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Synergistic inter-clonal cooperation et

involving crosstalk, co-option

and co-dependency can enhance

the invasiveness of genetically distant cancer
clones

Caroline S. Carneiro'®, Jorian D. Hapeman'® and Aurora M. Nedelcu'”

Abstract

Background Despite intensive research, cancer remains a major health problem. The difficulties in treating cancer
reflect the complex nature of this disease, including high levels of heterogeneity within tumours. Intra-tumour hetero-
geneity creates the conditions for inter-clonal competition and selection, which could result in selective sweeps and a
reduction in levels of heterogeneity. However, in addition to competing, cancer clones can also cooperate with each
other, and the positive effects of these interactions on the fitness of clones could actually contribute to maintaining
the heterogeneity of tumours. Consequently, understanding the evolutionary mechanisms and pathways involved

in such activities is of great significance for cancer treatment. This is particularly relevant for metastasis (i.e., tumor

cell migration, invasion, dispersal and dissemination), which is the most lethal phase during cancer progression. To
explore if and how genetically distant clones can cooperate during migration and invasion, this study used three
distinct cancer cell lines with different metastatic potentials.

Results We found that (i) the conditioned media from two invasive lines (breast and lung) increased the migration
and invasion potential of a poorly metastatic line (breast), and (ii) this inter-clonal cooperative interaction involved
the TGF-B31 signalling pathway. Furthermore, when the less aggressive line was co-cultured with the highly metastatic
breast line, the invasive potential of both lines was enhanced, and this outcome was dependent on the co-option
(through TGF-f31 autocrine-paracrine signalling) of the weakly metastatic clone into expressing an enhanced malig-
nant phenotype that benefited both clones (i.e., a“help me help you” strategy).

Conclusions Based on our findings, we propose a model in which crosstalk, co-option, and co-dependency can
facilitate the evolution of synergistic cooperative interactions between genetically distant clones. Specifically, we sug-
gest that synergistic cooperative interactions can easily emerge, regardless of the degree of overall genetic/genea-
logical relatedness, via crosstalk involving metastatic clones able to constitutively secrete molecules that induce and
maintain their own malignant state (producer-responder clones) and clones that have the ability to respond to those
signals (responder clones) and express a synergistic metastatic behaviour. Taking into account the lack of therapies

*Correspondence:
Aurora M. Nedelcu
anedelcu@unb.ca
Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12862-023-02129-7&domain=pdf
http://orcid.org/0000-0002-9984-2106
http://orcid.org/0000-0002-6223-5126
http://orcid.org/0000-0002-7517-2419

Carneiro et al. BMC Ecology and Evolution (2023) 23:20

Page 2 of 15

that directly affect the metastatic process, interfering with such cooperative interactions during the early steps in the
metastatic cascade could provide additional strategies to increase patient survival.

Keywords Cooperation, Crosstalk, Co-option, Conditioned media, TGF-f31, Intra-tumour heterogeneity, Metastasis,

EMT, Invasion

Background

Despite intensive research, cancer remains the second
cause of death worldwide [1]. The difficulties in cur-
ing cancer or preventing tumour progression reflect the
complex nature of this disease, including high levels of
heterogeneity between and within tumours. In particu-
lar, increased intra-tumour heterogeneity is generally
linked to poor prognosis and poses a direct problem to
therapies as drug resistance will ultimately evolve [2, 3].
According to the clonal evolution model of cancer, intra-
tumour heterogeneity creates the conditions for inter-
clonal competition and selection, which could result
in selective sweeps and a general reduction in levels of
heterogeneity [4]. However, it has been suggested that in
addition to competing, cancer clones could also cooper-
ate with each other (e.g., [5]), and the positive effects of
these activities on the fitness of clones can actually con-
tribute to maintaining the heterogeneity of tumours [6].
In addition, cooperation has been linked to drug resist-
ance [7, 8], tumour growth [9, 10] and increased meta-
static potential [11].

It should be noted that the term cooperation is gener-
ally used (including in the context of cancer) to denote
either (i) an adaptive social behaviour that provides a
benefit to another individual and evolved at least partially
due to that benefit, or (ii) an interaction that is based on
activities resulting in fortuitous benefits (such as feeding
upon waste products) that, nevertheless, could evolve
into cooperative behaviours (see discussion in [12]). In
the former context, the actor can gain indirect benefits by
directing the act towards individuals that carry the coop-
erative gene (e.g., involving discrimination or assortment;
costly/altruistic cooperation) or direct fitness benefits
that outweigh the costs of performing the behaviour (e.g.,
through shared interests in cooperation; mutually ben-
eficial cooperation). Similarly, in the latter context, either
one or both partners can benefit (commensalism vs.
mutualism). Notably, although mutually beneficial coop-
eration and mutualism are often used synonymously, the
two terms in fact describe very different processes: mutu-
ally beneficial cooperation implies a single behaviour that
affects both the actor and recipient, whereas mutualism
describes the effects that each partner has on the other—
as in between species (see discussion in [12]). The most
common framework for cooperation among tumour cells
is the “by-product mutualism” proposed by Axelrod et al.

[5], in which partially or fully transformed subclones
exchange diffusible factors associated with their routine
activities, which might result in benefits that neither
could access alone.

Metastasis—characterized by the ability of tumour cells
to migrate, invade neighbouring tissues and spread to
new sites within the body, is the most lethal stage dur-
ing cancer progression. To migrate, tumour cells need
to undergo several changes—known as the epithelial-
mesenchymal transition (EMT) [13], in which cell transi-
tion from an epithelial state (with cells connected to each
other and attached to the basal membrane) to a mesen-
chymal state (involving the loss of cell-cell connections
and adhesion) followed by the acquisition of cytoplasmic
extensions and migratory abilities. The classical view of
metastasis envisions single cells migrating and invading
neighbouring tissues, dispersing via the vascular system,
and disseminating to distant locations. However, more
recent findings that some of these steps (e.g., migration,
invasion, dispersal) might, in fact, involve groups of cells
rather than single cells allows for the possibility that
cooperation can actually contribute to successful disper-
sal, colonization and poor prognosis [11].

