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SUMMARY
Variability in signaling pathway activation between neighboring epithelial cells can arise from
local differences in the microenvironment, noisy gene expression, or acquired genetic changes. To
investigate the consequences of this cell-to-cell variability in signaling pathway activation on
coordinated multicellular processes such as morphogenesis, we use DNA-programmed assembly
to construct three-dimensional MCF10A microtissues that are mosaic for low-level expression of
activated H-Ras. We find two emergent behaviors in mosaic microtissues: cells with activated H-
Ras are basally extruded or lead motile multicellular protrusions that direct the collective motility
of their wild-type neighbors. Remarkably, these behaviors are not observed in homogeneous
microtissues in which all cells express the activated Ras protein, indicating that heterogeneity in
Ras activity, rather than the total amount of Ras activity, is critical for these processes. Our results
directly demonstrate that cell-to-cell variability in pathway activation within local populations of
epithelial cells can drive emergent behaviors during epithelial morphogenesis.

INTRODUCTION
The behavior of an epithelial cell is strongly influenced by signals from the
microenvironment. Many of these signals activate pathways downstream of the small
GTPase Ras that affect behaviors including cell motility, survival, and proliferation.
However, neighboring epithelial cells in the same tissue may differ substantially in their
levels of Ras pathway activation as a consequence of local fluctuations in the
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microenvironment, stochastic events, or acquired genetic and epigenetic changes. The
resulting cell-to-cell variability may lie dormant or trigger regulatory pathways that act at
the level of cell communities to direct collective cell behaviors (Vitorino and Meyer, 2008),
remove cellular defects from a tissue (Eisenhoffer et al., 2012; Takemura and Adachi-
Yamada, 2011), or drive malignancy (Hogan et al., 2009; Leung and Brugge, 2012;
Marusyk et al., 2012).

In vitro culture of epithelial cells can facilitate the study of cell-to-cell variability by
providing tight control of the cellular microenvironment. However, three-dimensional (3D)
culture in laminin-rich extracellular matrix (lrECM) is required to reveal the consequences
of cell-to-cell variability on collective cell behaviors such as epithelial morphogenesis.
Under these 3D culture conditions, single MCF10A breast epithelial cells proliferate to form
polarized microtissues that ultimately growth arrest as multicellular acini. These small
tissues recapitulate important structural and functional features of the organ from which they
were derived (Streuli et al., 1991) and even exhibit cell-to-cell variability in the activation
level of kinases downstream of Ras, such as Akt, Erk, and MLCK (Debnath et al., 2002;
Pearson and Hunter, 2009; Yuan et al., 2011). Unfortunately, directly analyzing the
consequences of such cell-to-cell variability in Ras pathway activation within 3D cultured
tissues is challenging, due in part to the difficulty of efficiently and selectively altering this
signaling node in specific cells with both high temporal and spatial precision.

Several methods are suitable for preparing tissues mosaic for activated proteins such as Ras.
Optogenetic techniques offer exceptional precision but are generally low throughput and
require significant engineering of the protein or process of interest (Wang et al., 2010).
Currently, the best general solutions involve mixing two or more cell populations (Mori et
al., 2009; Hogan et al., 2009) or infection of tissues by low-titer virus (Leung and Brugge,
2012; Lu et al., 2008). However, the resulting mosaic tissues span a distribution of
compositions, where only a fraction of the microtissues possess the desired numbers of each
cell type for subsequent analysis. These configurational inconsistencies complicate the
quantification of rare events and processes that occur rapidly upon the initiation of cell-cell
interactions. We therefore sought an alternative method for preparing epithelial microtissues
mosaic for H-Ras activity that provides additional control over initial aggregate composition
and cell-to-cell connectivity, thereby facilitating quantitative analysis and increasing the
time resolution of experiments involving dynamic cellular interactions during the early
stages of epithelial morphogenesis.

Here, we report DNA-programmed assembly as an approach for building mosaic epithelial
microtissues with defined cell-to-cell variability for 3D culture. We demonstrate that cell
aggregates of wild-type (WT) MCF10A epithelial cells prepared by programmed assembly
rapidly condense into polarized microtissues in 3D culture. We then use this method to
analyze interactions between neighboring cells with subtle differences in Ras activation
during the early stages of morphogenesis. We find that whereas low-level and chronic
activation of H-Ras is insufficient to disrupt morphogenesis in microtissues homogeneously
expressing a constitutively active form of the gene, the same level of Ras activation in only
subsets of cells leads to the emergence of distinct phenotypes specifically in mosaic
microtissues. Our results directly demonstrate that slight biochemical or genetic differences
between neighboring cells can give rise to unique and emergent behaviors in epithelial
tissues (Altschuler and Wu, 2010).
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RESULTS
Programmed Assembly Generates MCF10A Aggregates with Defined Size and Cellular
Composition for 3D Culture

