with a single-cell protrusion (C’),
a multicellular extension (D), and a normal organoid after reorganization (F’). All the Insets highlight negative correlation of cell protrusion (C, D, and F) and
laminin 111 (C’, D', and F') at the leading front. (E and £’ and G and G’) Localization of actin, DAPI, and collagen IV in a merge of all channels (E and G) and in
a single channel of collagen IV in a normal organoid (£’ and G’) with multicellular extensions (E’) and after reorganization (G’). (H and H’) Localization of DAPI
and laminin 332 in a merge of two channels (H) and a single channel of laminin 332 (H’). (I-K’) Tumor epithelia display incomplete basement membrane
coverage. Single channels show the localization of actin (/, J, and K), laminin 111(/’), collagen IV (J), and laminin 332 (K’) in tumor organoids in collagen I. Red
and green arrowheads indicate actin-based protrusions and signals of basement membrane components, respectively.
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gen IV. We observed a negative correlation between protrusions
and basement membrane organization. We observed single-cell
protrusions (Fig. 4 C and C”) and multicellular protrusive groups
(Fig. 4 D and D’) that extended through gaps in the laminin 111.
Collagen IV staining was diffuse and incomplete in protrusive
areas of normal epithelium (Fig. 4 E and E’). Late in culture in
collagen I, normal epithelium typically became covered by
a complete basement membrane that stained positive for all three
markers (Fig. 4 F-H’). In contrast, at the ECM border of carci-
noma fragments, we observed no laminin 111 and only scattered
laminin 332 and incomplete collagen IV coverage (Fig. 4 I-K').
The most striking difference between tumor and normal epithe-
lium in collagen I was the lack of laminin 111 along tumor bor-
ders, even late in culture (Fig. 4  and I’ vs. F and F').

ECM Microenvironment Has Minor Effects on Average Gene
Expression. Taken together, our results suggest that the pattern
of epithelial migration and local dissemination are constrained by
the local ECM microenvironment. We next sought to identify
changes in RNA expression that could regulate these changes in
cell behavior. Accordingly, we collected RNA from normal and
malignant epithelium during active growth at day 4 of culture in
either Matrigel or collagen I. Our goal was to compare average
gene expression, so we isolated RNA from whole cultures. We
hybridized the resulting RNA to Agilent single-color microarrays
(Fig. 54), with a minimum of three biologically independent
microarray replicates per condition (SI Materials and Methods). To
test the relative importance of the ECM to gene expression, we
performed complete-linkage hierarchical clustering. Normal
samples clustered together regardless of their ECM microenvi-
ronment, distinct from all tumor samples (Fig. 5B). A principal
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component analysis confirmed that the first principal component
was whether the epithelium was normal or tumor, and the second
principal component was the ECM condition (Fig. 5C). Using
a fold change >2 and a false discovery rate (FDR) <0.05 as criteria
for significance we found only 15 or 16 genes were differentially
expressed based on ECM condition in normal or tumor epithe-
lium, respectively (Fig. 5 E-G). However, these genes did not have
obvious mechanistic connections to dissemination (Fig. 5 F and
G). Thus, the ECM microenvironment had a relatively small im-
pact on average RNA expression, despite its large effects on mi-
gratory strategy and local dissemination. Our experimental design
cannot exclude the possibility of changing gene expression within
subpopulations of the epithelium.

Normal and Malignant Epithelia Differ in Their Expression of Cell-
Adhesion Genes and Modifiers of the Extracellular Microenvironment.
In contrast to the modest differences observed between ECM
environments, we found significant differences in gene expression
between normal and malignant epithelia, even when cultured in
the same ECM: 1,455 genes were differentially expressed be-
tween normal and tumor samples in Matrigel, and 599 genes were
differentially expressed between normal and tumor samples in
collagen I (Fig. 5 D and E). These data suggest that normal ep-
ithelium and tumors accomplish morphologically similar migra-
tion processes despite widely different gene expression.

We next sought gene-expression signatures that might explain
the sustained dissemination of carcinoma cells in collagen I
(Fig. S44). The epithelial-to-mesenchymal transition (EMT) has
been proposed as a mechanism for cancer metastasis (33).
Conceptual models of EMT center on decreased expression of
E-cadherin and increased expression of genes such as N-cadherin
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Fig. 5. Tumor and normal epithelium remain transcriptionally distinct despite morphological similarities induced by the ECM. (A) Schematic description of 3D
cultures of normal and tumor murine epithelial fragments in Matrigel and collagen | for mRNA expression analyses. n = at least 3 biological replicates. (B)
Complete-linkage hierarchical clustering of the experimental conditions. (C) Principal component analysis of the experimental conditions. (D) Heatmap repre-
sentation of the 19,693 genes included in the microarray (blue and red indicate lower and higher expression, respectively). (E) Summary of differentially expressed
genes with fold changes >2 and FDR <0.05. (F and G) Genes differentially expressed based on ECM condition in normal (F) and tumor (G). C, collagen I; M, Matrigel.
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and vimentin (33). However, the local dissemination we observed
in collagen I was achieved with membrane-localized E-cadherin
(Fig. 3 J and K). Surprisingly, E-cadherin RNA expression was
not statistically significantly different between any two conditions
(Fig. S4C). Furthermore, carcinoma cells displayed reduced
levels of both N-cadherin and vimentin RNA, and the EMT
regulators Snail-1, Snail-2, and Twist-1 also were not differen-
tially expressed (defined as a greater-than-twofold change, FDR
<0.05) in any condition (Fig. S4C). Our results suggest that
a classic molecular EMT program is not activated in the tumor
or in response to a collagen microenvironment, despite vigorous
dissemination of cells into the ECM.

