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Cancers feature substantial intratumoral heterogeneity of genetic and phenotypically distinct lineages. Al-
though interactions between coexisting lineages are emerging as a potential contributor to tumor evolution,
the extent and nature of these interactions remain largely unknown. We postulated that tumors develop eco-
logical interactions that sustain diversity and facilitate metastasis. Using a combination of fluorescent barcod-
ing, mathematical modeling, metabolic analysis, and in vivo models, we show that the Allee effect, i.e., growth
dependency on population size, is a feature of tumor lineages and that cooperative ecological interactions
between lineages alleviate the Allee barriers to growth in a model of triple-negative breast cancer. Soluble me-
tabolite exchange formed the basis for these cooperative interactions and catalyzed the establishment of a poly-
clonal community that displayed enhanced metastatic dissemination and outgrowth in xenograft models. Our
results highlight interclonal metabolite exchange as a key modulator of tumor ecology and a contributing factor

to overcoming Allee effect-associated growth barriers to metastasis.

INTRODUCTION

Genetic and phenotypic heterogeneity has emerged as a hallmark of
almost all malignancies and has been shown to contribute to tumor
establishment and progression (I-5). It was recently demonstrated
that genetic and phenotypic heterogeneity is maintained ex vivo and
exists as a constantly evolving feature of tumor cell lines (6). This
challenges the simple evolutionary model leading to the dominance
of a single clone both in the regime of selective sweep and in neutral
conditions. However, more complex scenarios with frequency-de-
pendent phenomena take place, even in simplified settings. For
example, chemostat-based studies in microbial systems suggest
that even in a stirred continuous culture ecological interactions
act as a mechanism for stabilizing diversity in evolving populations
(7). These studies support the idea that interactions like cross-
feeding can evolve even in the presence of a simple fitness con-
straint: selection of faster growth. Furthermore, establishment of
ecological interactions does not preclude further evolution, as dem-
onstrated in the pioneering work done by Lenski and colleagues (8),
in which Escherichia coli tracked over 60,000 generations evolved
into stably existing ecotypes with continual evolution within each
clade. While the generational times and phenotypes may differ
greatly between microbial and tumor systems, both operate within
the overall variation-selection regime. Several lines of evidence
demonstrate that it is likely that tumor progression could be sup-
ported through the establishment of such cooperative or syntrophic
interactions between phenotypically distinct clonal populations (9-
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12). Additionally, in vivo and ex vivo observations of heterogeneity
within tumor cell populations (1-6, 13) support the hypothesis that
interclone interactions could help maintain clonal diversity and
contribute to the collective fitness of a tumor.

Intratumoral interactions could be most critical at specific
moments during tumorigenesis such as initiation and metastasis.
These settings are characterized by tumor growth at low densities,
rendering it important to consider the contribution of such inter-
actions on Allee effect-imposed thresholds to growth. The Allee
effect is an ecological phenomenon whereby there is a positive cor-
relation between individual fitness and average population size or
density (14, 15). This effect is most critical in regimes of low
density, such as those found during cancer initiation, invasion,
and metastasis. Yet, by undetermined means, tumors and metasta-
ses are able to overcome this antagonistic effect and reach establish-
ment. However, these settings are often overlooked in traditional
models of tumors, and the joint contributions of Allee effect and
ecological interactions to tumor onset and progression and the
mechanisms by which tumors evade Allee thresholds to growth
remain relatively unstudied.

Here, to test whether tumors use division of labor to optimize
overall fitness, we use breast cancer cell lines representative of
triple-negative, luminal A, and Her2" breast cancers that are char-
acterized by high levels of genetic diversity. We demonstrate that
ecological interactions between distinct lineages found within
cancer cell lines contribute to individual fitness, and that these in-
teractions are a hallmark of karyotypically diverse cancer cell lines.
The results suggest that tumors emerge by overcoming a weak Allee
effect, which is alleviated by cooperative ecological interactions
among phenotypically distinct subpopulations. We found that in-
teractions are mediated by soluble metabolite exchange between
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the constituent lineages, which build the subpopulations. Through  glutamine, hereon referred to as growth medium, and medium con-
the isolation of a minimal interacting community, we demonstrate  sisting of 70% filtered parental culture-conditioned medium/30%
that clonal cooperation by way of soluble factor exchange is a con-  cell line-dependent medium, hereon referred to as conditioned
tributing factor to overcoming Allee effect—associated growth barri- medium, which served as a proxy for their community of origin
ers in metastatic outgrowth. in terms of secreted proteins and metabolites, but not in terms of

cell-to-cell contacts and cell mechanics (Fig. 1B). We found that

conditioned medium markedly enhanced the colony formation ef-

RESULTS ficiency for all the three cancer cell lines. In contrast, colony forma-
Clonal diversity contributes to tumor fitness through tion in the euploid cell line, RPEI-hTert, was unaffected by
positive interclonal interactions conditioned medium exposure (Fig. 1C, fig. S1A, and data S2).

To investigate the potential for ecological interactions to contribute ~ We also observed that overall fitness, as quantified by both cell
to mean population fitness, we selected a panel of breast cancer cell number and colony size, of the resultant colonies was enhanced
lines: BT474, MDA-MB-231, and MCF?7 representative of HER2",  in the presence of conditioned medium (Fig. 1D and data S2). To-
basal-B/triple-negative (16), and estrogen receptor—positive (ER")  gether, these data suggest that strong interlineage-positive interac-
breast cancer subtypes, respectively. The near-euploid RPE1-hTert tions take place in aneuploid cell lines through soluble factor
cell line was used as a healthy control. Metaphase spreads were per-  exchange.

formed to confirm the karyotypic variations between the cell lines Aneuploidy, and its associated genomic instability, is a particu-
(Fig. 1A and data S1). A fundamental hallmark of communities sus-  larly prevalent feature in triple-negative breast cancers (TNBCs)
tained by strong interactions is the inability of any single member to  harboring TP53 mutations. The cell line MDA-MB-231 has been
grow in isolation. Therefore, we evaluated the colony-forming ca-  reported to harbor high levels of genetic diversity, with a subclonal
pacity of single cells in both cell line-dependent medium, supple-  structure closely resembling TNBC tumors (6). Consequently, we
mented with 10% dialyzed fetal bovine serum (FBS) and 2 mM  chose to focus on this cell line for a detailed investigation of
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Fig. 1. Soluble factor exchange enhances clonal fitness in multiple breast cancer models. (A) Karyotypes of RPE1-hTert (n = 15), BT474 (n = 25), MDA-MB-231 (n = 25),
and MCF7 (n = 24) cell lines. (B) Scheme indicating the design of the single-cell colony formation assay. Cells were seeded at a density of 1.56 cells per cm? and maintained
in either standard culture medium or a 70:30 mixture of parental culture—conditioned medium:standard medium. Colony number was assessed 16 days after seeding for
MDA-MB-231, MCF7, and BT474 cell lines and approximately 8 days after seeding for the RPE1-hTert cell line. (C) Number of colonies obtained using the single-cell colony
formation assay. A cluster of >10 cells was counted as a colony for the MDA-MB-231, MCF7, and RPE1-hTert cell lines. A clusters of >5 cells was considered a colony for the
BT474 cell line. (D) Colony fitness as represented by cells/colony approximated by manual counting in ImageJ software for a subset of MDA-MB-231 colonies. The sizes of
MCF7 and BT474 colonies were determined by manually defining the colony perimeter and then measuring its area in ImagelJ. (E) Clustering by morphological features of
19 MDA-MB-231 RGB-derived lineages. Approximately 300 cells per lineage were acquired with a confocal microscope. Morphological parameters were extracted from
the images using CellProfiler. (F) Confocal images of six morphologically distinct lineages. Scale bar, 100 um. (Bottom) Principal components analysis of the regularized
log-transformed transcriptomic data from six morphologically distinct lineages, 03 (magenta), 10 (green), 13 (sky blue), 22 (gray), 35 (blue), and 45 (red), as well as their
parental population (black). Data are represented as mean + SEM. Significance was determined in Prism 9 using a two-tailed Student'’s t test. *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001.
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interlineage interactions. To investigate the contribution of individ-
ual lineages to population fitness, we used RGB marking, which
allowed both in vitro and in vivo lineage tracing (fig. S1B) (17,
18). Nineteen single-cell clones were isolated from the RGB bar-
coded MDA-MB-231 cell line grown in parental population condi-
tioned medium. It has been previously demonstrated that clonal
morphology is a stable heritable trait that can be used as a distin-
guishing feature (19). Therefore, taking advantage of the color pro-
files conferred by RGB labeling, along with 4’,6-diamidino-2-
phenylindole (DAPI) for nuclear marking, we imaged approximate-
ly 400 cells from each of the 19 clonal populations. Using cell pro-
filer, we extracted metrics related to their morphologies and
grouped them according to their unique features (Fig. 1E and
data S3) (20). Six representative lineages from each morphological
subgroup, with distinct color profiles, were then selected (Fig. 1F).
Transcriptional profiling of the six lineages confirmed that they rep-
resent distinct populations (Fig. 1F). The isolation and propagation
of these six distinct lineages provided us with the necessary tools to
investigate the factors underlying the fitness advantage conferred by
population-derived soluble factors.

Maximal growth rate is an emergent property of the tumor
and is underpinned by a pervasive weak Allee effect

The most commonly used models of tumor growth are density-in-
dependent exponential growth and logistic growth, which is an ex-
ponential growth model limited by the carrying capacity of the
system. As the six lineages were selected based on the ability of con-
ditioned medium to enhance growth from a single cell, we began by
asking whether cell density affected growth rates in the parental
population. By calculating doubling times of cells seeded at densi-
ties of Np = 625 cells/cm® and N, = 6250 cells/cm?, we observed a
pronounced density dependency to cell growth, with a departure
from exponential growth at low densities and increased growth
rates at higher densities (fig. S1C and data S4). This behavior devi-
ates from exponential or logistic growth and is referred to as the
Allee effect (14). A weak Allee effect is defined by slow growth at
low inoculum sizes (15, 21, 22). There are many mechanisms that
can give rise to Allee effects, but for a clonally expanding popula-
tion, shared goods is one of the likely candidates (23). In line with
this, population-derived conditioned medium improved growth for
both seeding densities, virtually extinguishing the Allee effect (fig.
S1C). Together, these data suggest that Allee effect is present in the
population, and that cooperation through soluble factor exchange
could have a role in alleviating it at low densities.