In the early stages of metastasis, such cooperative
interactions can involve the induction of changes in the
phenotype/state of a nearby clone that increase its meta-
static potential. For example, it has been suggested that
aggressive cancer cells can release signals (e.g., cytokines,
chemokines, growth factors, exosomes, miRNAs) that
induce EMT and enhance the metastatic potential of
non-metastatic clones (see examples using melanoma
[14], lung [15, 16] and breast cancer cell lines [17, 18]).
Additionally, prostate mesenchymal clones were found to
secrete a matricellular protein that increased the invasive
capacity of epithelial clones after inducing EMT [19].

Alternatively, it has been proposed that metastatic
cells facilitate the dispersal of less- or non-metastatic
clones by remodelling the tumour microenvironment.
For instance, leader cells can enhance the invasion of
follower cells through the extracellular matrix [20, 21].
In other cases, cells that have undergone EMT degrade
the surrounding matrix, which then allows the non-
metastatic cells to passively enter the bloodstream and
establish colonies in secondary sites [22, 23]. In one
case, poorly invasive melanoma cells were found to
take advantage of the more invasive cells by secreting
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an unidentified factor that induces a switch in the mode
of invasion of the invasive cells, from proteolytic-inde-
pendent to MT1-MMP-dependent [23].

Overall, despite such examples of possible inter-
clonal cooperative interactions affecting the metastatic
potential of a tumour, the specific interactions (in terms
of the outcome for both interacting clones) and mecha-
nisms involved in these activities are not fully under-
stood. In most reported cases, the interaction appears
to benefit one clone, while the effect of the interaction
on the other clone is less clear. Nevertheless, in some
cases, the interaction seems to benefit both partners,
but the exact mechanisms are not known.

Furthermore, the contexts facilitating the emergence
and stability of such cooperative interactions dur-
ing the early stages of the metastatic process are not
well understood. While kinship could favour coop-
eration among related subclones, the increased levels
of genetic heterogeneity in advanced tumours might
require additional explanations (outside the general
framework of “by-product mutualism”; [5]). Further-
more, a better understanding of the general processes
and mechanisms involved in initiating and maintaining
cooperative activities among cancer cells could provide
new therapeutic strategies and targets to inhibit the
progression of metastasis.

In this study, we (i) addressed whether genetically
distant clones with different metastatic potentials can
cooperate to enhance each other’s and their own inva-
siveness (i.e., synergistic cooperation), (ii) investigated
the signalling pathway involved in such inter-clonal
cooperation, and (iii) developed a model for the emer-
gence of cooperative interactions in the absence of
close genetic/genealogical relatedness. To do so, we
used two molecularly and cytologically different breast
cancer cell lines that reflect the most common breast
cancer cell types—basal (MDA-MB-231; highly aggres-
sive) and luminal (MCF7; less aggressive) as well as a
highly metastatic non-small cell lung cancer cell line
(derived from NCI-H2122). To simulate a heterogene-
ous tumour in which different clones can affect each
other through diffusible factors (crosstalk), we either
subjected each line to the conditioned medium of
the other line or grew the two cell lines in co-culture
systems (as separate groups sharing the medium or
as mixed populations in direct contact). To evaluate
their metastatic behaviour, we assessed morphologi-
cal changes associated with EMT and investigated the
capacity of cells to migrate and invade. Based on our
findings, we propose a model in which crosstalk, co-
option, and co-dependency can facilitate the evolution
of synergistic cooperative interactions between geneti-
cally distant clones.
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Results

MDA-MB-231 induces an EMT-like change in MCF7

To address whether the highly metastatic clone, MDA-
MB-231 (abbreviated as MDA from herein on), can
induce an EMT-like change in the less metastatic clone,
MCF7, we either subjected MCF7 to the conditioned
medium (CM) collected from MDA or co-cultured the
two cell lines (as a mixture, in a 1:1 ratio). We found
that in the presence of MDA or its conditioned medium,
MCE?7 cells acquired a mesenchymal-like morphology
(Fig. 1a and b). Specifically, cell extensions associated
with an EMT were observed in MCF7 cultures after 72 h
of treatment with MDA conditioned media (MDA_CM)
or exogenous Transforming Growth Factor-f1 (TGF-p1)
as a positive control (TGF-P1 is a known inducer of EMT
[24])—but not when exposed to their own CM (MCF7_
CM) (Fig. 1a). Similar extensions were also developed by
MCEF?7 cells when co-cultured with MDA cells for 72 h;
on the other hand, the morphology of MDA did not
change when in the presence of MCF?7 (Fig. 1b).

MDA-MB-231 increases the migration potential of MCF7

To address whether the observed EMT-like changes
induced by MDA are associated with an enhanced abil-
ity to migrate, we assessed the migration potential of
MCF7 in the presence of the conditioned medium from
MDA (using both wound-healing and transwell assays) as
well as in co-culture with MDA (wound-healing assay).
Overall, the migration of MCF7 increased in all contexts.
Specifically, the conditioned medium from MDA signifi-
cantly increased the migration of MCF7 (compared to
the effect induced by its own CM) to a level similar to
that promoted by TGF-B1 (Fig. 2a and b). Note that the
conditioned medium from MCF7 also had a small effect
on the migration of MCF?7 in the transwell (but not the
wound healing) assay. This can be due to a variety of fac-
tors, including the increased exposure time (72 vs. 48 h)
and subsequent nutrient depletion as well as the added
chemotactic component in the transwell assay (i.e., cells
are attracted and respond through directional migration).
The migration of MCF7 was also significantly increased
when MCF7 and MDA cells were co-cultured (in sepa-
rate patches in the same well) (Fig. 2c). On the other
hand, the migration of MDA was not affected in the pres-
ence of MCF7_CM or when in co-culture with MCF7
(Fig. 2d and e).