Importantly, our enrichment analysis using the Database for
Annotation, Visualization and Integrated Discovery (DAVID)
functional annotation revealed large and statistically significant
differences between normal tissue and tumors in gene sets for cell
adhesion and for proteins that function in the extracellular space
(Fig. S4 A and B and SI Materials and Methods). Analysis of
mRNA expression of genes defined by structural motifs related to
adhesion (e.g., cadherins and integrins) and of ECM and ECM-
remodeling genes [e.g., collagens and matrix metalloproteinases
(MMPs)] (Figs. S4B and S5) revealed widespread changes across
gene families. Moreover, adhesion gene sets (cadherins, immu-
noglobulin cell-adhesion molecules, integrins, lectins, and other
cell-adhesion molecules) were down-regulated in tumor relative
to normal epithelium (~60% of differentially expressed genes
higher in normal epithelium; P < 0.0003, Wilcoxon rank sum test).
We specifically observed strong down-regulation in the cadherin
gene family, with 75% of differentially expressed genes down-
regulated in tumor relative to normal tissue (P < 0.0001, Wilcoxon
rank sum test) (Fig. S4B). These data suggest that down-regula-
tion of cell-adhesion genes may contribute to the sustained dis-
semination of carcinoma cells in collagen I.

Reduced Intercellular Adhesion Cooperates with a Collagen |
Microenvironment to Permit Sustained Dissemination of Non-
transformed Cells. Recent breast cancer genome-sequencing
efforts have revealed mutations in multiple families of cell-adhe-
sion genes, including both classical cadherins and protocadherins
(34). More than 70% of breast tumors in a recent study had mu-
tations in a cell-adhesion gene, but few of these mutations oc-
curred in more than one tumor (35). We chose to test genetically
whether altering cell adhesion is sufficient to enable sustained
dissemination of nontransformed cells into collagen 1. Because
myoepithelial cells were the only protrusive or disseminative cells
in our normal epithelial cultures, we focused on P-cadherin (Cdh3),
a classical cadherin specifically expressed in myoepithelial but not
luminal epithelial cells (36). Deletion of P-cadherin in vivo results
in precocious alveolar differentiation and luminal epithelial
hyperplasia (37). We hypothesized that loss of P-cadherin might
synergize with a collagen I-rich microenvironment to induce sus-
tained myoepithelial dissemination. In Matrigel, we observed pre-
cocious branching (Fig. 6 4 and B) and increased branching
efficiency (Fig. 6C) in P-cadherin—null epithelial fragments but no
protrusions or dissemination. In contrast, P-cadherin-null epithelial
fragments explanted into collagen I disseminated more cells relative
to controls, and dissemination was sustained throughout culture (Fig.
6 D-F). Disseminating cells were myoepithelial in nature (K14")
(Fig. 6H), and they survived and proliferated in collagen I (Fig.
6). Indeed, we frequently observed nearly complete depletion of
myoepithelial cells from the surface of P-cadherin—null organoids
(Fig. 6H). We conclude that deletion of a cell-adhesion gene is
sufficient to induce sustained myoepithelial dissemination in specific
ECM microenvironments.

Discussion

In the present study we sought to isolate the specific role of the
ECM in regulating collective epithelial migration and local dis-
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semination by explanting fragments from the same epithelium into
different ECM microenvironments. We found that murine and
human mammary carcinomas cultured in 3D Matrigel were in-
dolent or migrated collectively as a multilayered epithelium. Sur-
prisingly, we observed local dissemination only rarely in Matrigel,
even from metastatic human and murine mammary carcinomas.
This result demonstrates that a metastatic genotype is not suffi-
cient for local dissemination in all ECM microenvironments. In
contrast, both normal and malignant mammary epithelium dis-
seminated vigorously into collagen I.

Epithelial Cells Have ECM-Specific Migration Programs. We observed
large, ECM-specific differences in the pattern of collective mi-
gration and frequency of local dissemination with fragments from
the same epithelium and identical culture medium. Moreover, these
large differences in migratory pattern had few corresponding ECM-
specific differences in gene expression. Despite the local dissemi-
nation of epithelial cells into collagen I, we did not detect a classic
molecular EMT response in either normal or tumor tissue. How-
ever, all our transcriptome experiments compared RNA extracted
from whole cultures, so our experimental design cannot exclude
gene-expression or signaling changes in the cells directly in con-
tact with the ECM. Comparable molecular profiling studies
comparing in situ and invasive breast cancer at the tissue level also
have failed to define a gene signature predictive of invasion (38).