To build mosaic 3D epithelial microtissues with defined composition, we applied a
programmed assembly strategy. Although the use of programmed assembly has previously
been used to build aggregates of six to ten cells, these aggregates were constructed using
suspension or loosely adherent cell lines (Gartner and Bertozzi, 2009). Therefore, it was not
known whether a similar protocol would label and direct the assembly of tightly adherent
epithelial cells such as the MCF10A or MDCK lines. More importantly, it was not clear
whether chemically assembled epithelial cells would integrate into a coherent and polarized
microtissue under typical 3D culture conditions. We therefore first sought to establish the
broad applicability of programmed assembly by combining populations of epithelial cells
expressing different fluorescent proteins into controlled aggregates for 3D culture (Figure
1A).

For the programmed assembly of cell aggregates mosaic for fluorescent protein expression,
MCF10A cells expressing H2B-RFP or H2B-GFP were first prepared as single-cell
suspensions by treatment of monolayer cultures with EDTA followed by a brief pulse with
low-concentration trypsin. We then chemically modified a fraction of MCF10A cell surface
lysines with 20-base oligonucleotides bearing a reactive NHS-ester functionality at their
5′ends (Hsiao et al., 2009; Selden et al., 2012) (Figure 1A). These DNA-conjugated cells
were imparted with selective adhesive properties, yet retained the same viability and
proliferative capacity as unmodified cells (Figure S1A). We initiated programmed assembly
by mixing populations of green- and red-fluorescent MCF10A cells bearing complementary
strands on their cell surfaces at a 1:50 ratio to prevent the red cells from reacting with more
than one green cell. Fluorescence microscopy of the crude assembly reaction revealed a
population of uniform cell aggregates composed of a single green cell surrounded by four to
six red cells in addition to excess unassembled red cells (Figure 1B). No aggregation was
observed upon mixing of unlabeled cells or cells labeled with mismatched DNA strands
(Figure S1B). The Madin-Darby canine kidney (MDCK) epithelial cell line could similarly
be assembled when labeled with lipid-modified oligonucleotides (Figure S1B) (Selden et al.,
2012).

To quantify the efficiency of the self-assembly process, we analyzed aggregates by flow
cytometry. Greater than 95% of the green cells assembled with red cells when bearing
matched cell surface oligonucleotides, compared with only 5% in unlabeled or mismatched
DNA-labeled cells (Figure S1C). Fluorescence-activated cell sorting (FACS) was used to
remove excess red cells and prepare enriched populations of mosaic MCF10A and MDCK
aggregates for 3D culture (Figures 1C and S1D). A total of 5,000–10,000 aggregates were
routinely sorted directly onto lrECM-coated chamber slides where they rapidly condensed
into spherical 3D microtissues with phase-dense boundaries over 6–12 hr (Figures 1D and
S1E). Time-lapse imaging of fluorescently labeled cell nuclei during this process revealed a
transition from a disordered aggregate to a spherical microtissue with symmetrically
arranged nuclei over a similar time frame (Figure 1E). Consistent with previous reports of
MCF10A morphogenesis beginning from single cells, morphogenesis of microtissues
formed by the programmed assembly process involved considerable cell motility (Ferrari et
al., 2008; Pearson and Hunter, 2007; Tanner et al., 2012). These cell movements also
became more concerted and continued at later time points (Movie S1).
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Acquisition of Microtissue Polarity in Chemically Assembled MCF10A Cells Occurs within
12 hr in 3D Culture

The observation that multicellular aggregates are motile and rapidly condense suggested that
the cells were polarizing and replacing their DNA-based chemical adhesions with native-
like, protein-based adhesions. To determine whether aggregates were indeed polarizing
during the first 24 hr in culture, we performed indirect immunofluorescent staining for
protein localization at regular intervals after programmed assembly and purification by
FACS. Immediately after sorting of MCF10A aggregates, hemidesmosomal adhesion
molecule α6-integrin and adherens junction protein β-catenin were localized to individual
cell edges, whereas cis-Golgi protein GM130 was randomly oriented relative to cell nuclei
(Figures 2A and S2A). These results indicate that cells remained distinct entities
immediately after programmed assembly despite their DNA-based chemical adhesions. By
12 hr after assembly these markers for cell polarity were enriched at appropriate subcellular
locations (Figures 2A and 2B). By 24 hr, protein localization was pronounced; β-catenin
was enriched at cell-cell interfaces, α6-integrin was enriched at the basolateral surface of the
microtissue, and GM130 was apically localized relative to cell nuclei (Figures 2A, 2B, and
S2A). Additional staining of microtissues 24 hr after assembly revealed basal deposition of
laminin-5 and actin enrichment at the cell cortex (Figure 2C). These staining patterns
indicate that cell aggregates rapidly condense into polarized microtissues and are consistent
with staining patterns of developing microtissues of similar size grown from single cells
after 4 days in culture (Debnath et al., 2002) (Figures 2A and S2A). Polarity was also
maintained at later time points (Figures S2B and S2C).