TGF-B1 is involved in the MDA-induced migration of MCF7
As MDA is known to secrete TGF-f1 [27, 28], we
tested whether this growth factor is responsible for the
increased migration of MCF7 when in the presence
of MDA. To do so, we used either a TGF-p receptor I



Carneiro et al. BMC Ecology and Evolution (2023) 23:20
a CT TGF-p1
‘ ﬂ.‘ -
b MCF7

100 pm

MDA-MB-231

Page 4 of 15

MCF7_CM

Co-culture

Fig. 1 MDA induced a mesenchymal-like morphology in MCF7. a MCF7 cells were treated with MCF7_CM or MDA_CM and TGF-B1 (as positive
control) for 72 h; cells were fixed with ethanol and stained with 0.2% crystal violet (as described in [25] and [26]). b MCF7 cells were cultured in
direct contact with MDA cells for 72 h. Cells were stained with DiO and DiD, respectively, and fixed with paraformaldehyde 2% and then examined
in bright field (BF; top row) and with fluorescence microscopy using FITC or TRITC filters (bottom row). Arrows indicate cell extensions

inhibitor or antibodies against TGF-B. We found that
inhibiting either the TGF-p receptor I or the TGF-B1
itself significantly decreased the effect of MDA_CM
on the migration of MCF7, with the TGF-p receptor I
inhibitor completely blocking its effect (Fig. 3a and b).
Consistent with MDA secreting and responding to its
own TGF-B1 (ie., autocrine signalling; [28]), the TGF-f
receptor I inhibitor also decreased the migration of MDA
(Fig. 3c). On the other hand, the TGF-J receptor I inhibi-
tor did not affect the un-induced migration of MCF7

(Fig. 3a), suggesting that the weak constitutive MCF7
migration does not rely on TGF-1.

To further confirm that TGF-f1 is involved in the effect
of MDA_CM on MCF7, we fractionated the CM based
on molecular weight and exposed MCF7 to the various
fractions. We found that the most effective fractions were
those containing molecules between 30 and 100 kDa,
and above 100 kDa (Fig. 4a), which is consistent with
the size of the various TGF-B1 forms—including active
forms around 25 kDa and 50 kDa [29] and latent forms of
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Fig. 2 MDA enhanced the migration of MCF7. The migration of MCF7 was assessed in the presence of the CM collected from MCF7 (MCF7_CM) or
MDA (MDA_CM)—using a wound healing assays for 48 h or b transwell assays for 72 h, as well as ¢ in monoculture (MC) and co-culture (CC) with
MDA for 72 h—using wound-healing assays. MDA migration (using transwell assays) was also assessed after 24 h. d in the presence of MCF7_CM
or e in co-culture with MCF7. Y-axis indicates the percentage of the occupied area (a, ¢, d and e) or the number of cells per field b. Representative
images of the gap at the end of the wound healing assays (a, ¢) and of the migrated cells (dark purple patches) through the transwell inserts b are
also shown. TGF-B1 (10 ng/ml) was used as a positive control. Error bars indicate SEM (n=3). + signs denote differences relative to control (CT), and
*signs refer to differences between treatments. ns=not significant; +/%, ++/**, +++/*** denote p<0.05, p<0.01, and p <0.001, respectively

~95 kDa and ~220 kDa [29, 30]. Furthermore, the activ-
ity of these fractions was decreased by the addition of the
TGE- receptor I inhibitor (Fig. 4b). Also, as acidification
can activate latent forms of TGF-f1 [31], we lowered the
pH of the MDA_CM to 4.5 and observed a slight increase
in its migratory effect on MCF?7 (Fig. 4c).

TGF-B1 mediates crosstalk between cancer cell types

of very different origins

To explore the possibility that these findings were not
specific to interactions between breast cancer cell
types, we used a lung cancer cell line — H2122 AS, in
conjunction with either MCF7 or MDA. First, we tested

the effect of the conditioned medium from H2122 AS
on the migration abilities of MCF7. We found that the
inducing effect of H2122AS_CM on MCF7 migration
was even higher than that of the MDA_CM (Fig. 5a).
Consistent with this effect involving TGF-B1, the
migration of MCF7 decreased (but was not entirely
blocked) in the presence of the TGF-f receptor I inhibi-
tor (Fig. 5b). Second, we tested whether the MDA_CM
was also able to affect the H2122 AS, and found a sig-
nificant increase in its migration potential (Fig. 5c).
Again, consistent with this effect involving TGEF-B1,
the receptor inhibitor fully blocked the effect of the
MDA_CM on H2122 AS migration (Fig. 5d). However,
in contrast to MDA, the TGF-p receptor I inhibitor (at
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Fig. 3 TGF-31 is responsible for the MDA-induced enhanced migration of MCF7. a The effect of a TGF-3 receptor | inhibitor (TGFBRI; 10 uM) on the
migration of MCF7 control (CT) cultures as well as cultures exposed to either TGF-31 (as a positive control), MCF7_CM or MDA_CM. b The effect of
MDA_CM neutralized with antibodies (1D11) against TGF-3 1, 2, and 3 (CM+ 1D11; 2 ug/ml) on the migration of MCF7 (wound-healing assay; 72 h).
c The effect of a TGF-[3 receptor | inhibitor on the migration of MDA (wound-healing assay; 24 h). Error bars indicate SEM (n=3). + refers to control
(CT), and * refers to treatments. ns = not significant; ++/** denote p <0.01; **** denotes p < 0.0001
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Fig. 4 MDA_CM contains both active and inactive forms of TGF-31. a Wound-healing assay was performed with MCF7 incubated with full
MDA_CM and various MDA_CM fractions. b The effect of the TGF- receptor | inhibitor on the ability of the full MDA_CM and its 30-100 kDa and