Taken together, our data suggest that cancer cells could possess
all the gene expression required for sustained local dissemination
but remain indolent while the basement membrane remains intact.
However, if the basement membrane were disrupted, the resulting
direct contact between cancer cells and the stromal collagen I
matrix could induce protrusive and disseminative cell behaviors
rapidly. Breach of the basement membrane can be accomplished
by MMP-based proteolysis by the cancer cells (10, 39), by immune
cells recruited during inflammatory processes, or by the actions of
carcinoma-associated macrophages (40) or fibroblasts (41). Con-
sistent with this model, correlative studies in human breast tumors
show that even microscopic breaks in the myoepithelium correlate
with poor patient prognosis (42).

Stromal ECM Is Not Sufficient for Sustained Dissemination. The acute
reaction of normal and carcinoma-derived epithelium to collagen I
was very similar, because both exhibited protrusive migration and
a mixture of amoeboid and mesenchymal dissemination. All the
individual cell behaviors observed in the tumor fragments were
observed in the normal fragments also. However, this similarity was
transient: Normal epithelium reestablished basement membrane
coverage and underwent branching morphogenesis. In contrast,
dissemination from carcinoma fragments was sustained throughout
culture, and polarized epithelial architecture was not restored.
Taken together, our data support a requirement for coordinate
changes in both the cancer cell and the microenvironment to enable
sustained dissemination. Our data also suggest that the final signal
triggering invasion and local dissemination can be provided by
changes in the ECM microenvironment rather than by genetic
changes in the cancer cell. This suggestion is consistent with recent
sequencing efforts that identified similar gene expression and
mutations within in situ and invasive breast tumors (38, 43). Addi-
tionally, central fibrosis, which is characterized by high levels of
collagen I, independently correlates negatively with patient out-
come even among the most aggressive types of breast cancers (44).

Cell-Cell Adhesion and the ECM Microenvironment Coordinately
Regulate Dissemination. Cell-adhesion genes frequently are down-
regulated or mutated in metastatic human tumors (7, 8) and in our
mouse carcinoma model. Our data support the hypothesis that
deletion of a cell-adhesion gene can enable sustained dissemina-
tion of otherwise normal cells. Because the transiently dissemi-
nating normal cells were myoepithelial, we focused on P-cadherin

PNAS | Published online August 23, 2012 | E2601

>
o
o
-
e
o
-
-
]
o


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1212834109/-/DCSupplemental/pnas.201212834SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1212834109/-/DCSupplemental/pnas.201212834SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1212834109/-/DCSupplemental/pnas.201212834SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1212834109/-/DCSupplemental/pnas.201212834SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1212834109/-/DCSupplemental/pnas.201212834SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1212834109/-/DCSupplemental/pnas.201212834SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1212834109/-/DCSupplemental/pnas.201212834SI.pdf?targetid=nameddest=SF4

PNAS

Matrigel

Collagen |

1h 40m |l
)

- 1h 20mjgs
Cell Membranes (membrane tdTomato

Myoepithelial Cells (

1004 P=0.04
1%

[
o
1

(=2}
o
I

N
o

N
o
I

% Branching in Matrigel

o

"P-cad +/- ' P-cad -/-
(n=1456) (n=1501)

P<0.0001
100 Dissemination
into Collagen |

80 (# of cells)
=
Q 60 m >20
‘s = >10
=® 40 5 4-10

20 o1-3

oo
0

"P-cad +-' P-cad --
(n=161) (n=165)

2h [ 2h 40m
Keratin14::Actin-GFP)

Fig. 6. Loss of P-cadherin causes precocious branching morphogenesis in Matrigel and enhanced, sustained dissemination into collagen I. (A and B) Rep-
resentative frames from DIC time-lapse movies of (A) control [P-cadherin** (P-cad*"*)] and (B) P-cadherin™~ (P-cad ™) epithelium grown in parallel in Matrigel.
(C) Percent of P-cad*'~ and P-cad™~ organoids branching in Matrigel on day 7. n, total number of organoids counted (three biological replicates; *P = 0.04;
Student’s t test, two-tailed, unequal variance). (D and E) Representative frames from DIC time-lapse movies of P-cad*~ (D) and P-cad ™~ (E) epithelium grown
in parallel in collagen I. Arrowheads indicate persistent cell dissemination. (F) Distribution of number of disseminated cells per organoid in P-cad*~ and P-
cad™" epithelia. n, total number of movies (three biological replicates; *P < 0.0001; upper one-sided x° test). (G) Representative frames from a confocal time-
lapse movie of P-cad*'~, mT/mG, K14:Actin-GFP epithelium in collagen I. Arrows indicate transient, myoepithelial-led protrusions. Arrowhead indicates
a single disseminated myoepithelial cell. (H) Representative frames from a confocal time-lapse movie of enhanced myoepithelial dissemination into collagen |
by P-cad™~, mT/mG, K14::Actin-GFP epithelium. (/) Proliferation of a disseminated P-cad™"~ myoepithelial cell.

(37), the major classical cadherin in myoepithelial cells (36). The
phenotype of P-cadherin deletion in Matrigel and in vivo was
luminal epithelial hyperplasia. However, the phenotype of P-
cadherin deletion in collagen I was excess, sustained myoepithe-
lial dissemination. The consequences of molecular perturbations
therefore can be qualitatively different in different ECM micro-
environments with respect to clinically important variables such as
local dissemination. Our data are consistent with recent reports
that myoepithelial cells are structurally and molecularly abnormal
in nonmalignant regions adjacent to primary human breast tumors
(45). Our data suggest that observed changes in the ECM com-
position of the tumor microenvironment in these regions may help
explain these abnormalities (45).