Although often overlooked, understanding ecological regulation
of tumor growth kinetics at low densities is fundamental to gaining
understanding of tumor initiation, metastatic outgrowth, response
to therapy, and reawakening/recurrence (24, 25). To further inves-
tigate this phenomenon, we implemented a semi high-throughput
growth screen using an Operetta high-content imaging system
(Fig. 2A). Briefly, cells were sorted into 96-well plates, fed with
either RPMI or parental population conditioned medium, and sub-
sequently imaged at three time points: 6, 24, and 48 hours after
seeding, using the nuclear marker SiR-DNA to facilitate cell identi-
fication. This system allowed us to accurately assess the growth as a
function of population size across a wide range of cell densities: N
ranging from 63 to 49,866 cells/cm” (Fig. 2B and data S5). A Pearson
product-moment correlation coefficient was computed to assess the
relationship between the RGB MDA-MB-231 parental population'’s
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fitness, as quantified by per capita growth rate, and initial seeding
density. The results confirmed a positive and significant correlation
between per capita growth rate and population density in RPMI, r =
0.816 (P = 0.048), and a weaker though insignificant (P = 0.170)
positive correlation, r = 0.641, in conditioned medium (Fig. 2B
and data S5). This could be attributed to the ability of conditioned
medium to enhance per capita growth rates at lower densities. To-
gether, these results revealed an association between cell density and
overall fitness, which was less strongly correlated when conditioned
medium is present. This suggests that soluble factors are able to de-
couple cell growth from cell density and alleviate the growth barriers
set by the observed Allee effects.

When we extended this analysis to each of our six distinct line-
ages, we observed a positive correlation between per capita growth
rate and cell density across the cohort. With the exception of clone
22 (r=0.798; P =0.057), the correlation between fitness and seeding
density was significant for all clones when grown in RPMI (Fig. 2B).
The strength of the correlation differed between the lineages: clone
13 (r=0.983) > clone 10 (r = 0.943) > clone 3 (r = 0.874) > clone 35
(r=0.844) > clone 45 (r = 0.831) > population (r = 0.816) > clone 22
(r = 0.798). It has recently been demonstrated that cancer cell lines
undergo constant evolution (6). Therefore, we asked whether this
phenotype was robust over time by replotting early versus late ex-
perimental data for each lineage. We found that the lineages re-
tained a notable similarity in the density-dependent growth
kinetics across time (fig. S1D and data S5). As for the parental pop-
ulation, conditioned medium increased per capita growth rates and
reduced the association between cell density and fitness across the
cohort. Although a positive correlation between per capita growth
rate and cell density was observed when the cells were grown in con-
ditioned medium, it was significant only in the case of clone 10 (r =
0.893; P=0.017) (Fig. 2B). These results indicate that the six distinct
linages as well as the parental population are subject to a weak Allee
effect. Moreover, in line with a shared good hypothesis, population-
derived conditioned medium improved growth across all initial
seeding densities, effectively reducing the impact of the Allee
effect. The fitness benefit bestowed by conditioned medium had
the most pronounced effect at the lowest seeding densities. These
findings suggest that maximal tumor population growth is an emer-
gent property of the community, and that collective growth is en-
hanced by lineage-derived soluble factors.

Ecological interactions affect proliferation-migration
dichotomy

In the literature on cancer invasion, the proliferation-migration di-
chotomy, otherwise known as the “go or grow” phenomenon, refers
to the reversible phenotype switching between migratory and pro-
liferative states. It has been suggested that energy allocation, or fun-
neling of resources into proliferation and away from migration-
associated processes, is one regulator of cell choice (26, 27).
Having established that there is an ecological regulation of prolifer-
ation at low densities, we then asked whether the cellular choice
between migration and proliferation could be equally affected by
population-derived soluble factors. To do so, we tested speed and
persistence of cell trajectories in random field migration in the pres-
ence or absence of population-derived conditioned medium. Con-
sistent with the enhancement of the proliferative properties
observed in the presence of conditioned medium, soluble factors
slightly, yet significantly, repressed the migratory capacity of the
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Fig. 2. The Allee effect, an ecological obstacle to clonal growth. (A) Scheme representing the experimental setup of the Operetta high-content imaging-based growth
screen. (B) Plots of per capita growth rates across a range of cell densities from 63 to 49,866 cells/cm? in regular growth medium, RPMI (gray), or conditioned medium (CM)
(red). Progressive binning of cell density was used to define each population: 0 to 1250 cells/cm? (bin 1), 1253 to 2500 cells/cm? (bin 2), 2503 to 5000 cells/cm? (bin 3),
5003 to 10,000 cells/cm? (bin 4), 10,003 to 20,000 cells/cm? (bin 5), and 20,003 to oo cells/cm? (bin 6). Data are represented as mean + SEM. The correlation between
binned growth rate and binned cell number in both RPMI and conditioned medium was evaluated for significance using Pearson’s correlation conducted in R.

parental population as well as clones 10, 35, and 45, while clones 03,
13, and 22 were not significantly affected with P values of 0.224,
0.295, and 0.502, respectively (fig. S2A and data S6). Growth rates
and mean migration speed displayed a significant anti-correlation
(fig. S2B and data S5 and S6). Despite the relatively mild effect on
migration speed, it is worth noting that even small differences in
speed integrated for sufficiently long times can translate into mean-
ingful differences in distance traveled. These data suggest that the
phenotype switching at the heart of the go-or-grow dichotomy is
influenced by cell density and can be modulated by soluble
factors produced by the tumor community members.

Interclonal cross-feeding interactions underlie fitness
improvement

The combined observations of population enhancement of clonal
outgrowth and alleviation of the Allee effect in the presence of pop-
ulation-conditioned medium strongly suggested that there were
functional interactions mediated by soluble factors between the lin-
eages. This led us to ask whether specific ecological interactions
could be identified within our collection of lineages. To address
this question, we generated conditioned medium from each of the
six independent lineages grown at 33,333 cells/cm®. We then used
the semi-high-throughput screen to perform cross-feeding experi-
ments to evaluate the pairwise interaction landscape between indi-
vidual lineages. Focusing on populations with densities of N < 1250
cells/cm?, which were characterized by a stronger dependency on
conditioned medium for maximal growth in our initial screen, we
calculated the per capita growth rates for each of the cross-feeding
conditions (Fig. 3A and data S7). The results revealed that although
the vast majority (66.7%) of interactions were positive, 33.3% of in-
teractions were neutral, with no significant benefit or detriment
derived from the conditioned medium (Fig. 3A and data S7).
These ratios shifted slightly in higher density cultures (N > 1250
cells/cm?), with positive interactions still dominating the screen at
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63.3%, and neutral interactions accounting for 30% (fig. S3A and
data S7). Yet, in these conditions, we observed the emergence of
some negative interactions, accounting for 6.7%. Although negative
interactions were rare, notably, conditioned medium derived from
clone 22 significantly repressed the growth of clone 45 at high (N >
1250 cells/cm?) cell densities (fig. S3A and data S7). Furthermore, in
line with the Allee-like growth, we observed that clones 3, 10, 35,
and 45 displayed self-feeding capable of boosting their own
growth rates significantly, albeit for clones 3 and 45 only at low den-
sities (Fig. 3B, fig. S3A, and data S7). Additionally, the screen also
suggests the absence of a keystone population, in that no single
lineage appears to be responsible for increasing the fitness across
all populations. To validate the cross-feeding results in a coculture
setting, we selected two strongly interacting lineages, 22 and 35, and
set up an Operetta-based screen to assess the growth of clone 22 in
RPMI or in coculture with clone 35. Clone 22 was seeded with the
same range of densities as previously used: N ranging from 63 to
49,866 cells/cm? (fig. S3B and data S7). In the coculture setting,
clone 35 was seeded with an initial seeding density of 1000 cells
per well (3125 cells/cm? or 2000 cells per well (6250 cells/cm?)
(fig. S3B and data S7). These densities were chosen based on their
ability to enhance growth of clone 35 in a cell-autonomous setting
(Fig. 2B). In this direct coculture setting, we observed a significant
enhancement of growth for low-density cultures (<400 cells/cm?) of
clone 22 grown in the presence of clone 35 at both densities. Higher
density cultures of clone 22 failed to show a significant growth en-
hancement, which was not unexpected given the Allee-type growth
kinetics. Collectively, this screen revealed specific interlineage inter-
actions that have the capacity to modulate growth at low cell densi-
ties, indicating a possible supportive role of small but
phenotypically heterogeneous cellular communities, shared goods,
and division of labor in the early establishment of tumors.
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Fig. 3. Community interactions provide non—cell-autonomous alleviation of the Allee effect. (A) Box plots of the per capita growth rates of each lineage in RPMI, the
six different lineage conditioned media, or conditioned medium. The data represented correspond to wells containing cells at a density of <1250 cells/cm?. A one-way
analysis of variance (ANOVA) was used to test for significant differences in growth rate for each lineage across the eight media. Post hoc unpaired t test was then con-
ducted in R to identify significant differences between the growth rate of cells in RPMI, and each of the seven different conditioned media. *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001. Network graphs reflect the relative strength of each cross-feeding interaction. Each node represents a lineage. Edges represent a cross-feeding
interaction; the arrow indicates the direction of the cross-feeding. The color of the edge indicates the strength of the benefit confirmed by the interaction. (B) Left:
Cartoon representation of a longitudinal coculture of the six distinct lineages. Right: Depiction of the experimental design. (C) A representative profile of the six-
lineage combination culture at the time of seeding obtained using flow cytometry. (D) Graphical representation of the frequency of the six lineages over the course
of three 30-day coculture experiments carried out in RPMI. Data were obtained by conducting a flow cytometry—based analysis of the leftover cells following
each passage.
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Ecological interactions stabilize intratumoral clonal
diversity

Next, we wanted to test whether the interactions we observed using
the Operetta growth screen were durable in the context of a long-
term longitudinal coculture of all six isolated lineages. We seeded
each one of our lineages as subpopulations in equal proportions
in T25 flasks. The cells were then passaged through a bottleneck
of 400,000 cells per vessel, every 3 days for 30 days (Fig. 3B).
Then, the unique color profile of each lineage was used to quantify
its frequency in the population by fluorescence-activated cell
sorting (FACS) across the experimental window (Fig. 3C and fig.
S4). This experiment was performed in both RPMI and parental
population conditioned medium.

We first focused our attention on the culture maintained in
RPMI and asked whether soluble factor exchange between the six
lineages would alter their growth as a community. Tracking the lin-
eages’ proportions in the culture over time revealed the dominance
of a stable “minimal interacting community” (MinIC) (28) com-
posed of three lineages that evolved toward long-term coexistence
with plateauing frequencies: 22, 35, and 45 (Fig. 3D; fig. S5, A
and B; and data S8).