> 100 kDa fractions to induce migration in MCF7. ¢ The effect of activated MDA_CM on the migration of MCF7 in the absence (control-CT) and
presence of MDA_CM; to activate TGF-B1 latent forms, pH was lowered to 4.5 with HCl and then neutralized with NaOH (wound-healing assay;

72 h).Y axis: Percentage of the occupied area. Error bars indicate SEM (n=3). + refers to control (CT), and * refers to treatments. ns=not significant;
* denotes p <0.05; ++/*%, +++/**%, ++++/**** denote p<0.01, p<0.001, and p <0.0001, respectively

the same concentration) did not affect the constitutive
migration of H2122 AS (Figs. 3c and 5d).

The invasion of both MDA and MCF7 increases

when in co-culture

To address whether the presence of MDA can also
enhance the invasive potential of MCF7, we first assessed
the number of invaded MCF7 cells in the presence of
MDA_CM. We found that MCF7 invaded significantly
more when exposed to MDA_CM (relative to both con-
trol cells and cells exposed to their own CM; Fig. 6a). In
contrast, the MCF7 conditioned media did not affect the
invasion of MDA (Fig. 6b). To further evaluate the inter-
action between the two cell types, we mixed fluorescently

labelled MCF7 and unlabelled MDA cells in a 1:1 ratio
and allowed them to invade in a co-culture transwell
assay. As controls, we used monocultures of each line
containing the same number of cells as the total number
in the co-culture (i.e., both mono and co-cultures were
initiated with the same number of cells). We found that
the overall number of invaded cells in the co-culture was
higher than in either of the two monocultures, indicat-
ing that this mixed population had a higher overall inva-
sion potential relative to either of the two corresponding
single-clone populations of the same size (Fig. 6¢). Then,
to assess the direct effects of the interaction on the inva-
sion of each line, we compared the numbers of invaded
cells in co-culture vs. monoculture, for each line (Fig. 6d).
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Fig. 5 Breastand lung cancer cell lines can increase each other’s migration potential. a The effect of CM collected from MDA or H2122 AS on the
migration of MCF7. b The effect of the TGF-f receptor | inhibitor (TGFBRI) on the MCF7 migration induced by H2122AS_CM (wound-healing assay;
48 h). ¢ The effect of MDA_CM on the migration of H2122 AS; d The effect of the TGF-f receptor | inhibitor on the H2122 AS migration induced by
MDA_CM (wound-healing assay; 48 h). Y axis: Percentage of the occupied area. CT-Control/Constitutive migration. Error bars indicate SEM (n=3). +
refers to control (CT), and * refers to treatments. ns=not significant; + /* and +++/*** denote p <0.05 and p<0.001, respectively
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Fig. 6 The invasive capabilities of MCF7 and MDA in the presence of CM and in co-culture. a MCF7 was treated with CM from either MCF7 or MDA,
and b MDA was treated with CM from MCF7, and the numbers of invaded cells were assessed after 72 h using a transwell assay (CT — untreated
control cells; constitutive invasion); representative images are also shown (dark purple patches indicate invaded cells). ¢ The same total number
of cells in monoculture (MG, MCF7 or MDA) and co-culture (CC; 1:1 ratio) were allowed to invade for 72 h (transwell assay), and the total number
of invaded cells was assessed. d Comparison between the numbers of invaded cells when in monoculture (MC) and co-culture (CC) for both
MCF7 and MDA; the numbers for MCF7_MC and MDA_MC represent 50% the total invaded cells in monoculture, to allow direct comparisons
with the number of invaded cells of each line when in co-culture (MCF7_CC and MDA_CC) as the co-culture contained only 50% of the cells in
each monoculture. To assess the total number of invaded cells, membranes were stained with 0.2% crystal violet. In co-cultures, MCF7 was stained
with DiO, and the number of MDA cells was calculated by subtracting the fluorescent MCF7 cells from the total number of cells. Y axis: Number of
cells per field; error bars indicate SEM (n=3). + refers to control (CT) or monocultures, and * refers to comparisons between treatments. ns=not
significant; +/* denote p <0.05; ++ and +++ denote p<0.01 and <0.001, respectively
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Fig. 7 The role of the TGF-B1 receptor during cooperative invasion. a Comparison between the numbers of invaded cells in co-cultures (1:1 ratio)
involving either receptor-positive MCF7 cells (MCF7_CC and MDA_CC) or MCF7 cells pretreated with the TGFBRI inhibitor (MCF7*_CC and MDA _
CC(MCF7%). b Comparison between the numbers of invaded receptor-positive MCF7 cells (CC) and receptor-inhibited MCF7 cells (CCyycr7+) when
in co-culture with MDA (1:1:2 ratio). ¢ The number of invaded MDA cells when in co-culture with only receptor-positive MCF7 cells (CC; 1:1 ratio)
versus a combination of receptor-positive and receptor-inhibited cells (CCy,c7+ 1:1:2 ratio). To assess the number of invaded cells in co-cultures,
MCF7 was stained with DiO or DiD, and the number of MDA cells was calculated by subtracting the fluorescent MCF7 cells from the total number
of cells stained with crystal violet. Y axis: Number of cells per field; error bars indicate SEM (n=3). + refers to control co-culture (CC). + and +++

denote p<0.05 and p<0.01, respectively

We found that the number of invaded MCF7 cells more
than doubled when MCF7 and MDA were co-cultured,
relative to the same number of MCF7 cells in monocul-
ture. Nevertheless, surprisingly, the number of invaded
MDA cells also increased in the presence of MCF7 cells
(to almost double, relative to when in monoculture)
(Fig. 6d), suggesting that MDA also benefited from this
interaction.