In addition to acquisition of tissue-level polarity, epithelial morphogenesis is marked by
growth arrest followed by lumen formation after extended 3D culture (Debnath et al., 2002).
Up to 96 hr after assembly, the majority of assembled microtissues were uniformly positive
for the proliferation marker Ki-67 (Figures 2D and 2E). However, microtissues were largely
negative for Ki-67 at later time points. Moreover, cells positive for cleaved caspase-3 in the
clearing luminal space, which were largely absent at 24 hr, became evident as early as 96 hr
and were present in nearly all acini by day 16 (Figures 2D and 2E).

To test the applicability of this approach for generating other epithelial microtissues, we
evaluated the polarity and lumenogenesis of MDCK aggregates in 3D culture after
programmed assembly. MDCK cells undergo lumenogenesis by a different mechanism than
MCF10A cells, providing an additional test for the compatibility of programmed assembly
with diverse cellular processes during morphogenesis. MDCK aggregates grown for 6–7
days in lrECM were uniformly polarized as judged by staining for apical marker gp135 and
β-catenin (Figure 2F, left). Developing lumens were also observed, consistent with previous
reports of MDCK cysts grown from aggregates (Liu et al., 2007). Additionally, the
morphology of cysts was similar to the morphology of cysts of equivalent size grown from
single cells (Figure 2F, right). Combined, these data indicate that the hallmarks of epithelial
morphogenesis—polarity, growth arrest, and lumen formation—are recapitulated when
epithelial cell aggregates prepared by programmed assembly are grown in 3D lrECM
culture.

MCF10ARas Cells Undergo Morphogenesis Similar to MCF10AWT Cells
To understand how groups of cells undergoing morphogenesis respond to cell-to-cell
variability in Ras activation within the same tissue, we required a MCF10A derivative cell
with modestly elevated Ras activity but also with basic epithelial character and the ability to
interact with neighboring WT cells. Ras pathway activation in an ideal MCF10A derivative
should be elevated but consistent with levels observed in normal tissues. However, we found
that cells expressing H-RasV12 under the control of the strong Moloney murine leukemia
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virus LTR had very high levels of Ras expression and Erk phosphorylation, lost E-cadherin
expression and their epithelial morphology after a few passages, and formed highly invasive
and disorganized structures in 3D culture (Figures 3B and S2D; Movie S2) (Elenbaas et al.,
2001). Therefore, MCF10Acells over-expressing H-RasV12 were a poor choice for modeling
heterogeneous Ras activation during normal physiological processes.

In contrast the MCF-10AneoT cell line (referred to here as MCF10ARas for clarity) retained
its epithelial characteristics despite chronic H-Ras activation. These cells were generated by
stable transfection with a mutant Ras gene encoding the constitutively active H-RasV12

protein (Basolo et al., 1991). Unlike acutely transduced cells, however, MCF10ARas cells
were previously shown to express only a modest 4-fold increase in H-Ras and a 3- to 6-fold
increase in phospho-Akt relative to MCF10AWT (Kim et al., 2009). We confirmed these
results and also observed a modest increase in phospho-Erk (Figure 3A). Additionally,
MCF10ARas cells were found to express nearly WT levels of E-cadherin (Figure 3A).
Consistent with their modestly elevated H-Ras activity, MCF10ARas cells formed acini that
were larger in size than MCF10AWT acini but still lumenized when grown from single cells
for 23 days in 3D culture (Figure 3B). Similar to MCF10AWT aggregates, assembled
aggregates of MCF10ARas cells condensed into polarized microtissues over 24 hr (Figures
3C and S2E). After 16 days in 3D culture, they formed acini that were largely negative for
Ki-67 but contained cells positive for cleaved caspase-3 in the lumen (Figures 3D and S2F).
We therefore used MCF10ARas cells for building heterogeneous microtissues in subsequent
experiments because they remained epithelial in character and displayed levels of Ras
pathway activation consistent with normal tissues.