Conditioned medium enhanced fitness for all lineages when
grown at low densities. Analysis of clonal behavior in conditioned
medium revealed growth dynamics similar to those observed in
RPMI for clones 03, 10, 13, and 22, suggesting that soluble factor
exchange between the six clones was sufficient to recapitulate
similar levels of shared goods found in the conditioned medium
(fig. S5B). Clone 35 and 45 behaviors differed from those of the
other four clones. Whereas their growth closely mirrored growth
in RPMI during the first 10 days of the experiment, they later devi-
ated significantly from their observed growth trajectories in the
RPMI setting. This was frequency dependent, with a reduction in
clone 45's frequency occurring in conjunction with clone 35's fre-
quency surpassing 50%. The same trend was not observed in RPMI,
despite similar clone 35 dominance, suggesting an interaction
between the two clones specific to these conditions (fig. S5, A and
B). Together, these data support a role for interlineage interactions
in stabilizing diversity through modulation of individual fitness, as
exemplified by the formation of the MinIC.

Clonal populations have distinct soluble

metabolite profiles

Interclonal exchange of soluble proteins, such as growth factors, has
previously been demonstrated to be a non—cell-autonomous driver
of tumor growth (13, 29). This prompted us to ask whether the ob-
served fitness benefits bestowed by conditioned medium could be
attributed to a protein component. First, we subjected both RPMI
and parental culture—conditioned medium to a 3-kDa molecular
weight cutoff filtration. This allowed for effective removal of all
but the smallest molecular weight proteins and some peptides. Di-
lution cloning of the MDA-MB-231 cell line was then repeated
using the protein-depleted RPMI and parental conditioned
medium. The benefit conferred by conditioned medium was main-
tained (Fig. 4A and data S9). Through both cross-feeding and lon-
gitudinal coculture, we identified clone 22 as a component of the
MinIC whose fitness is greatly enhanced by lineage-derived
soluble factors. In an attempt to investigate the nature of the mole-
cule(s) responsible for conferring this fitness benefit, we repeated
the cross-feeding experiments as previously described using 3-
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kDa filtered RPMI and conditioned medium derived from the pa-
rental population, clones 35 and 45. Again, filtration did not ablate
the enhancement of clone 22 growth rate conferred by the parental
population, clone 35 or clone 45 conditioned medium (Fig. 4B and
data S9). This suggested that the exchanged factor could be a small
molecule or metabolite. It has previously been argued that the
complex, spatially, and temporally varying structures and dynamics
of microbial ecological systems are largely consequences of biolog-
ical metabolism (30). Furthermore, work in microbial communities
has demonstrated cooperative metabolite exchange to be a driver of
community-level fitness (31, 32). Single-sample gene set variation
analysis (GSVA) on the Hallmark pathway collection for evaluating
gene set enrichment using the transcriptomic profiles of the indi-
vidual lineages suggested distinct metabolic differences between
the three lineages (fig. S6A). An in-depth analysis using GSVA on
selected Reactome metabolic pathways spanning from glycolysis to
oxidative phosphorylation to lipid metabolic processes revealed sig-
nificant variations in the gene set enrichment for these pathways
between the three lineages (Fig. 4C). To address whether cocultur-
ing would alter these profiles, we performed a parallel transcriptom-
ic analysis of the three lineages isolated from the longitudinal
coculture. Samples were harvested following 15 days of coculture.
Stark differences emerged in the GSVA analysis of both the entire
collection of the Hallmark pathways and a subset of the Reactome
metabolic pathways previously analyzed (fig. S6, B and C), suggest-
ing that soluble factors released by the three lineages contribute to
metabolic reprogramming upon coculture.

Therefore, we assessed the lineage's individual soluble metabo-
lite profiles. Conditioned medium was harvested from each of the
three interacting lineages and parental population cultures under
growth conditions. Liquid tomography—mass spectrometry (LC-
MS)-based semitargeted metabolic analysis was performed to
assess lineage-specific metabolite consumption and production.
These metabolite measurements revealed differences between the
four populations (fig. S7 and data S10) that could not be accounted
for by differences in growth rates, as exemplified by pyruvic acid,
which, in line with the transcriptomic data, was more abundant
in clone 22 conditioned medium with respect to clone 35's condi-
tioned medium, notwithstanding significant differences in the per
capita growth rates between the two.

Motivated by the variations in gene set enrichment of lipid met-
abolic pathways between lineages that emerged from the GSVA, we
decided to focus more specifically upon lipid metabolic pathways.
Clustering performed on GSVA enrichment scores of Reactome
Lipid and Fatty Acid pathways again revealed lineage-specific vari-
ations between the three study populations, with clone 35 clustering
independently from clones 22 and 45 (Fig. 4D). Therefore, given the
significant enhancement filtered clone 35 conditioned medium had
on clone 22 growth together with the variation in gene set enhance-
ment for lipid metabolism—associated pathways, we assessed the
intra- and extracellular lipidomic and fatty acid profiles of clones
22 and 35 (fig. S8 and data S11). In line with the GSVA analysis
of lipid metabolic pathways, both intra- and extracellular lipid pro-
files differed significantly between the two clones (Fig. 4E, fig. S8A,
and data S11). Despite similar intracellular fatty acid profiles
between the two clones, significant differences emerged in the anal-
ysis of the extracellular fatty acid profiles, with clone 22—derived
medium showing an enrichment in fatty acid composition
(Fig. 4F, fig. S8B, and data S11).
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Fig. 4. Interlineage metabolic heterogeneity
supports population fitness. (A) Single-cell
colony formation assay conducted in 3-kDa
filtered medium. Colony growth was assessed by
microscopic evaluation of the plate 16 days after
seeding. Clusters >10 cells were counted as a
colony. Data are represented as mean + SEM.
Significance was determined in Prism 9 using a
two-tailed Student's t test. (B) Growth of lineage
22 seeded at <1250 cells/cm? in 3-kDa filtered
RPMI, conditioned medium, lineage 35 condi-
tioned medium, or lineage 45 conditioned
medium. Per capita growth rates were deter-
mined using the Operetta high-content
imaging-based growth screen. (C) Box plots
representing the distribution of gene set en-
richment variation analysis (GSVA) scores for se-
lected pathways. Data are represented as
minimum, 25th percentile, median, 75th per-
centile, and maximum. Significance was deter-
mined using analysis of variance (ANOVA)
followed by a two-tailed Student's t test. *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (D)
Heatmaps and single-sample unsupervised
clustering showing the z scores of the GSVA en-
richment scores for Reactome Lipid and Fatty
Acid Metabolic pathways for transcriptomic data
from lineage 22 (yellow), lineage 35 (blue), and
lineage 45 (red). (E) Principal components anal-
ysis of extracellular (left) and intracellular (right)
lipid species of lineage 35 (blue) and lineage 22
(yellow). (F) Principal components analysis of
extracellular (left) and intracellular (right) fatty
acid species of lineage 35 (blue) and lineage

22 (yellow).

To verify the heterogeneity of the lipid metabolic profiles, we
asked whether the lineages would display a differential sensitivity
to simvastatin. Statins are inhibitors of 3-hydroxy-3-methylglutar-
yl-coenzyme A reductase, an integral enzyme in the mevalonate
pathway, which produces cholesterol along with a range of impor-
tant intermediary metabolites including isoprenoid precursors, ubi-
quinone, dolichol, and isopentenyladenine (33). Consistent with
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previously published observations, simvastatin administration neg-
atively affected the growth of all three lineages, with clone 35 dis-
playing the highest sensitivity to the drug (fig. S8C) (34). Further
evaluation of the density dependency to growth, calculated using
the Pearson product-moment correlation coefficient for all three
lineages, revealed that simvastatin treatment resulted in the loss of
the previously observed relationship between fitness and seeding
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density for clone 35 but not for clone 22 or 45 (Fig. 2B, fig. S8C, and
data S12) Thus, despite being maintained in similar growth medium
and culture conditions, there exists an extensive metabolic hetero-
geneity between the clones that is reflected in their soluble metab-
olomes. These results suggest the potential existence of a metabolic
division of labor between tumor lineages. Models of metabolic di-
vision of labor have suggested it as a strategy to maximize commu-
nity growth rate by streamlining of resources in other
communities (35).

Clone-derived tumoroids display self-organization and
multiclonal collective invasion

To test whether the community interactions in the MinIC provided
a fitness advantage in a more physiologically relevant setting for
cancer establishment, we decided to explore lineage and MinIC pro-
liferative and invasive properties in a tumoroid setting. Briefly,
either single lineages, at an initial density of 500 and 1500 cells,
or the MinIC, seeded as a mixed population of 500 cells per
lineage, were seeded into round-bottom plate in a 50% Matrigel:RP-
MI mixture and centrifuged to facilitate aggregation into a single
tumoroid. Tumoroid growth and invasion were then monitored
over a 6-day period. First, proliferation was measured using 5-
ethynyl-2’-deoxyuridine incorporation (24). Analysis revealed a sig-
nificant enhancement of proliferation in the MinIC-derived tumor-
oids when compared to tumoroids derived from single lineages (fig.
S9, A and B, and data S13). Despite having been seeded as a well-
mixed combination, over the course of 6 days of growth, the MinIC
tumoroids reproducibly self-organized. The resultant tumoroids
displayed a high degree of mixing between the three clones in the
tumoroid interior and an enrichment of clone 35 at the periphery
(Fig. 5A). Close inspection revealed that although clone 35 was en-
riched at the periphery, there was an extensive amount of mixing
even at the periphery, with no apparent banding, a phenotype pre-
viously associated with strong mutualism (fig. S9C) (36, 37). A
similar mixing pattern emerged from clones seeded under geomet-
rical confinement on micropatterned disks of 250 pum (fig. S9D).
Visual inspection also revealed the presence of multicellular inva-
sive protrusions emanating from the surface of the tumoroids,
prompting an evaluation of their circularity. Although all tumor-
oids deviated from perfect circularity, clone 45 and MinIC-
derived tumoroids deviated most significantly (Fig. 5B and data
S$13). Further evaluation of the invasive protrusions in the MinIC-
derived tumoroids revealed that they were polyclonal in nature
(Fig. 5C). This phenomenon of positive association between lineag-
es in three-dimensional (3D) space is often observed in interacting
communities. Since collective invasion is a precursor to metastatic
dissemination, these findings prompted us to ask whether the
tumors derived from the MinIC would have a higher metastat-
ic burden.

Metastatic outgrowth is enhanced from polyclonal
seedings derived from interacting lineages

Metastatic spread is a major cause of breast cancer—related deaths.
There is now substantial evidence that polyclonal cell clusters have
significantly higher propensity to seed metastases (I, 4, 38). In light
of this, significant attention has been paid to elucidating the mech-
anisms of the polyclonal escape from the primary site with adhe-
sion-driven collective migration from the primary site emerging
as a major contributor (4, 39, 40). Yet, the question of why
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polyclonal seedings have enhanced metastatic capacity has not
been sufficiently addressed. Our observations concerning the pres-
ence of an Allee-type growth kinetics and the alleviation of these
effects by shared-metabolite ecological interactions (e.g., in condi-
tioned medium) suggest a potential role for cooperative behavior
among tumor cells at low cell densities with particular relevance
to metastatic dissemination. MDA-MB-231 is a verified model for
metastatic basal breast cancer, preferentially metastasizing to liver
and lungs (41). Therefore, using our MDA-MB-231-derived lineag-
es, we asked whether metastatic burden would be increased in mice
with primary tumors seeded from MinIC of clones 22, 35, and 45 in
comparison to mice seeded with tumors derived from a single
lineage alone.