Cooperative invasion is dependent on the ability of MCF7
to respond to TGF-f1

To test whether the increased invasive ability of MDA
was dependent on the acquired invasive phenotype of
MCF7, we suppressed the ability of MCF7 to respond to
the TGF-P1 released by MDA by pre-incubating the cells
(for 1 h) with the TGFPRI inhibitor prior to co-cultur-
ing the two lines. We found that when MCF7 was pre-
treated with the inhibitor, the invasive abilities of both
lines were lower relative to control co-cultures (Fig. 7a),
indicating that the invasive benefit of MDA is depend-
ent on the MCF7 being able to respond to the TGF-1
released by MDA. In addition, to confirm that this ability
does provide an invasion benefit when in a heterogene-
ous tumour we co-cultured both receptor-positive and
receptor-inhibited MCF7 in the presence of MDA (1:1:2
ratio). As expected, the invasion of receptor-positive
MCF7 cells exceeded that of receptor-inhibited MCF7
cells, indicating a competitive advantage for the for-
mer when in the presence of MDA (Fig. 7b). Also, MDA
showed an increased invasion in the presence of only

receptor-positive cells MCF7 relative to a mix of the two
MCF7 populations (Fig. 7c).

Discussion

In this study, we set out to fully investigate how clones
with different metastatic potentials interact, with respect
to both the effect of the interaction on each clone as well
as the mechanisms involved. For instance, in terms of
benefits, several scenarios can be envisioned: (i) the less
metastatic clone benefits, with no cost or benefit to the
highly metastatic clone (passive benefit; commensal-
ism); (ii) the highly metastatic clone can take advantage
of the less aggressive clone to increase its own invasion
potential without a benefit to the latter (recruitment); (iii)
the highly metastatic clone can co-opt the less aggres-
sive clone into expressing a metastatic behaviour that
will increase the invasiveness of both clones (synergistic
cooperation). In terms of mechanisms, the highly meta-
static clone can employ specific signalling molecules to
induce a change in the less metastatic clone (i.e., par-
acrine signalling) or take advantage of the same signal-
ling pathway involved in maintaining its own metastatic
potential (i.e., autocrine signalling).

To address these potential scenarios, we chose two
breast cancer cell lines with different aggressiveness lev-
els and very different secretome profiles. MDA-MB-231
(a basal and more aggressive subtype) overexpresses
more than 25 specific proteins, while MCF7 (a lumi-
nal and less aggressive subtype) secretes fifteen unique
proteins [32]. Moreover, MDA releases factors that
can maintain its metastatic potential (i.e., autocrine
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signalling) [33], including TGF-B1. In addition, to test
if such interactions could be generalized to other can-
cer types and can involve genetically distant clones, we
also used a highly metastatic non-small cell lung cancer
cell line (H2122 AS). Compared to previous reports, this
study not only characterized the interactions between
genetically distant clones with respect to the effect
on both clones but also identified the signalling path-
way involved. In addition, we provide a model that can
explain the emergence of cooperative interactions among
genetically distant clones.

The TGF-B1 pathway mediates the co-option of a weakly
metastatic clone into expressing an increased malignant
phenotype

Our data show that MDA is able to induce EMT,
enhanced migration and invasion in MCF7. These find-
ings are consistent with other studies reporting that
more aggressive breast lines can enhance the metastatic
potential of less metastatic lines. For instance, several
aggressive breast cell lines were shown to increase the
metastatic abilities of non-metastatic cells through the
secretion of miR-200 packaged in extracellular vesi-
cles [17] or through paracrine GLI activation involving
Hedgehog ligands (without inducing EMT) [18]. How-
ever, in our system, we found that MDA induced EMT
and increased the migration of MCF7 through soluble
(i.e., not packed into exosomes) TGF-B1, and both the
neutralization of TGF-f1 with antibodies and the inhibi-
tion of the TGE-f receptor I interfered with the ability of
MDA to enhance the metastatic potential of MCF7. MDA
is known to secrete large amounts of TGF-$1 to maintain
its own metastatic potential (autocrine signalling) [34],
and as expected, the inhibition of MDA’s TGE-p receptor
I suppressed its migration abilities.

Interestingly, although the non-small cell lung cancer
line we used is also able to secrete TGF-f1, its constitu-
tive migration does not seem to be affected by the TGF-p
receptor I inhibitor (at least not at the concentration that
is effective for MDA), suggesting that its migration is
not solely dependent on TGF-B1. This is consistent with
a previous study reporting that inter-clonal paracrine
signalling between two non-small cell lung cancer lines
resulting in EMT induction involved TGF-f1 in conjunc-
tion with miRNAs [15].

Overall, our findings show that both aggressive clones
(of different cancer types) secrete high levels of TGF-1,
and this released TGF-$1 can contribute to the co-option
of the less metastatic clone through paracrine signalling.
TGEF-P1 is broadly present in the tumour microenviron-
ment and is associated with maintaining the metastatic
tumour potential in an autocrine manner [35-37]. Also,
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the serum levels of TGF-B1 are known to increase fol-
lowing tumour progression in patients with colorectal
carcinoma [37], prostatic cancer [38], and breast cancer
[39]; and such increase is frequently associated with poor
prognosis [40]. Thus, it is likely that TGF-p1 is implicated
in similar interactions in many types of cancer.