Single MCF10ARas Cells Lead Motile Multicellular Protrusions or Basally Extrude from WT
Microtissues

Using programmed assembly, we prepared mosaic aggregates comprising a single
MCF10ARas cell surrounded by WT cells. Although homogeneous aggregates of
MCF10ARas cells were phenotypically similar to WT aggregates with respect to polarity and
morphology over 24 hr, we unexpectedly observed emergent phenotypes in heterogeneous
microtissues. In some cases, multicellular protrusions tipped by a single, motile MCF10ARas

cell seemed to direct the motion of the surrounding WT microtissue across the lrECM over
several hours (Figure 4A; Movies S3 and S4). Multicellular protrusions occurred in 20%–
30% of the mosaic microtissues. In an additional 20%–30% of mosaic aggregates, we
observed cell extrusion where the single MCF10ARas cell exited at the basal surface but
remained loosely associated with the microtissue. Significantly, the multicellular protrusion
and basal extrusion phenotypes were rarely observed for single MCF10ARas cells grown
within homogeneous MCF10ARas microtissues (Figure 4B; Movie S3). These behaviors
were not due to adaptation to chronic Ras activation, as they were also observed in
heterogeneous assemblies made with single MCF10A cells acutely expressing H-RasV12

(Figure S2G and Movie S2). Additionally, in 4%–6% of the mosaic aggregates, the
MCF10ARas cell was highly motile and broke away from the surrounding WT microtissue,
occasionally traversing over 100 μm (Figures S3A and S3B; Movie S4). Addition of high-
activity DNase to the media immediately after sorting did not affect the frequency of
extrusion and protrusions, indicating that DNA-based linkages between cells were not
responsible for the observed phenotypes (Figure 4C).

Further characterization of heterogeneous microtissues revealed that both protruding and
extruded cells were viable as judged by exclusion of a cell-impermeant DNA stain (Figure
S3C). Protruding cells were often irregularly shaped with GM130 staining oriented away
from the microtissue center (Figures S3D and S3E) but with strong staining for β-catenin at
cell-cell adhesions with neighboring WT cells (Figure S3F). Basally extruded cells typically
maintained a rounded morphology. We did not observe an actin ring in adjacent cells or any
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unusual actin staining in extruded cells (Figure S3D). However, once fully extruded, cells
did not exhibit β-catenin staining on membranes adjacent to the WT microtissue (Figure
S3F). Because MCF10AWT and MCF10ARas cells expressed similar levels of E-cadherin
(Figure 4A) and were frequently observed to freely commingle, these behaviors could not be
explained by differential E-cadherin expression alone (Movies S3 and S4). Moreover,
heterogeneity, per se, was not responsible for the extrusion or multicellular protrusion
phenotypes because single WT cells did not protrude or extrude from aggregates composed
principally of MCF10ARas cells (Movie S3).

Ras activates multiple pathways in its GTP-bound form. PI3K and the MAPK signaling
cascades have recently been implicated as important downstream effectors of analogous
protrusive membrane activity and apical cell extrusions, respectively, during H-RasV12

overexpression in confluent 2D MDCK monolayers and model organisms (Hogan et al.,
2009). To determine whether these pathways were also necessary for basal cell extrusion
and motile multicellular protrusions during heterogeneous MCF10A aggregate
morphogenesis in lrECM, we treated freshly assembled mosaic aggregates with small-
molecule inhibitors and quantified the distribution of resulting phenotypes over 24 hr in
culture. Treatment with PI3K inhibitor LY294002 or PIK-90 reduced the formation of
multicellular protrusions while slightly increasing the frequency of basal extrusions
compared to treatment with DMSO control (Figures 4D, 4E, S3G, and S3H). In contrast,
treatment of mosaic aggregates with the MEK inhibitor PD325901 or the Raf inhibitor
Sorafenib blocked both multicellular protrusions and basal extrusions. The morphology of
aggregates treated with inhibitors was indistinguishable from those treated with DMSO
vehicle control (Figures S3I and S3J). Therefore, MEK activation was required for basal
extrusions, whereas both PI3K and MAPK signaling pathways were necessary for motile
multicellular protrusions.

Motility of MCF10Ras Cells in Homogeneous and Heterogeneous Microtissues Is
Quantitatively Different

To further characterize the emergent behaviors resulting from cell-to-cell variability in Ras
activity, we tracked the positions of individual MCF10AWT or MCF10ARas cells in
microtissues over 24 hr. MCF10AWT and MCF10ARas cells did not differ significantly in
maximum displacement from their initial positions when grown within homogeneous
microtissues containing only cells of the same type (Figures 5A and 5B). This is consistent
with the qualitative observation that homogeneous microtissues have a normal morphology
over this time period. In contrast the maximum displacement of single MCF10ARas cells in
heterogeneous aggregates with surrounding WT cells was increased relative to the same
cells in homogeneous MCF10ARas aggregates (Figures 5A and 5B) without a significant
increase in average speed (Figure 5C). The increase in mean displacement of MCF10ARas