We performed orthotopic transplantation into the mammary fat
pads of nonobese diabetic (NOD)—severe combined immunodefi-
cient (SCID)-y mice using the lineages alone or the MinIC and
monitored tumor formation and metastatic dissemination to the
liver and lungs (Fig. 5D and data S14). Tumors developed in all
four conditions and had differing latencies consistent with their
maximum per capita growth rates as determined in the Operetta
screen (fig. S10, A and B). Mice were sacrificed at a predetermined
tumor size of approximately 200 mm?®, and primary tumors, livers,
and lungs were collected for analysis. Primary tumors from the
MinIC cohort were analyzed for the lineage composition, by flow
cytometry and confocal analysis. The lineages’ RGB colors were
used together with an anti-human vimentin staining to identify spe-
cifically the MDA-MB-231 cells. Both analysis revealed that clone
45 was the predominate lineage, followed by clone 35 and then
clone 22 (Fig. 5E; fig. S10, C and D; and data S14). Both hematoxylin
and eosin staining and immunohistochemistry performed using
anti-human vimentin antibody on sections from both lung and
livers isolated from the tumor-bearing mice suggested that although
all four lines were able to seed distal metastases, metastatic dissem-
ination was more efficient in mice bearing tumors seeded from the
MinIC (Fig. 5F and fig. S10, E and F). Taking advantage of the fluo-
rescent barcoding together with immunofluorescence for human
vimentin, confocal imaging of 100-pm sections was then performed
to quantify metastatic dissemination and load. Analysis of these sec-
tions revealed that not only did the MinIC-derived tumors seed me-
tastases more efficiently at both the lung and liver but also the
resultant lung metastases were polyclonal in nature with a signifi-
cantly higher metastatic load (Fig. 5, G and H; fig. S10F; and data
S14). The observation of higher metastatic load in the MinIC seeded
metastases supports the concept that community interactions are
beneficial to overcoming barriers to growth in metastatic settings.

DISCUSSION

Despite the numerous “attempts” of establishment made over the
course of our lifetimes, very few tumors will eventually progress
to malignancies. It is attractive to hypothesize that this is due to
the necessity for the tumors to develop cellular heterogeneity as
well as stabilizing interactions to escape a growth barrier and estab-
lish malignancy. While there is now ample evidence that the tumor
interacts with the local microenvironment (42, 43), only a limited
number of studies have addressed the contribution of intratumoral
interactions to the tumor fitness landscape during tumor onset and
metastatic dissemination (1, 13, 38). This is despite the high degree
of lineage-specific phenotypic variability found in cancer and the
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Fig. 5. Metastatic outgrowth is enhanced from
minimal interacting community (MinlC)—
derived polyclonal tumors. (A) Spheroids com-
posed of lineage 22, lineage 35 (blue), lineage 45
(red), or the MinlIC. Cells labeled with a nuclear dye
(yellow). (Bottom) Spheroids after 6 days in
culture. Scale bar, 100 um. (B) Circularity of
spheroids after 6 days in culture. Groups com-
pared using an ordinary one-way analysis of vari-
ance (ANOVA) and then a Tukey's multiple
comparisons test. (C) (Left) Confocal image of the
center of a MinlIC spheroid. Scale bar, 100 um.
(Right) Images of MinIC spheroid protrusions’
lineage 35 (blue), lineage 45 (magenta), and all
nuclei (gray). Lineage 22 is indicated with arrows.
Scale bar, 50 pm. (D) The mammary fat pads of
NOD-SCID mice were injected with 300,000 cells D
composed of lineage 22, lineage 35, lineage 45, or

a combination of the three. (E) Confocal images of
primary tumors. Scale bar, 50 um. (Left) Contri-
bution of each lineage to MinIC primary tumor
determined by imaging fixed tumor cross-sec-

tions. Anti-human vimentin antibody facilitated
tumor cell detection (gray). (Right) The endoge-

nous fluorescence of lineage 35 (blue) and lineage

45 (magenta) was used to quantify their contri-
butions. (F) Immunohistochemical staining of

human nuclei in mouse lung metastases. Scale

bar, 100 um. (G) Confocal image of lung tissue

from a mouse harboring a MinIC tumor. Cancer

cells were identified with an anti-human vimentin
antibody (white). The endogenous fluorescence

of lineages 35 (blue) and lineage 45 (magenta) G
was used to identify them. Scale bars, 1000 pm

(top left) and 100 um (bottom right). (H) Quan-
tification metastasis (top) and metastatic load
(bottom) in lungs of mice from each study group.
Anti-human vimentin antibody was used to

identify metastases. An ordinary one-way ANOVA,
followed by a Fisher's least significant difference
(LSD) test. *P < 0.05, **P < 0.01, ***P < 0.001, ****p

< 0.0001. Data are represented as mean + SEM.
Statistical tests were conducted using Prism 9.

>
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Day 3
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association between high intratumoral heterogeneity and poor
patient outcomes in a variety of clinical settings (44—46). A more
thorough mechanistic understanding of how clonal diversity con-
tributes to disease progression will ultimately enable the develop-
ment of more effective therapeutic strategies.

Here, we demonstrated that ecological interactions exist between
phenotypically diverse lineages isolated from tumor cell lines. The
mechanism and consequences of this interaction provide important
insights into the role of interlineage interactions in metastatic
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progression. First, we provide evidence that these interactions are
mediated, at least in part, by soluble metabolite exchange. Although
metabolite exchange has been shown to be a common driver of mi-
crobial community assembly (32), functional metabolite exchange
among distinct tumor lineages remains a relatively unexplored
aspect of intratumor heterogeneity. Our data suggest that the coop-
eration occurs through multiple metabolic shared goods, and not
through a single metabolite. Tumor microenvironmental factors
have been shown to lead to the development of metabolic
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diversification driven by difference in oxygen and nutrient avail-
ability (47). Yet, the metabolic diversity found between the lineages
used in this study was found between cell populations grown in rich
medium under identical culture conditions. This suggests the exis-
tence of a division of labor, as defined by functional complementar-
ity or synergistic advantage, among tumor lineages.

Second, we demonstrated that this diversification was functional
by showing that this interlineage soluble factor exchange was nec-
essary and sufficient to alleviate Allee barriers to growth both in
vitro and in vivo in metastatic settings. Although the presence
and the extent of Allee effects in tumor settings remain largely un-
studied, there is emerging evidence from preclinical and clinical
studies that it plays a relevant role even in the context of a tissue
(24, 48, 49). Here, we investigated the lineage variation in Allee bar-
riers through the establishment of a semi—high-throughput imaging
screen. This strategy allowed us to measure per capita growth rates
across a wider range of cell seeding densities than would not have
been possible with conventional cell growth assays. For lineages
grown in RPMI, this screen revealed a significant correlation
between density and growth. The strength of this correlation
varied between lineages, suggesting a potential range in weak
Allee strength and hence in lineages’ ability to proliferate at low
densities. Despite the variations in Allee strength across the
cohort, exposure to conditioned medium weakened the observed
correlation between density and growth for all lineages. This sug-
gests that lineage cooperation, through soluble factor exchange, is
able to alleviate Allee barriers to growth.

Tumor growth models predominately assume exponential
growth kinetics even at low densities, largely ignoring the potential
role of the Allee effect in tumor settings. Allee effect is most relevant
at low densities such as those found during tumor initiation and
metastatic dissemination. Therefore, to address whether coopera-
tion between distinct lineages was able to overcome the barriers
to growth imposed by a weak Allee effect in vivo, we performed or-
thotopic injection of the MinIC, or its single constituents. We then
assessed the resulting primary tumors as well as metastatic dissem-
ination to lungs and livers. In line with the role of ecological inter-
actions in fueling growth at low densities, we found enhanced
metastatic outgrowth in mice injected with the MinIC. Although
single lineages were able to seed metastasis, our data suggested
that the resultant metastases lacked the proliferative potential of
the polyclonal MinIC-derived metastases. Metabolic adaptation
may be a requirement for cancer progression, as each step in the
metastatic cascade presents a metabolically distinct environment
from that of the primary site (50-52). Several reports have
focused on elucidating the mechanisms by which metastatic
tumor cells adapt their metabolism. We find that the MinIC inter-
acted through soluble metabolite exchange and that this exchange is
sufficient to improve growth rates of the community members.
Therefore, it is attractive to hypothesize that polyclonal metastases
modulate community fitness through transport of a metabolic eco-
logical niche, thereby facilitating metastatic outgrowth in organs
with nutrient profiles different from their tissue of origin. Such a
mechanism would allow the population to retain proliferative po-
tential while adapting their metabolism to the new environment.
Although this requires further validation, through targeted modu-
lation of metabolic networks within the community, these findings
provide a potential explanation for why polyclonal metastases are
more efficient in fueling metastatic outgrowth. Yet, they also
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imply that monoclonal metastases, or external forces that reduce
the polyclonality of the metastases, could negatively affect the pro-
liferative potential of the disseminated tumor cells, potentially
pushing them into dormancy; the implications of which are dis-
cussed below.

In breast cancer, tumor reoccurrence is the leading cause of
breast cancer-related death. These reoccurrences are often at
distal sites and can emerge up to 20 years following the initial ther-
apeutic intervention (53). It is largely believed that these reoccur-
rences are fueled by dormant populations that reawakened by as
yet unknown mechanisms (54). Despite the technical limitations
in capturing growth kinetics of very small populations in clinical
or preclinical settings, the hypothesis that Allee effect growth kinet-
ics play a role into this scenario could provide valuable mechanistic
insight. Recent work characterizing the clonal composition of
matched primary and metastatic samples from a large cohort of
breast, colorectal, and lung cancer patients found that polyclonal
seedings were common in untreated lymph and distal metastasis
(55). However, clonal composition was significantly reduced fol-
lowing adjuvant therapy. Our study suggests that therapy-driven al-
terations in clonal diversity could eliminate a functional
community, thereby making the persisting clones vulnerable to a
weak Allee effect, which at low densities would be accompanied
by long lag times, potentially creating a pool of dormant cells.
Future studies focusing on ecological regulation of therapy-
induced dormancy in reawakening may provide additional insight
and confirmation of this possibility.

