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In the past decade, cumulative clinical experiences with molecular targeted therapies and immunotherapies for
cancer have promoted a shift in our conceptual understanding of cancer. This view shifted from viewing solid tumors as
a homogeneous mass of malignant cells to viewing tumors as heterogeneous structures that are dynamically shaped
by intercellular interactions among the variety of stromal, immune, and malignant cells present within the tumor
microenvironment. As in any dynamic system, identifying how cells communicate to maintain homeostasis and how
this communication is altered during oncogenesis are key hurdles for developing therapies to restore normal tissue
homeostasis. Here, I discuss tissues as dynamic systems, using the mammary gland as an example, and the evolutionary
concepts applied to oncogenesis. Drawing from these concepts, I present 2 competing hypotheses for how intercellular
communication might be altered during oncogenesis. As an initial test of these competing hypotheses, a recent
secretome comparison between normal human mammary and HER2C breast cancer cell lines suggested that the
particular proteins secreted by the malignant cells reflect a convergent evolutionary path associated with oncogenesis
in a specific anatomical niche, despite arising in different individuals. Overall, this study illustrates the emerging power
of secretome proteomics to probe, in an unbiased way, how intercellular communication changes during oncogenesis.

Introduction

The clinical management of metastatic
breast cancer has been revolutionized fol-
lowing the introduction of molecular tar-
geted therapies that promise both
specificity and efficacy in treatment.1

While molecular targeted therapies can
exhibit a remarkable efficacy in a subset of
patients, achieving a durable clinical
response remains a challenge (see ref. 22).
The preclinical development of many of
these molecular targeted therapies, such as
herceptin, focused on their intrinsic activ-
ity to induce cell death in malignant cells,
as commonly assayed in vitro or using
xenograft studies. However in the case of
herceptin, clinical activity also depends on
engaging effector mechanisms external to
the malignant cell, such as innate immu-
nity by targeting HER2-expressing cancer
cells for natural killer (NK) cell cytolysis3,4

or adaptive immunity.5 Herceptin engages
adaptive immunity by downregulating
HER2, thus enhancing antigen presenta-
tion by increasing MHC class I expres-
sion6 and exposing HER2C cancer cells

to the cytotoxic activity of HER2-specific
CD8C T lymphocytes.7 Moreover, the
presence of an adaptive type 1 immune
response within the tumor microenviron-
ment is an independent predictor of sur-
vival in breast cancer.8-11 Collectively,
these data paint a more complicated pic-
ture of the tumor than a mass of heteroge-
neous malignant clones. The emerging
view is that the development of effective
treatments for cancer will require us to
consider the cancer as a dynamic system,
in which malignant cells interact with a
variety of other cell types present within
the tumor microenvironment to maintain
a disease state. The emergence of immune
checkpoint inhibitors for cancer immuno-
therapy reinforces this perspective. For
instance, regression of tumors is associated
with local proliferation of CD8C T cells
within the tumor following blockade of
the programmed cell death pathway,12

whereas progression exhibits at least 3 dif-
ferent phenotypes:13 (1) a non-functional
immune response in which CD8C T cells
are present within the tumor but seem to
be non-functional, (2) immunological

ignorance with little to no immune infil-
tration into the tumor, and (3) an
excluded infiltrate where immune cells are
present solely around the outer edge of the
tumor cell mass. In this commentary, I
will summarize a number of ideas that
support this view of cancer as a dynamic
system and describe an experimental
approach to eavesdrop on how communi-
cation among cells becomes altered during
oncogenesis.

Tissues as dynamic systems
As a dynamic system, multiple cell

types collectively maintain tissue organiza-
tion and function even if they are
subjected to external perturbations. Regu-
latory control networks that detect devia-
tions from homeostasis and coordinate a
cellular response to restore homeostasis
through cellular communication facilitate
the maintenance of cellular composition
and function. The modes of cellular com-
munication involved in restoring
homeostasis include the embedding of
biochemical cues within the extracellular
matrix, cell-to-cell contact, and release of
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soluble signals. In addition to direct cell-
to-cell communication, cell-to-cell contact
can establish barriers that limit the entry
of cells into a tissue and create diffusion
gradients of soluble signals. For example,
increased directional migration and prolif-
eration during wound healing is a biologi-
cal response that is orchestrated in part by
a disruption in the gradient of the growth
factor heregulin.14 In response to chang-
ing functional requirements, natural bio-
logical processes also promote the
reorganization of tissue structures. For
instance, developmental stages are associ-
ated with the coordinated expression of
distinct proteins that promote homotypic
interactions between cells, called adherens
junctions, and facilitate the spatial organi-
zation of tissue structures.15 Once estab-
lished, the functional requirements for a
tissue may change periodically during an
organism’s lifespan. For example, the
mammary epithelium reorganizes during
distinct stages of the ovarian cycle in

preparation for lactation.16-18 Conversely,
pathogens may destabilize homotypic
interactions between adjacent cells and
thereby destabilize the epithelial mono-
layer to gain entry.19,20 Although many of
the components involved in cellular com-
munication are known, identifying the
regulatory networks that control the col-
lective cellular response within tissues
remains a challenge.21 Moreover, the
importance of a specific component in
regulating the cellular response is highly
dependent on context.