cells when grown among MCF10AWT cells was almost entirely attributable to microtissues
with the multicellular protrusion phenotype (Figure 5D); when MCF10ARas cell tracks were
segregated into normal, extruding, and protruding phenotypes, we found average
displacements (±95% CI) of 26 (±3), 31 (±5), and 61 (±9) μm, respectively. Although the
displacement of MCF10ARas cells in normal and extruding microtissues typically remained
within the average diameter of heterogeneous microtissues (43.7 ±8.47 μm), the
displacement of protruding cells generally exceeded the size of microtissues, sometimes
significantly. To quantify the extent to which single, protruding MCF10ARas cells affected
the motility of the surrounding WT microtissue, we compared the trajectories of the
MCF10ARas cells to the trajectories of the surrounding microtissue. Overall, the trajectories
for single MCF10ARas cells and their WT neighbors were correlated for all three phenotypes
(Figure S4). Interestingly, the large displacements observed for single MCF10ARas cells
participating in motile multicellular protrusions were also observed for their associated WT
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microtissues (Figure 5E), indicating that the single MCF10ARas cell directs the motion of
the entire microtissue. Moreover, subtracting the coordinates of the microtissue centroid
from the coordinates of the protruding MCF10ARas cell generated residual trajectories
(Figure 5E) that were qualitatively similar to those of single cells in homogeneous
MCF10ARas and WT microtissues (Figure 5A). This analysis occasionally revealed residual
trajectories with large total displacements, which always corresponded to the rare,
hypermotile cells (Figure 5E, dashed orange track).

DISCUSSION
In order to study the consequences of cell-to-cell variability in Ras activation on the
morphogenesis of MCF10A mammary epithelial cells in 3D culture, we used a chemical
approach to assemble epithelial cell aggregates with programmed compositions, sizes, and
initial cell-to-cell connectivities. The utility of our approach was 3-fold: (i) programmed
assembly generated thousands of nearly identical microtissues, thus facilitating
quantification of even rare phenotypes associated with cellular interactions among specific
subpopulations; (ii) aggregate assembly was rapid and resulted in polarized microtissues
within 12 hr in 3D culture, thus facilitating identification and characterization of phenotypes
that emerged shortly after the initiation of cell-cell interactions; and (iii) the modularity of
programmed assembly allowed the straightforward modification of microtissue composition
to identify which cell populations, and in which proportions, contributed to emergent
behaviors. Using this approach, we directly investigated the consequences of cell-to-cell
variability in Ras activation during the morphogenesis of MCF10A epithelial cells.
Remarkably, we found that even subtle variability in Ras activation between neighboring
cells elicits emergent behaviors during epithelial morphogenesis, including basal cell
extrusions and motile multicellular protrusions.

Epithelial cell extrusions that resemble those in our study are elicited under a variety of
conditions. Cells overexpressing oncogenes such as ErbB2, RasV12, or v-Src have all been
shown to extrude apically in confluent monolayer culture or growth-arrested mammary acini
(Hogan et al., 2009; Kajita et al., 2010; Leung and Brugge, 2012). Cells undergoing
apoptosis also extrude apically through the formation of a contractile actin ring in the
surrounding cells (Rosenblatt et al., 2001) or basally upon disruption of microtubule
regulation (Slattum et al., 2009). Recently, apical cell extrusions were shown to occur as a
consequence of cell crowding and were proposed to contribute to tissue homeostasis
(Eisenhoffer et al., 2012; Marinari et al., 2012). In this study we observed the extrusion of
single MCF10ARas cells from within motile and growing MCF10A micro-tissues. In this
dynamic 3D culture context, we found that cell extrusions occurred in the basal direction
and did not appear to occur through the formation of a contractile actin ring as occurs during
apoptosis.

The simplest explanation for the observed basal, as opposed to apical, extrusions was that
the polarized microtissues in our study lacked a well-defined and clear luminal space. The
availability of an unobstructed basal surface lacking tissue culture plastic or a mature
basement membrane may also provide an opportunity for basal extrusion that was lacking in
previous studies. Similar conditions may exist during the morphogenesis of the mammary
gland in vivo and at the basal surface of carcinomas of a variety of tissues (Gjorevski and
Nelson, 2011). Alternatively, the increased constriction of the microtissues at the apical
surface or differences between epithelial cell lines used in the various studies may also
explain the differences in the direction of extrusion. In any case, in certain in vivo contexts,
basal extrusions occur more frequently than apical extrusions (Hogan et al., 2009; Shen and
Dahmann, 2005). In MCF10A aggregates undergoing morphogenesis, basal extrusions of
single MCF10ARas cells appeared to depend on MAPK but not PI3K pathway signaling.
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Recently, Hogan et al. (2009) and Leung and Brugge (2012) observed a similar dependence
on MEK during apical cell extrusions triggered by activation of Ras or ErbB2, respectively,
suggesting that apical and basal extrusions in other systems may be related processes.
However, the specific in vivo factors that determine the direction of cell extrusions will be
important to identify because they may specify different fates for extruded cells in the
context of development, homeostasis, or cancer.