MATERIALS AND METHODS

Cell culture

The BT474 (Leibniz Institute DSMZ—German Collection of Mi-
croorganisms), MDA-MB-231 (American Type Culture Collec-
tion), and MCF7 (National Cancer Institute) cell lines were
cultured in RPMI 1640 (Lonza, BE12-167F or Euroclone,
ECB9006L) supplemented with 10% dialyzed FBS (Euroclone,
ECS0181L) and 2 mM L-glutamine (Euroclone, LOBE17605F).
The hTERT RPE-1 (American Type Culture Collection) cells were
cultured in Dulbecco’s minimum essential medium (DMEM)/F12
and GlutaMAX (Life Technologies, 31331-098) supplemented
with 10% dialyzed FBS and 1 mM sodium pyruvate (Microtech,
L0642). All cells were cultured at 37°C, 5% CO,. Cells were passaged
when they reached approximately 60 to 80% confluence unless oth-
erwise specified. Cells were harvested using trypsin-EDTA (Euro-
clone, ECB3052D-20), pelleted by centrifugation at 1200 rpm for
5 min, and reseeded as needed.

Karyotyping

Approximately 8 x 10° cells were seeded into T25 flasks 1 day before
use. Cell culture medium was supplemented with colcemid solution
(Gibco, 15212-012). The MDA-MB-231, MCF7, and RPE-1 cell
lines were treated with colcemid (0.1 ug/ml) for 3 hours at 37°C,
5% CO,. The BT474 cell line was treated with 0.05 pg overnight at
37°C, 5% CO,. Following treatment, both the cell culture medium
and the cells were harvested and centrifuged at 1200 rpm for 5 min.
Following centrifugation, the medium was removed and 5 ml of
37°C hypotonic solution (5.6 g of KCI in 1 liter of H,O) was
added dropwise. The suspension was incubated at 37°C for 30
min. Next, three drops of ice-cold Carnoy fixative (3:1 methanol:
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acetic acid solution) was added. Cells were then pelleted at 1200 rpm
for 5 min. Supernatant was removed, and the remaining cells were
resuspended in 5 ml of ice-cold Carnoy fixative and incubated at
4°C for 30 min. This process was repeated one additional time. Fol-
lowing the second round of fixation, cells were resuspended in ap-
proximately 300 ul of Carnoy fixative and dropped onto a slide
wetted with 4°C deionized water. Slides were allowed to dry
before being stained with Giemsa stain (Sigma-Aldrich, GS500).
After staining, slides were washed with MilliQ H,0 and allowed to
dry overnight. Metaphases were acquired with an RGB camera
(Nikon Digital Sight, DS-5MC) mounted on an Olympus Upright
BX51 Full Manual widefield microscope. Chromosomes were
counted using Image] software.

Conditioned medium and control medium

Conditioned medium for MDA-MB-231, MCF7, and BT474 cell
lines was made by seeding cells at 1 x 10°cells/ml and 33,333
cells/cm” in regular growth medium in cell culture flasks. RPE-1
conditioned medium was produced by seeding 0.5 x 10> cells/ml
and 16,666 cells/cm®. After seeding, cells were allowed to grow for
approximately 24 hours at 37°C, 5% CO,. The conditioned medium
was then collected and passed through a 0.22-pm filter. Following
filtration, the conditioned medium was stored in single-use aliquots
at —20°C until use. Control medium was produced in the same
manner, without the addition of cells. Immediately before use, the
control and conditioned media were thawed and supplemented
with 30% regular growth medium and 1% penicillin streptomycin
(Euroclone, ECB3001L). Unless otherwise specified in the text, this
mixture is referred to as “conditioned medium.”

Dilution cloning

Cell lines were harvested at approximately 70% confluence. Trypsin
was inactivated using culture medium, and then the cells were cen-
trifuged at 1200 rpm for 5 min. Following centrifugation, cells were
resuspended in an appropriate volume of culture medium, passed
through a 45-pm filter, and counted using a Berker chamber.
Cells were then serially diluted until approximately 50 cells were
present in 10 ml of medium. The medium (100 pl per well) was
then dispensed across a 96-well tissue culture plate (Corning,
3596). Forty-eight hours after seeding, an additional 100 ul of
medium was added to each well. Thereafter, the medium was
changed every 48 hours for the duration of the experiment, 16
days for the MDA-MB-231, MCF7, and BT474 cell lines and ap-
proximately 8 days for the RPE-1 cell line. On the last day of the
experiment, wells with at least 10 cells were counted as colonies
for the MDA-MB-231, MCF7, and RPE-1 cells. Wells with at least
five cells were counted as containing a colony for the BT474 cell
line. On the final day of the experiment, images were taken of col-
onies using Evos FL (Life Technologies). Colony sizes were deter-
mined using Image]J software. For the MCF7, BT474, and RPE-1
cell lines, colony borders were traced and the area of the colonies
was reported. For the MDA-MB-231 individual cells, or for very
large colonies, a subset of individual cells was counted and used
to approximate colony size.

Generation of barcoded MDA-MB-231 clone cohort

The MDA-MB-231, MCF7, and BT474 cell lines were barcoded
using a previously published lentivirus-based system (17, 18). The
three lentivirus constructs used to barcode the cell lines were
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produced with LeGO-V2 Venus (Addgene, 27340), LeGO-C2
mCherry (Addgene, 27339), and LeGO-Cre2 Cerulean (Addgene,
27338). LeGO vectors were all gifts from B. Fehse and were depos-
ited in Addgene. The following packaging plasmids were used to
assemble to lentivirus constructs in human embryonic kidney
(HEK) 293T cells (Interlab Cell Line Collection): pRSV-Rev
(Addgene, 12253), pMDLg/pRRE (Addgene, 12251), and
pMD2.G (Addgene, 12259). Each viral construct was titrated in
all of the target cell lines. One multiplicity of infection of each
viral construct was used to barcode the cell lines. After barcoding,
the cell lines were maintained for several weeks in culture. Following
this period, the MDA-MB-231 and MCF?7 cell lines were dilution-
cloned. In brief, cells were seeded in 96-well plate (Costar, 3596)
wells containing 100 pl of conditioned medium. The cells were
seeded at a concentration of 0.5 cells per well. MDA-MB-231 line-
ages were expanded to 24-well plate, at which point they were har-
vested, frozen back, and stored in liquid nitrogen until use. While in
culture, the MDA-MB-231 lineages were maintained in their paren-
tal population’s conditioned medium. The lineages’ medium was
changed approximately every 48 to 72 hours.

Clone morphological classification
Cells were seeded at approximately 1 x 10° cells per well in 24-well
plate wells containing a glass coverslip coated with fibronectin from
human plasma (20 pg/ml) (Sigma-Aldrich, F1056-5MG) diluted in
Dulbecco's phosphate-buffered saline (DPBS). Before imaging, cells
were fixed with 4% formaldehyde solution (Sigma-Aldrich,
1.00496.8350) for 10 min and then mounted for imaging in glycerol.
Approximately 400 cells per clone were imaged using a TCS SP5
confocal microscope (Leica) mounted with a 63x oil objective.
The barcoded fluorescence signatures composed of cyan fluorescent
protein (CFP) excitation/emission maxima A 433/475 nm, yellow
fluorescent protein (YFP) excitation/emission maxima A 513/530
nm, and/or mCherry excitation/emission maxima X 587/610 nm
of the lineages were used to identify their morphological features.
Clone 22's morphology was characterized based on a phalloidin-
TRITC (tetramethyl rhodamine isothiocyanate), excitation/emis-
sion maxima A 540/565 nm, staining because it did not have an en-
dogenous fluorescence signature. In brief, fixed clone 22 cells were
permeabilized with 0.01% Triton X-100 (BioChemica, EMR237500)
in 1x PBS. The cells were then stained with phalloidin-TRITC
(Sigma-Aldrich, P1951), diluted at 1:100 in a 3% bovine serum
albumin (BSA) and 1x PBS solution for 1 hour at room tempera-
ture. Finally, the cells were washed three times for 10 min in 1x PBS.
The nuclei of all lineages were stained with DAPI (Sigma-Aldrich,
D9542), diluted 1:5000 in 1x PBS for 15 min at room temperature
followed by three 10-min washes in 1x PBS. Coverslips were
mounted in a 70% glycerol (Carlo ERBA, 453752), 30% 1x PBS,
1.5% DABCO (Sigma-Aldrich, D2522) solution and imaged.
CellProfiler was used to extract the metrics that informed the
classifications of the lineages by morphology. To cluster lineages
based on their morphological parameters, the cell shape was extract-
ed with a custom Fiji (56) plugin and CellProfiler pipeline (57). The
Fiji plugin extracts the maximum projection of the DAPI and the
sum projection of the maximum projection of the other three chan-
nels. This sum projection is then filtered with a median filter,
masked using the MinError® threshold method, and then Gauss-
ian-filtered. The CellProfiler pipeline identifies the nuclei using
the IdentifyPrimaryObject with two class parameters after Otsu's
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threshold method on the maximum projection of the nuclei
channel. Then, the cell boundaries are recognized using the Identi-
fySecondaryObject with propagation method on the sum projection
retrieved by the Fiji script, using the nuclei identified as primary
object. The morphological parameters measured were averaged,
normalized, and then used by the Seaborn clustermap python func-
tion to extract the dendrogram.

Nucleic acid extraction and RNA sequencing

Clonal populations were seeded in six-well plate wells (Corning,
353056) at 2 x 10° cells per well in 1.5 ml of RPMI 1640, supple-
mented with 2 mM L-glutamine and 10% dialyzed FBS. After ap-
proximately 24 hours at 37°C, 5% CO,, the culture medium was
removed and the monolayer was washed once with 1x DPBS.
After removal of the DPBS, 800 pl of TRIzol (Life Technologies,
15596026) was added directly to the cells. The cells were detached
into the TRIzol by scrapping and then frozen at —80°C until pro-
cessing. In brief, RNA was phase-separated by adding 200 pl of chlo-
roform (Sigma-Aldrich, 372978-100ml), followed by centrifugation
and collection of the entire aqueous phase. The RNA was then pre-
cipitated using 0.5 ml of isopropanol and pelleted by centrifugation.
The pellet was washed with 75% ethanol/water solution before
being dried and resuspended in ribonuclease (RNase)—free water.
Following the extraction, RNA was processed using the RNeasy
Mini Kit (Qiagen, 74104) including the optional treatment with
RNase-Free DNase (Qiagen, 79254). RNA quality was checked
using Agilent Bioanalyzer 2100. Samples were then processed and
analyzed by the IFOM-Cogentech facility. The Stranded mRNA
Preparation Ligation Kit (Illumina) was used for library prepara-
tion, starting from 500 ng of RNA. Libraries were quality-checked
using a Qubit HS DNA kit before sequencing. Paired-end sequenc-
ing (2 x 75 nucleotides) was performed using NextSeq550Dx (Illu-
mina). An average of 40 million pair end reads were generated per
library. Read alignment and quality check were performed with the
nf-core rnaseq pipeline (58). In particular, reads were aligned to the
GRCh38/hg38 assembly human reference genome using the STAR
aligner (v 2.6.1d) (59) and quantified using Salmon (v1.4.0) (60).
Differential gene expression analysis was performed using the Bio-
conductor package DESeq2 (v1.30.0) (61). Single-sample GSVA for
evaluating pathway enrichment in transcriptional data was carried
out using the Bioconductor package GSVA (v1.38.2) (62) on the
Hallmark and Reactome gene sets available from MSigDB
(https://www.gsea-msigdb.org/gsea/msigdb/genesets.jsp?
collections). GSVA was performed starting from variance-stabiliz-
ing transformed expression values by modeling RNA-sequencing
(RNA-seq) data by a Poisson distribution and calculating the
score using a Kolmogorov-Smirnov random walk statistic. Z score
for clustered heatmaps was calculated with the Bioconductor pheat-
map package using the scale_rows function.