Translational Implications for Breast Cancer. Our data indicate that
the cellular migratory strategy and the likelihood of local dis-
semination depend not only on the genetic state of the cancer cells
but also on the ECM in the tumor microenvironment. Impor-
tantly, we demonstrated through matrix-switching experiments
that, even after an ECM-induced transition to protrusive migra-
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tion and local dissemination, human malignant carcinomas can
revert to confined, nonprotrusive growth in response to basement
membrane signals. Our data are consistent with past work on the
normalization of tumor architecture by basement membrane
signals such as laminin 111 (17, 46, 47) and on the invasion-as-
sociated behavior of cells in collagen I (10, 13, 48).

Future Directions. It is now necessary to isolate the molecular basis
for the differential effects of different ECM microenvironments
on collective cell migration and dissemination. Collagen I and
Matrigel have distinct rigidity, protein composition, and supra-
molecular organization. It remains unclear which of these varia-
bles is most important to dissemination, although past studies
suggest a role for increased matrix rigidity in cancer progression
(10). Our data also suggest that deletion of a single adhesion gene
is sufficient to induce sustained dissemination of nontransformed
cells into a stromal matrix such as collagen I. It will be important to
determine whether deletion of other adhesion genes will promote
local dissemination similarly. Because the collective migration
strategy of epithelial cells differs in different ECMs, it also is
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possible that specific genetic perturbations contribute to invasion
and dissemination only in specific microenvironmental contexts.

Materials and Methods

Isolation of Primary Murine Mammary Organoids. We isolated mouse mam-
mary organoids from normal mice using previously described techniques (2,
49). Briefly, we dissected the no. 3 and no. 4 mammary glands and digested
this tissue into epithelial fragments by a combination of mechanical dis-
ruption and collagenase/trypsin digestion. We then separated these frag-
ments from single cells by differential centrifugation. The final pellet was
composed of epithelial fragments, each containing several hundred cells; we
term these fragments “organoids.” Tumors were harvested from mice at 12-16
wk of age, when carcinomas were poorly differentiated. We surgically isolated
the largest tumor in each mouse and processed it as above. Any incompletely
digested large tumor fragments were removed before differential centrifuga-
tion. We also added additional rounds of differential centrifugation as needed
to remove single cells. This protocol was adapted further for isolation of
organoids from primary human mammary tumor (see S/ Materials and Method’s
for a complete description of isolation methods for human tissue).

Primary Murine Mammary Organoid Culture. We embedded organoids derived
from normal and tumor epithelium in 3D Matrigel (354230; BD Biosciences) or
rat-tail collagen | (354236; BD Biosciences). Cultures were set up in 24-well
coverslip-bottomed plates (EK-42892; E&K Scientific) or in two-well or four-well
coverslip-bottomed chambers (155383; Nunc). Acid-solubilized rat-tail collagen
1 gels (3 mg/mL collagen |, pH 7-7.5) were prepared as described in S/ Materials
and Methods. For each matrix, organoids were mixed to yield a suspension of
two or three organoids/uL. A 100-uL suspension of organoids was plated in
each well on a 37-°C heating block, followed by incubation at 37 °C for 45 min
to allow polymerization. Epithelial fragments in collagen | were plated on top
of an underlay of cell-free collagen | of the same concentration. Murine
samples were cultured in 1 mL of 2.5-nM FGF2 in murine organoid medium (2).

Time-Lapse Differential Interference Contrast Microscopy. Live imaging of
normal and tumor murine organoids was conducted using a Zeiss Cell Ob-
server system with a Zeiss AxioObserver Z1 and an AxioCam MRM camera. In
general, images were collected at 20-min intervals with exposure times of
~250 ms. Some of the movies of human tumor were collected on a Zeiss
Axiovert S-100 microscope and a Cohu CCD camera, as previously reported
(2). Temperature was held at 37 °C and CO, at 5%.

Gene-Expression Analysis of Normal and Tumor Fragments in Parallel ECM
Conditions. In total, four different conditions were profiled (tumor vs. normal;
collagen I vs. Matrigel); each was replicated at least three times in biologi-
cally independent experiments. Sample preparation, labeling, and array
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hybridizations were performed according to standard protocols from the
University of California, San Francisco Shared Microarray Core Facilities and
Agilent Technologies (http:/www.arrays.ucsf.edu and http://www.agilent.
com). Equal amounts of Cy3-labeled target were hybridized to Agilent
whole mouse genome 4 x 44K Ink-jet arrays. Arrays were scanned using the
Agilent microarray scanner, and raw signal intensities were extracted with
Feature Extraction v. 9.1 software (Agilent). Samples were confirmed to be
of good quality and were quantile normalized using R/Bioconductor pack-
ages. Pairwise differentially expressed genes were detected using the limma
package in R. g-Values <0.05 were deemed statistically significant. A stand-
alone program written in Java was developed to interface with the R pro-
gram via the command-line to generate heatmaps for publication (available
upon request). Genes changed by twofold or more and with g-values <0.05
were used as input for DAVID Gene Set Analysis (50). Gene sets associated
with structurally similar gene families (including cell-cell adhesion, cyto-
skeletal networks, and actin-myosin contractility) were curated manually
from Mouse Genome Informatics and Interpro (available upon request). Lists
of cell-adhesion genes were cross-referenced further with OKCAM, an online
database of cell-adhesion molecules (51). Microarray data have been made
available on the National Center for Biotechnology Information’s GEO da-
tabase (accession no. GSE39173).