In addition to basal extrusions, motile multicellular protrusions that were dependent on both
PI3K and the MAPK signaling pathways were frequently observed in heterogeneous
microtissues. Basal protrusions that are similarly sensitive to both MEK and PI3K inhibition
have previously been observed during HGF-triggered tubulogenesis of MDCK cysts in 3D
culture. HGF activates the Met receptor, which provides sustained activation of Ras similar
to the ectopic expression of H-RasV12 in our experiments (Khwaja et al., 1998; O’Brien et
al., 2004). These behaviors may also play a role in angiogenesis and wound healing of
endothelial cells (Graupera et al., 2008; Vitorino and Meyer, 2008). Motile multicellular
protrusions are also analogous to border cell migration during Drosophila ovary
development, where elevated growth factor receptor or Rac activation in single cells can
drive collective cell motility of an entire cell aggregate (Inaki et al., 2012; Wang et al.,
2010). Multicellular protrusions led by single cells may play a role during disease processes
such as tumor progression and have been implicated in the invasive behaviors of cancers
(Scott et al., 2010). Although invasion by multiple transformed cells in these diseased
contexts is a well-appreciated phenomenon, the observation that single cells expressing
oncogenic H-RasV12 can drive the collective motility of nontransformed neighboring cells is
surprising. Even more surprising is the fact that these multicellular protrusions, led by cells
with only modestly elevated levels of activated Ras, are actually accentuated by the presence
of neighbors with lower Ras activity. Similarly, we also observed an increased frequency of
single MCF10ARas cells breaking away from the surrounding microtissue and rapidly
traversing hundreds of microns in 3D culture when surrounded by WT cells. These
observations are consistent with a growing body of work that indicates tumor cell
dissemination is an early event in carcinoma progression in vivo (Hüsemann et al., 2008;
Rhim et al., 2012; Weinberg, 2008). Moreover, they provide evidence that different modes
of invasive behavior may coexist within the same tumor, where cellular heterogeneity is
well documented (Friedl et al., 2012). Accordingly, our results may have significant
implications for the initiation and progression of cancer.

In conclusion we have used a chemical-programmed assembly strategy to directly probe the
consequences of cell-to-cell variability in Ras activation during the morphogenesis of
MCF10A mammary epithelial cells in 3D culture. We find several emergent behaviors that
occur as a consequence of modest differences in Ras activation between neighboring cells,
rather than due to the absolute levels of Ras activation in the microtissue. Remarkably, the
microtissues exhibiting the most unusual behaviors, including basal cell extrusions, motile
multicellular protrusions, and hypermotile invasive cells, actually had lower total levels of
activated Ras across the cell population than homogeneous MCF10ARas microtissues that
only rarely manifested these phenotypes. Our results demonstrate that heterogeneity in
pathway activation between neighboring cells is sufficient to drive emergent behaviors at the
population level and highlight the need to control for the identity of surrounding cells when
studying the effect of genetic, physical, or chemical perturbations applied at the single-cell
level. More importantly, our results suggest that the regulation of cell-to-cell variability in
Ras activation, particularly in developmental contexts, is important for controlling the global
behavior of a tissue. Further investigation into the mechanisms by which cell-to-cell
variability in Ras and other signaling pathways are maintained or suppressed in different
biological contexts will provide greater insight into how tissue heterogeneity impacts
multicellular behaviors.
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EXPERIMENTAL PROCEDURES
Oligonucleotide Sequences

Oligonucleotide sequences are as follows:

A: 5′-linker-SH-ACTGACTGACTGACTGACTG-3′

B: 5′-linker-SH-CAGTCAGTCAGTCAGTCAGT-3′

Lipid DNA A: 5′-dialkyl-(T)80-ACTGACTGACTGACTGACTG-3

Lipid DNA B: 5′-dialkyl-(T)80-CAGTCAGTCAGTCAGTCAGT-3

General Materials and Reagents
Oligonucleotides were synthesized on an Expedite 8909 using standard phosphoramidite
chemistry. Phosphoramidites were purchased from Glen Research and AZCO Biotech.
Modified oligonucleotides were purified on an Agilent 1200 HPLC equipped with a
semiprep Zorbax reversed phase C18 (oligos A and B) or semiprep Phenomenex C4 (Lipid
DNA A and B) column and running a gradient of ACN in 0.1 M TEAA from 8% to 80%.
Purified oligonucleotides were extensively lyophilized prior to use. NHS-modified DNA
was prepared as previously described (Selden et al., 2012; Hsiao et al., 2009).