Operetta growth screen

Immediately before seeding, cells were harvested using trypsin-
EDTA, pelleted by centrifugation at 1200 rpm for 5 min, and resus-
pended in 1% dialyzed FBS, 1x DPBS. Cells were then seeded at a
range of cell densities from 93 to 20,000 cells per cm?, as prescribed
by a randomized plate layout, in Cell Carrier Ultra 96-well plate
wells (PerkinElmer, 6055302) containing 100 pl of the medium of
interest supplemented with 1% penicillin-streptomycin. Cells were
seeded with a BD FACSAria Ilu. SiR-DNA (200 nM) (excitation/
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emission maxima A 652/674 nm; SPIROCHROME, SC007) was
added to medium for nuclear identification. After the cells had
adhered to the plate, an Operetta CLS imaging system equipped
with a 20x/1.0 NA (numerical aperture) water objective was used
to image each well in both bright-field and Alexa Fluor 647, main-
taining the correct temperature and CO, concentration. Images
were acquired on days 0, 1, and 2 after seeding. The measured
change in cell number between days 1 and 2 was used to calculate
the doubling times, and per capita growth rates were reported.
Nuclei recognition and counting were done using Harmony soft-
ware version 4.9.

Coculture lineage 22 and lineage 35

Cocultures of lineages 22 and 35 were conducted using the previ-
ously described Operetta growth screen. At days 1 and 2 of the
screen, each plate was acquired with the Operetta CLS, in widefield
mode, binning 2 x 2, equipped with a 20x/1.0 NA water immersion
objective and the following filters: Alexa Fluor 405 excitation/emis-
sion maxima A 420/500 and Alexa Fluor 647 excitation/emission
maxima A 645/760. Nuclei recognition and counting were done
using Harmony software version 4.9. A gray value threshold of
12,000 was used to identify lineage 35, which contains an endoge-
nous CFP fluorescent protein.

Free range migration assay

MDA-MB-231 cells, both clones and parental population, were
seeded at approximately 3150 cells per cm” in 24-well tissue
culture plates (Corning Costar, 3526). Twenty-four hours after
seeding, the culture medium was changed. The new culture
medium was spiked with 500 nM SiR-DNA. Ten fields of view
per well were imaged, every 5 min, for approximately 10 hours.
Time-lapse movies were recorded using a ScanR system
(Olympus) equipped with an IX81 inverted microscope provided
with an ORCA-AG camera (Hamamatsu), using a 10x/0.3 NA ob-
jective. The system is driven by the Olympus CellCens Dimension
software 1.18 (build 16686). Temperature and CO, concentration
were controlled for the duration of the experiment using an
OKOlab incubator. Nuclei tracking was done using Image]. Trajec-
tory analysis was performed in R.

Design and setup of six-way coculture experiment

Each of the six MDA-MB-231 lineages was harvested using trypsin,
and 0.67 x 10° cells per lineage were seeded into combination cul-
tures, a six-well plate well, or a seeding control for fixation with 1%
paraformaldehyde (PFA) and flow cytometry analysis. Every 3 days
thereafter, cells were harvested using trypsin, counted, and reseeded
at 4 x 10° cells/T25 flask in 8 ml of culture medium. The control
lineages were maintained in isolation in six-well plate wells and pas-
saged at 1:2 and 1:5 split ratios as needed. Following each passage,
leftover cells were pelleted, resuspended in 1x DPBS, and fixed with
a 1% formaldehyde solution for 25 min at 4°C. The cells were then
pelleted at 1200 rpm for 5 min at 4°C and washed once in 1x DPBS
solution. Following the wash, the cells were stored in 1x DPBS at
4°C until FACS analysis. Samples were acquired with Attune Nxt
(Life Technologies). The following lasers were used for excitation
of the sample: 405 nm, 488 nm, and 561 nm. Analysis of FACS
data was done using Kaluza Analysis Software (Beckman Coulter
Life Sciences). The coculture experiment was conducted in both
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conditioned medium and RPMI 1640 supplemented with 2 mM t-
glutamine and 10% dialyzed FBS.

Micropatterning of the MinIC

Micropatterns of 250-um-dimeter circles were produced using pho-
tolithography. In brief, glass coverslips were activated with a plasma
cleaner before coating with Poly(L-Lysine)-PEG methyl ether (PLL-
PEG) solution (0.2 mg/ml) diluted in 10 mM Hepes solution. After
washing with MilliQ water, the cell-refractory PLL-Peg coating was
removed in the circular regions by passing deep ultraviolet (UV)
light through a chromium photomask. Following the selective
removal of the PLL-Peg coating form the circular patterns, the
exposed glass was coated with fibronectin (10 pg/ml) in 1x PBS.
After coating with fibronectin for approximately 3 hours at 37°C,
the coverslips were washed three times with 1x PBS. The three lin-
eages comprising the MinIC were then harvested using trypsin.
Each lineage was counted and seeded onto the coverslips at approx-
imately 10,416 cells/cm®. After cell adhesion, the medium was
changed and replaced with fresh culture medium. Cells were main-
tained in culture for 24 to 48 hours before fixation with 4% PFA and
mounting on glass coverslips in a 70% glycerol, 30% 1x PBS, 1.5%
DABCO solution. Images of the MinIC seeded on patterns were ac-
quired using an SP5 inverted confocal microscope equipped with a
63x oil objective.

MDA-MB-231 spheroid generation

Clones 22, 35, and 45 were seeded into ultra-low cluster, 96-well,
round-bottom, ultra-low attachment polystyrene plates (Costar,
7007) and kept on ice for the duration of the seeding protocol. Lin-
eages were seeded alone at 500 or 1500 cells per well or in a combi-
nation culture composed of 500 cells from clones 22, 35, and 45.
Before seeding, cell suspension was incubated with IncuCyte Nuc-
Light Rapid Red Reagent (ESSEN Bioscience, 4717) to facilitate
nuclear identification. The IncuCyte NucLight Rapid Red Reagent
was used at a 1:1000 dilution in regular growth medium at room
temperature in the dark for approximately 30 min. Upon seeding,
the plates were centrifuged at 1200 rpm for 5 min at 4°C. The
medium was then removed from each well, leaving 15 ul of
medium in each well. Then, 40 pl of ice-cold, 50% 3-D reduced
growth factor basement membrane extract (RGF BME) (Cultrex,
3445-005-001), 50% regular growth medium was added dropwise
to the center of each well, being careful to avoid introducing
bubbles. Plates were then centrifuged at 1200 rpm for 5 min at
4°C. Following the second centrifugation, the cell aggregates were
imaged with an Evos FL microscope equipped with a 20x objective
and then incubated at 37°C, 5% CO, for approximately 20 min.
Finally, 100 pl of regular growth medium was added to each well.
At 6 hours, 3 days, and 6 days after seeding, images of the spheroids
were acquired using the Operetta CLS system, in widefield noncon-
focal mode, binning 2 x 2, equipped with a 20x/0.4 NA air objective
and the following filters: Alexa Fluor 405 CFP excitation/emission
maxima A 420/500, mCherry excitation/emission maxima A 560/
650, and Alexa Fluor 647 excitation/emission maxima A 645/760.
The 3D structures of the spheroids were acquired using 15-um
step sizes. The maximum projections of the bright-field images of
spheroids acquired 6 days after seeding were analyzed with a custom
Fiji macro, in which the images of the spheroids were segmented in
binary images and then assessed for circularity.
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EdU incorporation for MDA-MB-231 spheroids

Following 6 days in culture, spheroids were incubated with 10 uM
5'-ethynyl-2’-deoxyuridine (24) (Invitrogen, E10187) in regular
culture medium for approximately 2.5 hours at 37°C, 5% CO,.
The medium was then removed, and the spheroids were fixed
with 200 pl per well of 4% formaldehyde solution overnight at
4°C. Following fixation, spheroids were washed three times with
200 pl per well with 3% BSA (Seqens, 1005-70), 1x DPBS. Spheroids
were then permeabilized with 0.5% Triton X-100 (Euroclone,
EMR237500) in 1x DPBS for 20 min at room temperature. Next,
spheroids were washed twice with 3% BSA in 1x DPBS, 200 pl
per well, being careful to remove all wash solution from each well
following the second wash. Spheroids were then incubated at room
temperature for approximately 1 hour in, 100 pl per well, Click-iT
reaction cocktail prepared per the manufacturer’s instructions.
Click-iT reaction cocktail contained Click-iT Reaction Buffer (Invi-
trogen, C10641B), CuSO, (Invitrogen, C10641C), EdU Buffer Ad-
ditive (Invitrogen, C10641E), and Alexa Fluor 350 picolyl azide
(Invitrogen, C10645B). Following incubation, the reaction cocktail
was removed and the spheroids were washed three times with 200 ul
per well of 1x DPBS. Spheroids were stored at 4°C, protected from
light until mounting and imaging.

Spheroids were mounted and imaged as follows. A square
opening was cut out of a piece of 500-pm-thick Press to Seal Silicone
Sheet (Invitrogen, P18178). The cut spacer was then pressed onto a
glass coverslip. Spheroids were removed from 96-well plate wells
using a transfer pipette (VWR, 612-4486) and placed into the
opening in the center of the silicon spacer. PBS (1x) was removed
from the coverslips. The spheroids were then washed once with ap-
proximately 60 pl of Omnipaque 350 (GE Healthcare, VOSABO3).
An additional 60 ul of Omnipaque 350 was used to submerge the
spheroids on the coverslip. The spheroids were then overlaid with
a glass coverslip, which was attached to the glass slide with a bead of
silicon. The mounted spheroids were kept at room temperature and
imaged within 3 days of mounting. Imaging of the spheroids was
done using a TCS SP8-DLS confocal microscope (Leica) equipped
with a 25x water objective and a 20x air objective.