However, for the emergence of such TGF1-mediated
positive interactions, the co-opted clone needs to express
TGEF-B receptors and be able to activate migration and
invasion through a TGF-Bl-mediated signalling path-
way. Indeed, we found that MCF7 was able to respond
to exogenous TGF-P1, and the inhibition of the TGF-p
receptor I suppressed the effect of both TGF-p1 and the
conditioned medium from MDA. Interestingly, a pre-
vious study exploring the transmission of aggressivity
between breast cancer lines reported that the expression
of metastatic features in MCF7 in response to condi-
tioned medium from MDA did not involve TGF-1 par-
acrine signalling [41]. Instead, the effect was attributed
to the secretion of cytokines, such as G-CSF, GM-CSE,
MCP-1, and IL-8. In that study, although the condi-
tioned media from MDA increased MCF7 invasion, it
only induced a partial EMT in MCF7; and MCF?7 did not
respond to exogenous TGF-P1 [41]. However, consistent
with our findings, many other studies have reported that
TGEF-B1 does induce EMT (and the expression of mesen-
chymal markers) and migration in MCF7 [42-44]. These
conflicting results might be due to the observation that
MCF?7 differentially expresses TGF-p receptor II depend-
ing on the cell passage number and the downregulation
of Sp1 [43, 44]. In our MCF?7 cell line, both TGF-f recep-
tors I and II are constitutively expressed (our unpub-
lished data).

Inter-clonal synergistic cooperative interactions can
increase tumour invasion potential

Positive interactions among cancer cells can be defined as
unilateral (one partner passively benefits from the activ-
ity of the other; commensalism) or mutually beneficial
(both partners benefit; mutualism) [5]. In this study, we
have investigated the effect of inter-clonal interactions in
the context of both migration and invasion. Interestingly,
although MCEF7 benefited from the presence of MDA
in terms of increasing its own migration potential, the
migration of MDA was not affected by MCF?7. In other
words, in terms of individual migration alone, this inter-
action did not appear mutually beneficial. Rather, MCF7
unilaterally increased its metastatic abilities by taking
advantage of the TGF-B1 released by MDA as part of
its own autocrine signalling. In theory, this interaction
can result in competition between the two clones. Nev-
ertheless, in the context of a tumour, a unilateral inter-
action resulting in increased metastatic potential of the
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recipient might still provide benefits to the actor in other
fitness components. Indeed, we found that the invasive
potentials of both lines were enhanced when the two
lines were co-cultured in direct contact, suggesting that
in vivo, such inter-clonal interactions can be mutually
beneficial and synergistic.

An increase in each other’s invasiveness was previously
reported when several MDA-MB-231 subclones were
subjected to each other’s conditioned medium or co-
cultured in vitro and in vivo, and this increase involved
the release of unknown soluble factors [45]. However, in
our system, the conditioned medium from non-induced
MCEF?7 did not affect the migratory or invasive ability of
MDA, suggesting that the two clones are not exchanging
soluble factors. Also, MCF7 that was previously treated
with an inhibitor of the TGEF-f receptor I was not able
to augment the migration of MDA when in co-culture.
These findings argue that MCF7 cannot directly influence
the behaviour of MDA, and can benefit MDA only indi-
rectly—that is, if first exposed to the TGF-B1 secreted
by MDA. In other words, the ability of MCF7 to “help”
MDA is dependent on MDA first “helping” MCF7. Fol-
lowing this activation step, the two clones act synergis-
tically to enhance each other’s (and their own) invasion
potentials through either the shared secretion of soluble
factors (e.g., proteases), taking advantage of each other’s
remodelling of the extracellular matrix, or both. Nota-
bly, an increase in MMP-9 (a matrix metalloproteinase)
secretion was found when MCF7 was beforehand stimu-
lated with exogenous TGF-B1 for 24 h and co-cultured
(though not in direct contact) with MDA-MB-231 [42],
suggesting that TGFP1-activated MCF7 can release inva-
sion proteases. The collectively produced and shared
proteases (i.e., public good) can then contribute to the
increased invasion potential of both lines.

Similarly, in a rat mammary carcinoma cell line with
two stable subtypes, an unknown soluble factor released
by one subtype induced collagenase secretion by the
other clone, such that collagenase could only be suffi-
ciently secreted when both cellular types were present
[46]. Also, in the melanoma system mentioned earlier
[23], both protease and extracellular matrix remodel-
ling have been found to facilitate collective invasion,
though an increase in the invasion of the highly meta-
static line was not reported (i.e., the interaction was not
synergistic).

Interestingly, this type of inter-clonal synergistic coop-
eration has also been reported in the social amoeba Dic-
tyostelium discoideum. Specifically, chimeric slugs of D.
discoideum migrate farther than monoclonal slugs con-
taining the same number of their own cells present in the
mixed group (i.e., 50%), indicating that the advantages of
size (i.e., increased migration potential and likelihood to
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reach a new food patch; [47]) resulting from “pooling”
cells of different clones can drive cooperation (chimeric
synergy) among unrelated clones [48]. Moreover, differ-
ent species of Dictyostelium can also cooperate to form
chimeric larger fruiting bodies, which are thought to be
advantageous for overall dispersal [49].

Co-option of autocrine signalling can facilitate cooperative
interactions among genetically distant clones

Based on our findings, we propose a model (Fig. 8)
whereby highly metastatic clones can co-opt (through
TGEF-B1 signalling) weakly or non-metastatic clones
into expressing increased metastatic features, which
in turn will enhance the invasion ability of the former
(through released proteases and/or extracellular matrix
remodelling)—i.e., a “help me help you” strategy, and
ultimately result in an increase in the overall invasion
potential of the tumour. Our finding that the condi-
tioned medium from a lung cancer cell line can enhance
the metastatic potential of a breast cancer line (and vice
versa) indicate that this type of co-option of autocrine
TGEF-B1 signalling into paracrine signalling can involve
genetically and phenotypically distinct clones and can
take place in many types of cancer.