Antibodies, Growth Factors, and Inhibitors
The following antibodies were used for western blot: E-cadherin (BD Biosciences), tubulin
(Sigma-Aldrich), phospho-Erk and phospho-Akt (Cell Signaling Technology), pan-Ras
(Calbiochem), goat anti-mouse-HRP, and goat anti-rabbit-HRP (Thermo Scientific). The
following antibodies were used for immunofluorescent staining: GM130, β-catenin (BD
Biosciences), α6-integrin, laminin-5 (Millipore), cleaved caspase-3 (Cell Signaling
Technology), Ki-67 (Sigma-Aldrich), gp135 (a kind gift from Professor Keith Mostov),
Alexa Fluor 488- and 568-conjugated goat anti-mouse, anti-rat, and anti-rabbit antibodies
(Invitrogen). F-actin was stained with Alexa Fluor 488- or 568-conjugated phalloidin
(Invitrogen). LY294002 and PD325901 (Calbiochem) were used at 20 μM and 200 nM,
respectively. TURBO DNase (Invitrogen) was used at a concentration of 10 U/ml.

Cell Lines and Cell Culture
MDCK cells were kindly provided by Professor Keith Mostov and cultured as previously
described by Martin-Belmonte et al. (2007). MCF10A cells were kindly provided by
Professor Jay Debnath (UCSF), and MCF10AneoT cells were obtained from the Karmanos
Cancer Institute (Detroit). Both cell lines were cultured as previously described by Dawson
et al. (1996) and Debnath et al. (2003). 3D on-top cultures were performed as previously
described using growth factor-reduced lrECM lots with protein concentrations between 9
and 11 mg/ml (Matrigel; BD Biosciences) (Debnath et al., 2003). Cell lines expressing H2B-
RFP proteins were prepared by transduction with lentivirus derived from pHIV-H2B-mRFP
(Addgene; plasmid 18982) (Welm et al., 2008). H2B-eGFP was cloned from Addgene
plasmid 11680 and ligated into pHIV to produce pHIV-eGFP (Kanda et al., 1998).
Lentivirus was produced at the UCSF Sandler Lentiviral Core.

Cell Surface Labeling and Programmed Assembly
Cell surface labeling was performed as previously described by Selden et al. (2012). Cells
were lifted by an incubation in 0.04% EDTA until cells rounded, followed by a 0.05%
trypsin pulse. Trypsin was quenched by soybean trypsin inhibitor (Sigma-Aldrich). Cells
were washed three times with base medium and then labeled with NHS-DNA for 30 min or
with dialkylphosphoglyceride-DNA for 5 min at room temperature followed by three washes

Liu et al. Page 9

Cell Rep. Author manuscript; available in PMC 2013 April 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with base medium. DNA-labeled cells were filtered through a 40 μm mesh, counted, mixed
at greater than 1–50 ratios in polypropylene tubes, centrifuged, and gently resuspended.
Aggregates were purified directly into eight-chamber slides containing 3D assay media
using a FACSAriaII or FACSAriaIII (UCSF Laboratory for Cell Analysis) equipped with a
130 μm nozzle and a sheath pressure of 10 psi.

Microscopy
Time-lapse images of aggregates were acquired on a Zeiss 200M inverted fluorescence
microscope equipped with an XCite argon light source and a Hamamatsu camera. Field
positions were programmed into Slidebook 5.0 software, and images were acquired at 30
min intervals. Samples were maintained in a humidified chamber at 37°C and 5% CO2.
Phenotypes were scored in Slidebook 5.0 software after acquisition. Microtissues that
merged with other microtissues or single cells were not scored due to confounding effects on
cell motility.