P-Cadherin-Deletion Experiments. The P-cadherin and mT/mG mouse lines
were acquired from the Jackson Laboratory. The keratin-14:actin-GFP
transgenic line (32, 37, 52) was a kind gift of Elaine Fuchs (The Rockefeller
University, New York). P-cadherin™~ and P-cadherin*~, mT/mG, K14-Actin-
GFP mammary organoids were isolated as described above. Organoids were
grown in Matrigel or collagen | with 2.5 nM FGF2. Branching in Matrigel was
quantified on day 7 in three independent biological replicates and scored as
three or more buds per organoid. Organoids were grown in 3 mg/mL collagen
I for 4-5 d, and cell dissemination was quantified from differential inter-
ference contrast (DIC) and confocal time-lapse movies in three independent
biological replicates.
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S| Materials and Methods

Isolation of Primary Human Mammary Tumor Organoids. Five pri-
mary human breast tumor specimens (T01-T05) were acquired
from the Cooperative Human Tissue Network (CHTN), a pro-
gram funded by the National Cancer Institute. Use of these
anonymous samples was granted exemption status by the Uni-
versity of California at Berkeley Institutional Review Board ac-
cording to the Code of Federal Regulations 45 CFR 46.101[b].
CHTN tissue samples were shipped overnight on wet ice. Two
primary human breast tumor samples (T06-T07) were acquired
from Johns Hopkins Hospital. Use of these deidentified samples
was approved as “Not Human Subjects Research” by the Johns
Hopkins School of Medicine Internal Review Board
(NA00052607). Tissues from both sources were rinsed upon re-
ceipt three to five times with PBSA [1x Dulbecco’s PBS supple-
mented with 200 U/mL penicillin/200 pg/mL streptomycin
(15140-155; Invitrogen) and ~5 pg/mL Fungizone (15290-018;
Invitrogen)] to reduce traces of blood. Then they were minced
into small fragments using a sterile razor blade and were in-
cubated (typically in 10 mL of solution in a 15-mL Falcon tube) in
collagenase [high-glucose DMEM (D6546; Sigma), 2 mM glu-
tamine (5.1 mL), penicillin/streptomycin as above, and 2 mg/mL
collagenase I (C2139; Sigma); for some isolations 2 mg/mL
trypsin (27250-018; Gibco) was included in the digestion solu-
tion], with rocking at 37 °C. Successful isolation and culture
were achieved with incubation times ranging from 6 h to over-
night and in digestion solutions of collagenase alone or colla-
genase plus trypsin. Digested tumor fragments were pelleted in
a centrifuge at 100 x g for 3 min, and the supernatant was dis-
carded.

Human mammary epithelial tissue was cultured in mammary
epithelial medium, which consisted of DMEM (Sigma D6546),
2 mM glutamine (ATCC or Invitrogen), 100 U/mL penicillin/100
pg/mL streptomycin, 10 mM Hepes (H3375-250g; Sigma),
0.075% (wt/vol) BSA (A8412; Sigma), 10 ng/mL cholera toxin
(C8052; Sigma), 0.47 pg/mL hydrocortisone (H690; Sigma), 5 pg/
mL insulin (I0516; Sigma), and 5 ng/mL EGF (13247-051; In-
vitrogen).

Preparation of Collagen I Gels. Collagen I gels were generally
prepared by neutralizing rat-tail collagen solution (354236, BD
Biosciences) with 1.0 N NaOH (S2770, Sigma) and 10x DMEM
(D2429, Sigma) according to the ratio: 1:0.032:0.1 (vol/vol).
Variations in the ratio were made by adding sterile water in an
amount based on the starting concentration of the batch of
collagen I so that the final concentration would be 3 mg/mL.
Since the pH of the collagen I stock solution varied slightly be-
tween batches, the collagen I solution was adjusted as needed
with NaOH to reach pH between 7.0 and 7.5 (salmon pink color
by eye). The neutralized collagen I solution was then incubated
on ice for 1-2 h until the opacity and viscosity increased slightly.
At that point the neutralized collagen I solution was mixed with
cells and plated into the desired format, as described in Materials
and Methods.

ECM-Switching Experiments. In some experiments, epithelial
organoids were cultured in one ECM environment (Matrigel or
collagenI) and then were switched to the other after several days of
culture. To remove epithelial organoids from Matrigel, the gel was
transferred manually to a 1.7-mL Eppendorf tube and dispersed
into culture medium by repeated pipetting. To remove organoids
from collagen I, the gel was transferred manually to a 1.7-mL

Nguyen-Ngoc et al. www.pnas.org/cgi/content/short/1212834109

Eppendorf tube, optionally treated with collagenase solution
(prepared as in refs. 1 and 2), and dispersed into culture medium
by repeated pipetting. Recovered organoids were centrifuged at
500 x g for 1-2 min. Then the supernatant was discarded, and the
organoids were re-embedded in either Matrigel or collagen I.