Overall, we argue that crosstalk involving metastatic
clones able to constitutively secrete signalling molecules
that induce and maintain their own malignant state (pro-
ducer-responder clones) and clones that express the cog-
nate receptors to those ligands and are able to switch to a
malignant phenotype (responder clones) can provide the
basis for the emergence of synergistic cooperative inter-
actions within a tumour (Fig. 9). Specifically, in a hetero-
geneous tumour, responder/receptor positive clones will
benefit from the presence of producer-responder clones
and increase their representation (through increased
migration and invasion) in the nearby tissue relative to
non-responder/receptor negative clones. Similarly, pro-
ducer-responder clones that are found in the presence of
responder clones will gain an invasion advantage relative
to solitary producer-responder clones of the same size.

In this scenario, a trait (i.e., autocrine signalling) that
increases individual fitness (in terms of invasion poten-
tial) in a solitary context can be co-opted into a coop-
erative trait if, when expressed in a heterogeneous group
context, it can also increase the fitness of group mem-
bers that do not express the signal but can respond to it
in a similar manner (Fig. 9). If the response also benefits
the producer clone, this interaction can be stable in the
absence of relatedness (i.e., kin selection is not required
as both clones gain direct benefits). In conditions in
which the ability to invade nearby tissue provides a strong
fitness advantage (as when tumour microenvironments
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deteriorate), such interactions can be favoured and can
determine the composition of the invading population.

This is especially relevant if producer-responders
are at low frequency as their invasion potential will be
increased in a mixed population relative to a solitary
clone of the same size (Fig. 9). Also, in later stages, such
a mixed population might be favoured over a mono-
clonal producer-responder population as at high cell
density, the increased levels of released TGF-P1 inhibit
proliferation [50]. However, due to diffusion gradients
and limits, these interactions will likely be dependent
on cell numbers and density and be restricted to parts
of the tumours, and thus could result in the coexist-
ence of patches of cooperative and non-cooperative
clones [51, 52]. Notably, basal and luminal cell clones
are known to co-exist in mammary tumours (see [9, 10]
and references therein).

This specific heterogeneity is also likely to affect inva-
sion dynamics and the release of circulating tumour cell
(CTC) clusters (i.e., from areas where both responder
and producer-responder clones co-exist). Furthermore,
the presence of both clones will reflect in the compo-
sition of CTC clusters (which are known to contain a
mixture of mesenchymal and epithelial cells [53, 54])
and can also be beneficial in the subsequent steps dur-
ing the metastatic process, especially the invasion and
colonization of new tissues.

Although we focused on TGF-f1, the principles pro-
posed here could apply to other signalling pathways.
We suggest that such synergistic inter-clonal coopera-
tive interactions can easily emerge between any pro-
ducer-responder and responder clones that express the
same cognate ligand-receptor system, regardless of the
degree of overall genetic/genealogical relatedness. This
model allows genetically distant clones to engage in
cooperative interactions that are not initiated around
public goods or exchange of products (as in most other
previously proposed types of cooperation in cancer;
e.g., [5]).

Furthermore, in contrast to other forms of coopera-
tion, this cooperative system is less sensitive to inter-
clonal cheating, because of the co-dependent nature of
the benefit (i.e., “help me help you”). In addition, because
the ability to respond to TGF-B1 provides both a coop-
erative benefit (e.g., shared proteases or remodelling
of the tumour microenvironment) as well as a personal
benefit (i.e., migration in response to TGF-B1), cheating
(i.e., loss of migration by not responding to TGF-$1) can
be costly; and this personal cost can stabilize the coop-
erative interaction, as shown in other cooperative sys-
tems [54, 55]. Lastly, although nearby non-responder
clones or intra-clone cheaters could, in theory, passively
benefit from this type of cooperation (if the outcome of
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the interaction involves the remodelling of the tumour
microenvironment which could facilitate passive invasion
of non-responders; [54, 55]), our data (Fig. 7b) suggest
that they would still be outcompeted by the responder
clones and the cooperative system will be maintained.

Clinical implications, limitations and future
research

This study underscores the importance of deciphering
the nature and mechanistic basis of inter-clonal coopera-
tive interactions that could take place during cancer pro-
gression. This is particularly relevant to metastasis—for
which treatment options are limited, despite the fact that
it is responsible for most cancer-related deaths [56]. Iden-
tifying the main players and signalling pathways involved
in inter-clonal crosstalk during the early stages of metas-
tasis can help develop new strategies and targets to slow
down the metastatic process. One advantage of strate-
gies targeting inter-clonal cooperation is that they would
negatively affect all clones involved in a specific type of
cooperative interaction, regardless of their overall genetic
make-up. In this context, Metformin—a drug used to
treat type 2 diabetes, could be effective in tumours pro-
ducing and responding to TGF-B1 as it can inhibit both
TGE-B1’s production and the response to TGF-p1 as well
as inactivate the TGF-f1 itself (e.g., [57-59]).

However, as for all in vitro studies, these findings
require in vivo validation. This is especially important as
many signaling pathways potentially involved in inter-
clonal cooperation in cancer are also associated with
normal developmental and physiological processes.
Therefore, these approaches should be used in conjunc-
tion with other strategies that can take advantage of spe-
cific metabolic aspects of cancer cells (e.g., sensitivity to
starvation; e.g., [60] or the tumour microenvironment
(e.g., hypoxia). Nevertheless, taking into account the
negative impact that metastasis has on cancer progno-
sis and the lack of therapies that directly affect this pro-
cess, interfering with the specific cooperative behaviours
that tumour cells engage in should provide an additional
approach to increase patient survival.