Immunofluorescence Analysis and Image Acquisition
3D cultures were stained as previously described by Debnath et al. (2003). Confocal images
were taken at the equatorial plane of the developing micro-tissues and were acquired on an
inverted Zeiss LSM 510 NLO laser-scanning microscope (UCSF Laboratory for Cell
Analysis). All imaged aggregates contained at least one GFP-labeled nucleus, although not
necessarily in the plane of the confocal slice. Polarity, proliferation, and apoptosis counting
were performed on a Nikon TiE inverted microscope equipped with a CSU-X1 confocal
head. Channel intensities were adjusted linearly and equally across all images in each
experiment using ImageJ and Adobe Photoshop software.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Programming the Assembly of Mosaic Epithelial Aggregates of Defined Size,
Composition, and Initial Cell-to-Cell Connectivity
(A) Scheme for the programmed assembly of mosaic epithelial microtissues.
(B) Single H2B-GFP-expressing MCF10A cells assembled 1:50 with H2B-RFP-expressing
MCF10A cells.
(C) Aggregates after purification by FACS.
(D) MCF10A aggregates as shown in (C) condensed into rounded microtissues after 8.5 hr
culture in lrECM.
(E) Time series from Movie S1 showing motion of fluorescently labeled nuclei during
condensation of an aggregate (insets) into a microtissue.
Scale bars, 10 μm. See also Figure S1.
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Figure 2. Onset of Polarity, Growth Arrest, and Lumen Formation in MCF10A Cell Aggregates
(A) Representative confocal immunofluorescence images of MCF10A aggregates stained for
α6-integrin and β-catenin after 0, 12, and 24 hr in 3D culture, and representative
immunofluorescence images of similarly sized microtissues grown from single cells for
comparison. A schematic illustrating the correct localization of α6-integrin and β-catenin for
MCF10A microtissues undergoing morphogenesis is shown to the right.
(B) Quantification of the onset of polarity in assembled aggregates of MCF10AWT cells.
Values are means with error bars representing the SDs of the mean of 60 observations from
at least two independent replicates.
(C) Representative confocal immunofluorescence images of assembled MCF10A aggregates
indicating correct localization of basement membrane component laminin-5 and cytoskeletal
component F-actin after 24 hr in 3D culture.
(D) Representative confocal immunofluorescence images of assembled MCF10A aggregates
stained for cleaved caspase-3 and Ki-67 after 1, 4, and 16 days in culture (left). Schematic of
MCF10A microtissue proliferation, growth arrest, and lumen formation (right).
(E) Quantification of growth arrest and apoptotic lumen formation in microtissues grown
from MCF10A aggregates. Data are expressed as the mean, and error bars represent the SD
of the mean from at least two independent experiments (n = 60).
(F) MDCK aggregates and similarly sized cysts grown from single cells stained for
basolateral marker β-catenin and apical marker gp135 after 6 or 7 days.
Scale bars, 10 μm. See also Figure S2.
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Figure 3. Assembled MCF10ARas Cells Undergo Morphogenesis Similar to MCF10A WT Cells
(A) Western blots for Ras, phospho-Akt, phospho-Erk, and E-cadherin (E-cad) for
MCF10AWT and MCF10ARas cells.
(B) Phase-contrast images of MCF10AWT, MCF10ARas, and pBabe-puro RasV12-transduced
MCF10A cells cultured for 23 days in lrECM. Inset shows the pBabe-puro RasV12-
transduced cells after 5 days of culture in lrECM.
(C) Representative confocal immunofluorescence images of homogeneous MCF10ARas cell
aggregates stained for polarity and adherens junction proteins after culture in lrECM for the
indicated times. These images should be compared to representative immunofluorescence
images of similarly sized microtissues grown from single cells (right) and MCF10AWT-
staining patterns as shown in Figures 2A and S2A.
(D) Representative confocal immunofluorescent images of homogeneous MCF10ARas

aggregates stained for cleaved caspase-3 and Ki-67 after 16 or more days in culture.
Scale bars, 20 μm. See also Figure S2.
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Figure 4. Emergent Behaviors in Microtis-sues Heterogeneous for Signaling Downstream of H-
Ras
(A) Representative time-lapse images from Movie S4 showing normal and emergent
phenotypes in the mosaic MCF10ARas/MCF10AWT microtissues.
(B) Quantification of normal, basal cell extrusion, and motile multicellular protrusion
frequency in homogeneous and heterogeneous microtissues. Data are expressed as the mean
of at least 700 observations from four independent experiments, and error bars represent the
SD of the mean.
(C) Sensitivity of the frequency of emergent phenotypes to the addition of high-activity
DNase immediately after assembly.
(D) Sensitivity of cell extrusion and (E) motile multicellular protrusions to inhibition of
PI3K by LY294002 and MEK by PD325901. Values are the averages of at least 400 total
events from three independent experiments, and error bars show the SD of the means.
Scale bar, 20 μm. ***p < 0.001; ns, not significant (one-way ANOVA and Tukey’s test).
See also Figure S3.
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Figure 5. Quantitative Analysis of Cell Motility during Emergent Behaviors
(A) A total of 30 superimposed 24 hr trajectories for cells expressing H2B-GFP fusions
growing in homogeneous and heterogeneous MCF10ARas/MCF10AWT microtissues of the
indicated composition.
(B) Average maximum distance traveled and (C) speed of the H2B-GFP-expressing cell
under the conditions in (A).
(D) Average distance traveled as a function of time for H2B-GFP-expressing cell in either
homogeneous or heterogeneous microtissues. Average distances for H2B-GFP-expressing
cells in heterogeneous microtissues are broken down into normal, motile multicellular
protrusion, and basal extrusion phenotypes.
(E) Trajectories of H2B-GFP-expressing MCF10ARas cells and the centroid of the
surrounding WT microtissue. Microtissue trajectories (center) are subtracted from
MCF10ARas trajectories (left) to produce the residual trajectories (right). A representative
MCF10ARas cell (green), associated microtissue (red), and residual trajectory (hatched green
and red) are highlighted. Trajectory of a hypermotile cell leaves a large residual (dashed
orange lines).
For (B) and (C), values are expressed as the mean with SD of 525 observations for three
replicate experiments. For (A), (D), and (E), data are shown from a single experiment that is
representative of three replicates. Trajectories are bounded by a 100 μm radius.
See also Figure S4.
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