Quantification of EdU incorporation in MDA-MB-231
spheroids

The quantification of spheroid cellularity was performed with
Arivis Vision4D version 3.1.4 using a customized pipeline. In
brief, images were denoised via a median filter (radius 2) and
then segmented via the blob finder tool (diameter 10 mm, threshold
4%, split sensitivity 80) on the nuclear channel. All the segmented
objects that had a volume between 100 and 5000 um” as well as a y
axis bounding box shorter than 500 pixels were considered as cell
nuclei. From these total nuclei, the EQU intensity associated with
each nucleus was assessed. Nuclei with a mean EdU signal intensity
greater than 20 were considered as proliferating nuclei. The percent-
age of identified nuclei that were also EAU positive were reported for
each spheroid. More than 2000 nuclei were sampled for each
spheroid.

Orthotopic injection

Four groups of three female NOD-SCID mice, approximately 2
months of age, were injected with 300,000 cells per site in
mammary fat pad 4L. The cells injected were clone 22, 35, 45, or
a combination (28) composed of an equal proportion of the three.
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Before injection, cells were suspended in 1x DPBS, 5% Matrigel
(Cultrex, 3445-005-01), and 0.1% trypan blue (Sigma-Aldrich,
T8150-100ML). The cells were injected into the mammary fat pad
in 50 pl of suspension medium. Following injection, mice were pe-
riodically monitored, and when possible, the tumors were measured
using calipers. Mice were euthanized by asphyxiation with CO,
when the tumor reached a volume of approximately 200 mm”.
Upon euthanasia, the primary tumor was removed and weighed
before processing. Mice were perfused with 10 ml of ice-cold
MilliQ-H20 containing heparin (10 U/ml) (Sigma-Aldrich,
H3149) and 0.45% NaCl before collection of primary tumor,
lungs, and liver. All animal experiments were approved by the
OPBA (Organisms for the well-being of the animal) of IFOM and
Cogentech. All experiments complied with national guidelines and
legislation for animal experimentation. All mice were bred and
maintained under specific pathogen—free conditions in our
animal facilities at Cogentech Consortium at the FIRC Institute of
Molecular Oncology Foundation and at the European Institute of
Oncology in Milan, under the authorization from the Italian Min-
istry of Health (Autorizzazione N° 604-2016).

Tissue preparation for imaging

Lung, liver, and one-half of each tumor section were fixed in 4%
formaldehyde (VWR BDH Chemicals, 9713.1000) for approximate-
ly 16 hours at 4°C, followed by a wash in 1x PBS for 24 hours at 4°C.
Fixed samples were then embedded in 3% low—melting point
agarose (Euroclone, EMR911100). Sections (100 pm) were cut
using a vibratome (Leica $1200). Sections were suspended in block-
ing solution composed of 5% BSA and 0.3% Triton X-100 (Euro-
clone, EMR237500) in 1x PBS and incubated for 1 hour at room
temperature. After blocking, tissues were stained with anti-human
a-vimentin (Vector Laboratories, VP-RM17), diluted 1:100 in
blocking solution, overnight at 4°C. Tissues were then washed for
at least three 2-hour washes at 4°C. Tissues were then incubated
overnight at 4°C with the secondary antibody donkey anti-rabbit
Alexa Fluor 647 (Thermo Fisher Scientific, A31573) diluted at
1:400 in blocking solution. Tissues were washed three more times
for at least 2 hours per wash in 1x DPBS. A postfixation for 5
min in 4% formaldehyde solution was then performed. Following
postfixation, tissues were washed three times in 1x PBS before stain-
ing for 10 min at room temperature with DAPI diluted 1:5000 in 1x
PBS. Three washes in 1x PBS were them performed, and the sec-
tions were mounted on slides (VWR, 631-1560) in curing mounting
medium (Thermo Fisher Scientific, P36961). Sections were ac-
quired using a confocal microscope (Leica TCS SP8-DLS) equipped
with a 10x/0.3 NA objective. Image analysis was done using a
custom Fiji plugin built by the IFOM Imaging unit described below.

Metastasis quantification from immunofluorescence

A custom Fiji plugin was used to extract vimentin-, CFP-, and
mCherry-positive areas. Before vimentin channel segmentation,
Fiji's manually adjusted Li thresholding method was applied. To
enhance object detection, the segmented image was subjected to
an erosion-dilation process followed by a Gaussian blur filter
(sigma 5 pixels) and then segmented again with the Fiji default
method. A metastasis was defined as a vimentin-positive area
greater than 500 um®. Fiji's analyze particles plugin was used to de-
termine the total metastatic area. Before segmentation of the CFP
and mCherry channels, the subtract background tool with a
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rolling ball radius of 200 pixels and a Gaussian filter, sigma radius
1 pixel, were both applied. For segmentation, the manually adjusted
MaxEntropy Image]J thresholding method was used. After segmen-
tation, the despeckle filter was used to remove small unspecific par-
ticles. These regions of interest (ROIs) were then used to assess the
fraction of vimentin-positive area that was also positive for either
CFP or mCherry.

Immunohistochemistry

Fixed lungs, livers, and tumors were processed using a Diapath au-
tomatic processor. In brief, tissues were dehydrated through expo-
sure to 70% ethanol for 60 min, two 90-min washes in 95% ethanol,
and three 60-min washes in 99% ethanol. Tissues were then cleared
through three 90-min washes in xylene. Finally, the tissues were
subjected to three 1-hour immersions in paraffin. Paraffin-embed-
ded samples were stored at room temperature until cutting. Hema-
toxylin and eosin staining (Diapath) was performed on serial
sections to assess histological features. For immunohistochemistry,
paraffin was removed with xylene and sections were rehydrated in
graded alcohol. Antigen retrieval was carried out using preheated
target retrieval solution for 30 min. Endogenous peroxidase activity
was quenched with 3% hydrogen peroxide in distilled water for 10
min at room temperature. The tissue sections were blocked with
FBS in 1x PBS for 60 min and then incubated overnight with
primary antibody, anti-human nuclei diluted 1:200 (Millipore,
MAB4383 clone 3E1.3). The primary antibody was detected using
a polymer detection kit (Microtech, GAM-HRP) followed by a dia-
minobenzidine chromogen reaction (Vector Laboratories, Peroxi-
dase substrate kit, DAB, SK-4100). All sections were stained with
Mayer's hematoxylin and visualized using a bright-field
microscope.

Flow cytometry analysis of primary tumors

Upon euthanasia, primary tumors were excised. The tumors were
cut in half lengthwise, one-half for fixation as described previously,
and the other half was placed in ice-cold 1x PBS. The tumors were
then transferred to a 10-cm petri dish and minced with a sterile
scalpel. The minced tumors were transferred into a 15-ml falcon
tube containing and enzyme digestion medium containing
DMEM, 1% glutamine, 1% penicillin streptomycin, collagenase
from Clostridium histolyticum (Merck, C2674-500MG) at 200 U/
ml, and hyaluronidase from bovine testes (Merck, H4272-30MG)
at 10 mg/ml. Minced tumors were incubated in the digestions
medium at 37°C, 5% CO, for 3 hours. Following digestion, the
tumor cell aggregates were broken up by pipetting. The tumor
digests were then centrifuged at 600 rpm for 5 min, and the resulting
pellets were then resuspended in 1 ml of trypsin and incubated for 5
min at 37°C, 5% CO,. Trypsin was then inactivated with 10 ml of
RPMI 1640 supplemented with 10% FBS. Cells were then passed
through first a 100-um filter (Falcon, 352360) and then a 40-um
filter (Falcon, 352340). Next, the cells were centrifuged at 1400
rpm for 5 min. Pelleted cells were resuspended in 1 ml of Red
Blood Cell Lysing Buffer Hybri-Max (Merck, R7757) and incubated
at room temperature for 1 min. Following the incubation, 9 ml of 1x
DPBS was added. Cells were then pelleted, washed once with 1x
PBS, and resuspended in 1 ml of 1x PBS. Cells were counted and
adjusted to approximately 1 x 10° cells/ml in 1x PBS. LIVE/
DEAD Fixable Yellow Dead Cell Stain (1 ul/ml) (Thermo Fisher
Scientific, L34967), reconstituted in 50 pl of dimethyl sulfoxide
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(DMSO), was added. The cells were incubated with the LIVE/
DEAD Fixable Yellow Dead Cell Stain for 30 min on ice in the
dark. Cells were washed once with 1 ml of 1x PBS and fixed in
1% formaldehyde solution in PBS on ice for 30 min. After fixation,
cells were washed twice with 1 ml of 1x PBS containing 1% FBS and
1% BSA. After washing, cells were resuspended in 2 ml of blocking
buffer composed of 10% BSA in 1x PBS and incubated for 30 min at
4°C in the dark. After blocking, cells were centrifuged at 1200 rpm,
4°C for 5 min and the blocking solution was removed. Cells were
then resuspended in 200 pl of CD44 antibody, anti-human, phyco-
erythrin (PE) (Miltenyi Biotec, 130-113-335) diluted 1:100 in 1%
BSA in 1x PBS, and incubated on ice, in the dark, for 45 min.
Cells were then spun at 1200 rpm, 4°C for 5 min, and the antibody
solution was removed. The cells were then washed twice with 1 ml of
1x PBS, 5% BSA before being resuspended in 1x PBS. Cells were
stored at 4°C in 1x PBS in the dark until FACS analysis. Acquisition
of samples was performed with Attune NxT (Thermo Fisher Scien-
tific). mCherry and PE signals were acquired using the YL2 (620/15)
and YL1 (585/16) channels on the yellow laser, respectively. The
CFP signal was acquired using the VL1 channel (440/50) on the
violet laser.

The 3-kDa filtration

Centricon Plus-70 (Merck Millipore Ltd., UFC700308) was used to
filter conditioned medium and control medium generated as previ-
ously described. Before use, filters were prerinsed with sterile MilliQ
H,O. Approximately 50 ml of sterile water was loaded into the filter.
The filter was spun at 3000 relative centrifugal force (rfc) for 15 min,
water was removed, and the column was subjected to a reverse spin
at 1500 rfc for 5 min to remove any residual water from the column.
Next, columns were loaded with a maximum of 70 ml of medium
and spun for 60 min at 4°C, 3000 rfc. Following filtration, the
medium was passed through a 0.22-pm filter and stored in single-
use aliquots at —20°C. Immediately before use, the filtered control
and conditioned media were thawed and supplemented with 30%
regular growth medium and 1% penicillin-streptomycin.