Methods

Cell lines and culturing conditions

The two human breast cancer cell lines used in this study,
MCF7 and MDA-MB-231, were obtained from ATCC
(www.atcc.org). An adherent non-small cell lung cancer
line (H2122 AS) was derived from a line that grows as a
mixture of adherent and suspension cells (NCI-H2122;
ATCC) through selective passages of the adherent popu-
lation [61]. All cell lines were grown in low/physiological
glucose levels (5.5 mM; to simulate physiological glucose
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levels) Dulbecco’s Modified Eagle Medium (Gibco) sup-
plemented with 10% fetal bovine serum (FBS; ATCC)
and 1% Penicillin/Streptomycin (Gibco) at 37 °C with 5%
CO,. Cells were passaged by enzymatic dissociation with
0.05% trypsin-EDTA (Gibco) when 80% confluence was
reached.

Conditioned media

To collect the conditioned media (CM), cells were grown
in 5.5 mM glucose DMEM with 10% FBS until the mon-
olayer reached around 90% confluence. Cells were then
washed with PBS and maintained in DMEM with low
FBS (1%) for 24 h (low FBS reduces the level of proteins
and growth factors present in the conditioned medium).
The collected conditioned medium was centrifuged
at 1000xg for 10 min, and the supernatant was passed
through a 0.2 pm syringe filter and stored at —20 °C. To
test the effect of CM, cells were incubated for up to 72 h
with 25% CM (diluted in regular media); the CM was
refreshed daily.

For some experiments, the conditioned media was also
filtered using Amicon® Ultra Centrifugal Filter Units
(Millipore) with different cut-offs (100 kDa, 30 kDa,
and 10 kDa) according to the manufacturer’s instruc-
tions. The fractions were tested for their ability to induce
migration.

Reagents

Human Recombinant TGF-B1 (R&D systems; at 10 ng/
ml final concentration) was used as a positive control. A
TGF-pB receptor I inhibitor (SB431542; EMD Millipore;
10 pM final concentration) and antibodies against TGE-
B1, 2, 3 (1D11; R&D systems; at 2 pg/ml final concentra-
tion) were used to block the response to TGF-p1 and the
TGF-p1 itself, respectively.

Fluorescence staining and microscopy

For co-culture experiments, cells were stained with either
DiO or DiD (Invitrogen"" Vybrant ) following the manu-
facturer’s instructions. The stained cells were co-cultured
for 72 h and fixed with 2% paraformaldehyde. Slides were
photographed at 20X magnification using a LEICA DM
R (Epi-Fluorescence Microscope) with FITC and TRICT
filters.

Wound healing assays

To assess migration, we performed wound healing assays.
Gaps within cell monolayers were achieved using cross-
shaped inserts (Ibidi; www.ibidi.com). Cells were seeded
at 10° cells/cm?® in DMEM with 1% FBS (low levels of FBS
inhibit cell proliferation during migration assays) and
were allowed to adhere overnight. After the inserts were
lifted, wells were washed with PBS, and fresh medium
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was added. The cells were allowed to migrate and fill in
the gap while the medium was refreshed daily. For co-cul-
ture assays, each cell line was seeded in a separate insert
in the same well. Once cells were attached, the inserts
were removed, and DMEM with 1% FBS was added. The
plates were placed on a shaker (45 rpm) to ensure the dif-
fusion and mixing of the medium. Random fields of the
gap were imaged every 24 h. At the end of the assay, when
cells occupied around 80% of the gap (24 h for MDA, 48 h
for H2122 AS, and 48 to 72 h for MCEF?7), the cell layers
were fixed with 70% ethanol and stained with 0.2% crystal
violet (as previous described in [25] and [26]). Gap width
was measured using the Wound Healing Tool imple-
mented in Fiji Image J. The % of the area that was occu-
pied (Af) relative to the area at the start of the assay (Ai)
was calculated (%occupiedarea = (Ai — Af)/(Ai*100)).

Transwell assays

Migration and invasion were also assayed using transwell
inserts (Corning). 10° cells were seeded in the inserts
and placed in wells with media containing a chemoat-
tractant (i.e., DMEM with 10% FBS). Cells were allowed
to migrate through the 8 pm porous membrane towards
the chemoattractant. After 48 h, cells that migrated to the
underside of the insert were fixed with 70% ethanol and
stained with 0.2% crystal violet (as previous described in
[25] and [26]). Five random fields of view from the stained
insert were photographed using brightfield microscopy at
10x magnification. Cells attached to the underside of the
insert were counted for each field of view and averaged.
The same protocol was followed to assess invasive abili-
ties. Cells were placed onto inserts containing a layer of
1 mg/ml Matrigel (Corning), and the number of cells that
invaded was assessed after 72 h. In the co-culture experi-
ments, one cell line (MCF7) was pre-labelled with DiO or
DiD, and the other (MDA) was unstained. At the end of
the assay, the cells were fixed with 2% paraformaldehyde.
As above, the number of invaded fluorescent cells was
assessed, and all invaded cells were stained with crystal
violet. The number of MDA cells that invaded was calcu-
lated by subtracting the number of invaded MCF7 cells
(i.e., fluorescent) from the total number of invaded cells
(stained with crystal violet).

Statistical analyses

Each experiment included triplicate controls and treat-
ments, and was performed several times independently.
Data were expressed as mean+SEM of the triplicates
within one experiment. Unpaired, two-tailed Student’s
t-tests or one-way ANOVA with Sidak’s test for multiple
comparisons were performed to assess the statistical sig-
nificance of the relevant comparisons. Data analysis was
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performed using Prism GraphPad 8; p <0.05 was consid-
ered statistically significant.
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