Antibody Staining. Organoids cultured in both Matrigel and col-
lagen I were fixed with 4% (wt/vol) paraformaldehyde for 20 min,
rinsed twice in PBS for 10 min, permeabilized with 0.5% (vol/vol)
Triton X-100 in PBS for 20 min, and rinsed twice in PBS for 10 min.
Samples then were embedded in Optimal Cutting Temperature
compound (OCT) and frozen at —80 °C. OCT blocks were sec-
tioned in 100-pm thicknesses by cryostat at —20 °C. Samples on
slides were rinsed twice in PBS for 10 min, blocked in 10% (vol/vol)
FBS in PBS for 1 h, incubated with primary antibodies overnight
at 4 °C, and rinsed twice in PBS. Slides were incubated with sec-
ondary antibodies for 2-3 h and rinsed twice in PBS for 10 min.
Slides were mounted with Fluoromount (F4680; Sigma) and
sealed with coverslips. F-actin was stained with Alexa 647 phal-
loidin (1:100) (A22287; Invitrogen), and nuclei were stained with
DAPI (1:1,000) (D3571; Invitrogen). Immunofluorescent staining
for each antibody was done three independent times and imaged
for at least 15 organoids per condition each time. Primary anti-
bodies were mouse anti-laminin 1o (1:100) (MAB2549; R&D
Systems), rabbit anti-laminin 332 (1:1,000) (gifts of Peter Mar-
inkovich, Stanford University, Stanford, CA and Monique Au-
mailley, University of Cologne, Cologne, Germany), goat anti-
collagen IV (1:80) (AB769; Millipore), rat anti-E-cadherin
(1:250) (13-1900; Invitrogen), and FITC-conjugated mouse anti—
smooth muscle a-actin (1:250) (F3777; Sigma).

Confocal Imaging. Confocal imaging was done on a Solamere
Technology Group spinning-disk confocal microscope (described
in ref. 2) with a 40x C-Apochromat objective lens (Zeiss Mi-
croimaging). Acquisition of both fixed and time-lapse images was
done using a combination of pManager (3) and Piper (Stanford
Photonics). Levels were adjusted across entire images in Adobe
Photoshop to maximize clarity in the figures.

Quantification of Dissemination. Disseminated cells in each epi-
thelial fragment were counted manually by following each entire
time-lapse movie frame by frame. An epithelial cell was classified
as having disseminated when it was observed gradually to leave
and separate completely from its fragment over several contin-
uous frames. Disseminating cells were characterized further as
amoeboid, mesenchymal, or collective based on the morphology
of the cells as they exited the epithelium, i.e., rounded, elongated,
or multicellular, respectively.

Gene-Expression Analysis of Normal and Tumor Fragments in Parallel
ECM Conditions. Normal fragments were obtained from normal
mammary glands in FVB mice. Tumor fragments were isolated
from advanced carcinomas from the MMTV-PyMT mouse model.
Fragments were embedded in 3D Matrigel or collagen I and cul-
tured in serum-free organoid medium supplemented with 2.5 nM
FGF2 (described in refs. 1 and 2). In total, four different conditions
were profiled (tumor vs. normal; collagen I vs. Matrigel); each
condition was replicated at least three times with biologically in-
dependent replicates. Each array replicate corresponds to in-
dependent mice. These experiments were performed in two
batches. In batch 1, tissue was taken from four mice, labeled “A”—
“D,” with each group except D having one sample from each
mouse. In batch 2, epithelial tumor fragments derived from FVB
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control mammary glands or from PyMT mammary tumor were
allocated to different microenvironments and time-points.
BWMA4F RNA was hybridized twice: once in batch 1 and again in
batch 2. After BWMA4F was averaged, there were 13 different ar-
rays in total.

Microarray Sample Preparation. Sample preparation, labeling, and
array hybridizations were performed according to standard proto-
cols from the University of California, San Francisco Shared
Microarray Core Facilities (http://www.arrays.ucsf.edu) and Agilent
Technologies (http://www.agilent.com). Total RNA quality was
assessed using a PicoChip kit on an Agilent 2100 Bioanalyzer. RNA
was amplified and labeled with Cy3-CTP using the Agilent low-
RNA input fluorescent linear amplification kits following the
manufacturer’s protocol. Labeled cRNA was assessed using the
NanoDrop ND-100 (NanoDrop Technologies), and equal amounts
of Cy3-labeled target were hybridized to Agilent whole-mouse
genome 4 X 44K Ink-jet arrays. Hybridizations were performed for
14 h, according to the manufacturer’s protocol. Arrays were scan-
ned using the Agilent microarray scanner, and raw signal intensities
were extracted with Feature Extraction v9.1 software (Agilent).