Metabolomics

Clones 22, 35, and 45 were seeded in 25 ml of medium in T75 flasks
at 33,333 cells/cm” in RPMI at 37°C, 5% CO,. After 24 hours in
culture, 100 pl of conditioned medium was harvested from the
flask, passed through a 0.22-um filter, and snap-frozen with dry
ice in an ultra-low cluster, 96-well round-bottom ultra-low attach-
ment polystyrene plate. Samples were stored at —80°C until process-
ing. Medium supernatant samples were extracted by adding 30 pl of
defrosted sample to 10 pl of internal standard (100 uM glutamine
13C5 in water), followed by 100 pl of ice-cold 1:1 acetonitrile
(ACN):water. Samples were incubated at 4°C for 30 min and centri-
fuged at 3200g at 4°C for 10 min, and 40 pl of the supernatant was
transferred to a fresh polymerase chain reaction (PCR) plate, sealed
with a pierceable sealing film for analysis. On an Agilent 1290 In-
finity IT UPLC system, 1 ul of sample was injected on the Waters
Atlantis Premier BEH Z-HILIC Column (1.7 pm, 2.1 mm x 100
mm), maintained at 35°C, using a flow of 0.3 ml/min and an
initial buffer composition of 20% buffer A [15 mM ammonium bi-
carbonate in water (Fisher, Optima grade), adjusted to pH 9 with
ammonium hydroxide] and 80% buffer B [15 mM ammonium bi-
carbonate in 9:1 ACN:water (Fisher, Optima grade), adjusted to pH
9 with ammonium hydroxide], remaining constant for 3 min,

Hershey et al., Sci. Adv. 9, eadh4184 (2023) 15 September 2023

ramping to 45% B over 4 min, remaining constant for 1 min,
then returning to initial conditions. The total run time was 10
min. The LC was coupled to an Agilent 6470 triple quadrupole
mass spectrometer, operating in dynamic multiple reaction moni-
toring (MRM) mode. Parameters for the Agilent JetStream ESI
source were as follows: gas temperature: 200°C, gas flow: 13 liters/
min, nebulizer: 60 psi, sheath gas temperature: 300°C, sheath gas
flow: 11 liters/min, capillary (positive): 3500 V, capillary (negative):
2500 V, nozzle voltage (positive): 1000 V, nozzle voltage (negative):
500 V. The cycle time was Cycle 1000 ms. Data were analyzed using
MassHunter Workstation Quantitative Analysis for QQQ v10.1.
Compounds were identified based on retention time and fragmen-
tation patterns matching to analytical standards. External calibra-
tion over eight serial dilution levels was used to convert peak
areas to concentrations. The area of the internal standard (relative
to the median area across all samples) was then used for further nor-
malization. Data analysis and visualization were done using RStudio
version 1.2.1093.

Lipidomics

Distinct lineages of MDA-MB-231 cells were seeded in six-well
tissue culture plates at 1 x 10° cells per well in 2 ml of RPMIL. The
medium alone (2 ml) was placed in an additional well to serve as a
medium control. Cells and control medium were maintained in
culture overnight at 37°C, 5% CO,. At the time of sample collection,
the medium was taken from each well, snap-frozen on dry ice, and
stored at —80°C for eventual processing and analysis of the extracel-
lular lipid profile. For the assessment of intracellular lipidomes, cells
were harvested via trypsinization. Culture medium was used to in-
activate the trypsin. The cell pellet was washed twice with 1x DPBS
before being resuspended in 200 pl of cold MilliQ H20. Lipids were
extracted and processed using a single-step extraction protocol with
methanol and chloroform as described previously (63). In brief,
cells were lysed by passing them repeatedly through a 26-gauge
needle. Samples were then stored at —20°C until processing. Pro-
cessing: 20 pl of sample was added to 5 pl of 5x lysis buffer contain-
ing 10% NP-40 and 2% SDS in 1x PBS. Following a 30-min
incubation on ice, the samples were centrifuged at 13,000g for 20
min at 4°C. The clarified lysates were quantified using the Bradford
assay. An equivalent of 50 ug of protein per sample was then used
for the lipid extraction. In brief, the resuspended pellets were sup-
plemented with cold water to obtain a final volume of 170 pl per
sample, and then 700 pl of methanol was added. Samples were son-
icated using Bioruptor for 60 s at 4°C. Cold chloroform (350 ul) was
added. Samples were vortexed and incubated on an orbital shaker
for 15 min at 4°C. In total, 350 ul of a 1:1 chloroform:water mixture
was then added to each sample. Next, samples were vortexed and
centrifuged at 13,000¢ for 10 min at 4°C. The lower phase was care-
fully isolated and desiccated in a SpeedVac before being resuspend-
ed in 50 pl of a buffer composed of 95% mobile phase A (ACN:H,O
40:60; 5 mM NH,COOCHj3; 0.1% HCOOH) and 5% mobile phase B
(Isopropyl alcohol:H,O 90:10, 5 mM NH,;COOCHS;;
0.1% HCOOH).

Medium samples were thawed. Then, to remove proteins, 400 pl
from each sample was filtered through a 3-kDa cutoff micron filter
(Millipore) by centrifugation for 20 min at 13,000g. Filtered
medium was divided in two aliquots; 170 pl of each aliquot was
spiked with 0.5 ul of SPLASH LIPIDOMIX Mass Spec Standard.
Lipid extraction was performed by adding 700 ul of methanol to
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each sample, followed by sonication for 1 min at 4°C. Next, 350 pl of
chloroform was added to each sample. Samples were mixed on an
orbital shaker for 15 min at 4°C. Then, 350 pl of water/chloroform
(1:1, v/v) was added to each sample. The samples were then centri-
fuged at 13,000¢ for 10 min at 4°C. The lower phase of each sample
was carefully isolated and desiccated in a SpeedVac before being re-
suspended and pooled with the appropriate paired aliquot in 25 pl
of a buffer composed of 10% of ethanol and 90% of buffer made of
95% mobile phase A (ACN:H,0 40:60; 5 mM NH,COOCHj3; 0.1%
HCOOH) and 5% mobile phase B (IPA:H,O 90:10; 5 mM NH,_
COOCHj3;; 0.1% HCOOH).

Next, 1 pl of extracted lipids was diluted 1:5 and injected on the
liquid chromatography system nLC Ekspert nanoLC400 set in
nanoconfiguration coupled with Triple TOF 6600. Chromatogra-
phy was performed using an in-house packed nanocolumn
Kinetex EVO C18, 1.7 pm, 100 A (Phenomenex, Torrance, CA,
USA), 0.75 x 100 mm at room temperature. The gradient started
at 5% mobile phase B and was linearly increased to 100% B in 5
min, maintained for 45 min, then returned to the initial ratio in 2
min, and maintained for 8 min at a flow rate of 150 nl/min. The
samples were analyzed in technical duplicate, in positive mode
with electrospray ionization. Data acquisition and processing were
performed with Analyst TF (version 1.7.1, AB SCIEX, Foster City,
CA, USA). The following parameters were used: CUR 10 psi, GAS1
0 psi, GAS2 0 psi, source temperature 80°C, capillary voltage 2000
V. Spectra were acquired by full-mass scan from 200 to 1700 mass/
charge ratio (m/z) and information-dependent acquisition (IDA)
from 50 to 1800 m/z (top 8 spectra per cycle). The declustering po-
tential was fixed at 80 eV, and the collision energy was fixed at 40
eV; target ions were excluded for 20 s after two occurrences. Wiff
files were processed using the open-source software MS-DIAL
version 4.60. The parameters were as follows: MS1 tolerance =
0.01 Da, MS/MS tolerance = 0.025 Da, MS1 mass range = 100 to
1700 Da, and minimum peak height = 10,000 amplitude. All
other parameters were kept at the default values. Lipids were anno-
tated using the MS-DIAL internal lipid database. Only the lipids
showing MS/MS spectral similarity to the reference spectra in the
MS-DIAL internal database and eluting at the predicted retention
times were used for the analysis. The peak areas of annotated lipids
were normalized by sum and statistically analyzed using the freely
available online software metaboanalyst (https://www.
metaboanalyst.ca/).

Simvastatin treatment

Simvastatin (MedChemExpress, HY17502) was resuspended at 20
mM in DMSO and stored in single-use aliquots at —80°C. Cell
growth upon simvastatin treatment was assessed using the afore-
mentioned Operetta growth screen. Cells were seeded as previously
described into wells containing RPMI supplemented with 0.01%
DMSO or simvastatin at a concentration 0.5, 1, or 2 uM.

Data analysis

Reads were aligned to the GRCh38/hg38 assembly human reference
genome using the STAR aligner (v 2.6.1d) (59) and quantified using
Salmon (v1.4.0) (60). Differential gene expression analysis was per-
formed using the Bioconductor package DESeq2 (v1.30.0) (61),
which estimates variance-mean dependence in count data from
high-throughput sequencing data and tests for differential expres-
sion exploiting a negative binomial distribution-based model.
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Principal components analysis was performed with the plotPCA
function in DeSeq2 package, which takes into account the top 500
most variable genes, that is, the genes that show the highest variabil-
ity across samples, selected by highest row variance.

Null model of growth for the six-way coculture experiment
To investigate in quantitative terms the interdependences of the lin-
eages in the six-way coculture experiment, we developed a simple
mathematical model of growth that predicts the dynamics of the in-
trapopulation frequencies of the lineages over time under the as-
sumption of independent growth.

The experiment consists in cycles of free growth (3 days), fol-
lowed by random sampling and reseeding at lower density and
counting. We modeled this experimental setup as a series of
cycles of exponential growth, described by the following equation
of motion

45l — [ry(c) — (r(1))]xi(t)

(=)}

—
—

~—

where x,(t) is the intrapopulation frequency of lineage i at a given
point in time ¢, and r,(c) is its expected growth rate of the ith clone,
during the cycle c. We solved Eq. 1 for each cycle separately and re-
quired the initial condition to equal the end point of the previous
cycle. In the first cycle, the initial condition was set to equal the
initial frequencies of cells seeded at the beginning of the experiment.

Growth rates of the lineages were modeled as follows. First, to
impose independence between lineages, the growth rate of each
lineage is assumed to not depend on the frequency of the other co-
existing lineages. Second, to account for the observed Allee effects,
the growth rate [r;(c)] is assumed to be a function of the number
N;(), i.e., the number of cells of lineage i present in the well at
the beginning of the cth cycle (at time ). The dependence of the
growth rate on the number of cells is the one observed in Fig. 2B.

Statistical analysis

Statistical analyses were conducted using Prism 9 version 9.4.0,
RStudio version 1.3.1093, or Python 3.8 as specified in the figure
legends. P values less than or equal to 0.05 were considered signifi-
cant, unless otherwise indicated in instances when corrections for
multiple testing were applied. P values are denoted throughout the
text as follows: (>0.05, ns), (<0.05, *), (<0.01, **), (<0.001, ***),
(<0.0001, ****).

Supplementary Materials
This PDF file includes:

Figs. S1 to S10

Legends for Data S1 to S14

Other Supplementary Material for this
manuscript includes the following:
Data S1 to S14
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