Quality Control and Normalization Analyses of Microarray Data.
Analyses were conducted using R and the Bioconductor pack-
ages Agi4 x 44PreProcess, ArrayQualityMetrics, and ggplot2 (all
programs available at http://www.bioconductor.org/ or http://cran.
r-project.org). Plain text files generated from Agilent Feature
Extraction were parsed into ExpressionSet objects. The Proc-
essedSignal intensities generated by Agilent Feature Extraction
were used in this analysis. Array quality was assessed using box
plots, hierarchical clustering, and MA plots generated by the
ArrayQualityMetrics package (4). The array dataset then was
normalized using quantile normalization without background
subtraction. Following this normalization, as anticipated, boxplots
of gMedian Intensity were all on the same scale. Batch effects
were evaluated using hierarchical clustering and principle com-
ponent analysis (5); arrays clearly segregate according to tumor
and time, rather than by batch. Because RNA from sample
BWMF4 was applied to two chips from two batches (BWMF4 and

. Ewald AJ, Brenot A, Duong M, Chan BS, Werb Z (2008) Collective epithelial migration
and cell rearrangements drive mammary branching morphogenesis. Dev Cell 14:570-581.

2. Ewald AJ (2010) Practical Considerations for Long-Term Time-Lapse Imaging of
Epithelial Morphogenesis in Three-Dimensional Organotypic Cultures. Imaging in
Developmental Biology, eds Wong R, Sharpe J (Cold Spring Harbor Laboratory, New
York), 2nd Ed, pp 623-645.

3. Edelstein A, Amodaj N, Hoover K, Vale R, Stuurman N (2010) Computer control of
microscopes using microManager. Curr Protoc Mol Biol Chapter 14:Unit14 20.

4. Reimers M (2010) Making informed choices about microarray data analysis. PLOS

Comput Biol 6:21000786.
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BWMF4.1), postnormalized intensities for these two samples
were averaged. All other samples were biologic rather than
technical replicates.

Probe to Gene Mapping. Probes were mapped to their corre-
sponding genes based on identifiers supplied by the Agilent file
GEO GPLA4134-5647. RefSeq IDs, Refseq Predicted, GenBank
Accession No., EmblID, Entrez Gene ID, UNIGENE_ID,
Wiki_Genename, and Ensembl_transcript_ID were used to map
to ENSEMBL gene IDs using Biomart, with the mouse genome
sequence “ENSEMBL Genes 58, NCBIM37 Mus musculus”.
Altogether, probes were mapped to 19,693 genes, selecting the
probe with the maximal intensity across conditions.

Clustering and Differential Gene-Expression Analyses. Hierarchical
clustering and principle component analysis was done using the
limma and affycoretools packages (6). Pairwise differentially ex-
pressed genes were detected using the limma package in R. O
values less than 0.05 were deemed statistically significant. A
program was written in Java to generate heatmaps for publication.
Positive enrichment scores such as log fold changes or modified ¢
statistics correspond to enrichment in tumor or collagen I matrix
conditions. Negative enrichment scores correspond to enrichment
in normal or Matrigel conditions. Genes twofold changed or
greater and with a false discovery rate (FDR) <0.05 were used as
input for DAVID Gene Set Analysis (7).

Gene Family Analysis. Gene sets associated with structurally similar
gene families were curated manually from Mouse Genome In-
formatics (http://www.informatics.jax.org/) and Interpro (http://
www.ebi.ac.uk/interpro/). These gene sets include genes involved
in cell-cell adhesion, cytoskeletal networks, and actin—-myosin
contractility. Cell-adhesion gene lists were cross-referenced fur-
ther with OKCAM, an online database of cell-adhesion molecules
(8). For gene family heatmaps, we constructed a linear model
incorporating tissue source (normal or tumor) and microenvi-
ronment (Matrigel or collagen I) for each gene using the ImFit
function in the limma package. Genes were sorted according to
their enrichment with respect to normal versus tumor conditions.

5. Leek JT, et al. (2010) Tackling the widespread and critical impact of batch effects in
high-throughput data. Nat Rev Genet 11:733-739.
6. Smyth GK (2005) Limma: Linear Models for Microarray Data (Springer, New York), pp
397-420.
7. Huang W, Sherman BT, Lempicki RA (2009) Systematic and integrative analysis of large
gene lists using DAVID bioinformatics resources. Nat Protoc 4:44-57.
. Li CY, et al. (2009) OKCAM: An ontology-based, human-centered knowledgebase for
cell adhesion molecules. Nucleic Acids Res 37(Database issue):D251-D260.
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Human Normal Mammary Epithelium in Matrigel (A-C are different donors)

50 um } soun F-actin DAPI
E
Sample | Age| Max Size Pathologic Stage # Nodes + Mitoses Grade | Estrogen Receptor
TO1 61 0.9cm pT1bNOMX (Stage I) 0of 2 5/10 HPF Low 90% +
TO2 66 2.2cm pT2N1MX (Stage lIb) 10of2 1/10 HPF Int. 60-70% +
TO3 53 3.7cm PT2N3MX (Stage llic) 20 of 20 24 /10 HPF | High Not Reported
TO4 40 | Post-Chemo [ ypT1micN2MX (Stage I) 20of 10 4/10 HPF Low Not Reported
TO5 30 7.5¢cm pT3N2MX (Stage llla) 4 0of 19 17 /10 HPF Int. 10% +
TO6 50 3.5¢cm pT2N1MX (Stage Ilb) 10of 22 Ki67: 25% High 100%
T07 51 2.7cm pT2N2MX (Stage lla) 6 0of 18 KI67: 30% High 70%

Fig. S1. Normal human mammary epithelium undergoes branching morphogenesis in Matrigel. (A-C) Representative bright-field images of human mammary
branching morphogenesis in Matrigel. (D) F-actin and DAPI staining show the nonprotrusive front of a human mammary end bud in Matrigel. (E) Pathologic
stage and characteristics of human tumor samples used in this study. Six of these samples (T01-03 and T05-T07) grew well in culture and exhibited strong ECM
dependence in migration strategy and dissemination frequency. T04 was from a patient who previously had received chemotherapy; the residual tissue was
largely intermediate ductal carcinoma in situ and fibroadenoma. T04 explants did not grow well in 3D culture. Human tissue was acquired from the Col-
laborative Human Tissue Network and the Johns Hopkins Hospital (see S/ Materials and Methods for details).
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Fig. S2. Despite intra- and intertumor heterogeneity, the ECM microenvironment regulates collective migration and dissemination in human breast tumors.

(A-C) Representative images showing the range of morphologies observed in epithelial fragments from three human tumors when cultured in Matrigel (Upper
Rows) or collagen | (Lower Rows). (Scale bars, 50 pm.)
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Fig. S3. The current, local ECM microenvironment determines the collective migration pattern of murine mammary epithelium. (A) Schematic description of
the isolation and 3D culture of normal mammary organoids. (B and C) Representative bright-field time-lapse movies of normal organoids in Matrigel (B) and
collagen I (C). (D) Schematic description of epithelial fragment isolation and matrix switching. (E-H) Representative frames from bright-field time-lapse movies
of normal organoids switched from Matrigel to Matrigel (M-M) (E), Matrigel to collagen | (M-C) (F), collagen | to Matrigel (C-M) (G), and collagen | to collagen

1(C-Q) (H).
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A Enril Cluster # Gene Ontology (GO) Category # of Genes  Enri Score FDR

1 Cell Adhesion (GO:007155) 64 10.9 9.4 x 10:1;
Higher in Normal 2 Extracellular Region (GO:0005576) 137 8.1 7.9 x 10_
3 Blood Vessel Development (GO:0001568) 31 5.3 6.4 x 10
4 Heparin Binding (GO:008201) 38 46 6.0 x 10
Matrigel
1 Extracellular Region (GO:0005576) 138 19.3 3.3 x 10-21
Higher in Tumor 2 Inflammatory Response (GO:0006954) 58 7.6 4.1 x 10.7
Ectoderm Development (GO:0007398) 25 33 7.9 x10"
1 Extracellular Region (GO:0044421) 65 12.0 1.4 x 10:;3
2 Cell Adhesion (GO:0007155) 44 8.7 6.9 x 10
Higher in Normal 3 Blood Vessel Delvellopmenl (GO:0001568) 27 8.6 1.5 x 10:6
4 Carbohydrate Binding (GO:0030246) 26 5.1 7.5 x10
5 Regulation of Cell Migration (GO:0030334) 13 3.8 23 %10
Collagen | 6 Growth Factor Binding (GO:0019838) 14 3.6 63x107°
Higher in Tumor 1 Extracellular Region (GO:0005576) 41 6.7 6.6 x 10-9
B Cell Adhesion Families Gene Expression ¢ EMT Gene Expression
Tumor v. Normal Tumor v. Normal Tumor v. Normal
Gene Folda Gene FoldA Gene FoldA
FREM2 -10.6** CD93 5.7 I N-cadherin -3.2**
» CDH5 -6.8" REG3B -4.5" I ZEB1 -2.9"
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2 PCDH12 -3.6™ CLEC14A  -3.1** FN1 -1.4*
3 PCDH17 -3.3"™ CLEC11A  -2.5™ E-cadherin -1.0
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CDH10 AN KLRG2 2.0 Il SNAI 1.1
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Fig. S4. Cell-cell adhesion and extracellular genes are down-regulated in tumor epithelium. (A) Analysis using DAVID functional annotation clustering. Genes
with fold changes >2 and FDR <0.05 were used as input into DAVID. The most highly enriched categories include genes whose protein products are involved in
cell adhesion, are localized to the extracellular space, or are involved in the inflammatory response. (B) Expression of structurally related genes implicated in
cell-cell and cell-matrix adhesion. C, collagen 1; M, Matrigel; N, normal tissue; T, tumor. (C) Expression of genes associated with epithelial-to-mesenchymal
transition (EMT). EMT genes either are up-regulated in normal or are not significantly differentially expressed. For all heatmaps, *P < 0.05; **P < 0.001.
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Fig. S5. ECM genes and metalloproteinases are expressed differentially by normal and tumor epithelium. The majority of genes differentially expressed in
laminin, collagen, and other ECM gene sets were up-regulated in normal epithelium. Approximately equal numbers of differentially expressed metal-
loproteinase genes were down-regulated in normal and tumor epithelium. For all heatmaps, *P < 0.05; **P < 0.001.
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