Focusing on the mammary gland as an
example, a milk duct is composed of a
number of different cell types (Fig. 1A).
Luminal epithelial cells respond to female
hormones; basal myoepithelial cells
express smooth muscle contractile pro-
teins. During lactation, the luminal epi-
thelial cells produce milk and
myoepithelial cells aid in milk expulsion.
Although the cartoon in Figure 1A
presents a static view, the mammary

gland, like other reproductive organs, is a
dynamic structure. During the ovarian
cycle, plasma gonadotropins and endo-
crine hormones vary in concentration and
coordinate the remodeling of the ovary,
endometrium in the uterus, and the mam-
mary gland in preparation for reproduc-
tion (see Fig. 1B), as reviewed in
refs. 22-24. The mammary gland under-
goes a cycle of cell proliferation, followed
by cell differentiation, and finally an invo-
lution phase that involves programmed
cell death at the end of the cycle. To sum-
marize these dynamics, we can consider
this process to be controlled by global trig-
gers in the form of endocrine hormones
and by local modes of cell-to-cell commu-
nication that help control the overall
structure and function of this tissue as
new cells join this system (see Fig. 1C).
Secretion of proteins is one way in which
cells communicate. For instance, cytokine
signaling, traditionally considered a mech-
anism of communication among immune
cells, also plays a role in mammary gland
development during pregnancy.25 Secre-
tome proteomics is a powerful and unbi-
ased, yet underemployed, tool to
eavesdrop on these local modes of com-
munication.26 Ultimately, understanding
how these local mechanisms for cell-to-
cell communication help maintain the
integrity of dynamic tissues, like the mam-
mary gland, and how these modes for
communication become altered during
oncogenesis is central for designing ways
to restore or maintain a healthy state.

Cancer as a process of somatic
evolution

Viewing cancer through an evolution-
ary lens may help us understand how these
local models for cell-to-cell communica-
tion becomes altered during oncogenesis.
Evolutionary processes share a number of
key traits, which are collectively referred
to as standard evolutionary theory (SET)
or the Modern Synthesis.27 First, genetic
alterations create variants that dominate a
heterogeneous population based on their
ability to survive and reproduce, thereby
passing these genetic alterations on to
progeny. The majority of genetic altera-
tions have a neutral effect on survival or
reproduction, while detrimental variants
are ultimately removed from the

Figure 1. The mammary gland as a dynamic system. (A) A cartoon of the spatial organization of dif-
ferent cell types within the mammary gland, as similarly depicted in ref. 46. Luminal epithelial cells
(green shading), basal myoepithelial cells (blue shading), and the basement membrane (red shad-
ing) are the main cellular components of an epithelial tree composed of ducts and terminal alveolar
buds that remodel to produce milk during lactation. The epithelial tree is surrounded by a fibrous
tissue structure, shown in gray, that contains stromal cells, fibroblasts, adipocytes, and blood
capillaries. (B) The coordinated dynamics associated with plasma gonadotropins and ovarian hor-
mones levels and with reorganization of the ovary, uterine endometrium, and breast during the
phases of the ovarian cycle, as depicted in ref. 22. (C) A graphical depiction of the reorganization of
the mammary gland during the reproductive cycle. Endocrine hormones initiate cellular prolifera-
tion whereas cellular differentiation into different subtypes is controlled by local contextual signals.
In the absence of a reproductive event, an involution stage, which involves programmed cell death
to reduce the tissue structure, precedes the return to a quiescent phase.
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population. Next, the influence of non-
genetic and environmental factors in
determining which particular variants sur-
vive is represented by a fitness landscape.
Finally, the dynamics associated with evo-
lutionary change is proportional to the
mutation rate and the time associated
with a reproductive generation.

In the field of cancer biology, there has
been a resurgence in thinking about cancer
as an evolutionary process.28,29 In short,
the contemporary interest in somatic evo-
lution has been driven by results from
sequencing cancer genomes and clinical
results using molecular-targeted therapies.
Consistent with SET, mutagens—such as
UV radiation, oncogenic viruses, or carci-
nogens contained within tobacco
smoke—introduce genetic alterations that
are passed along to progeny through
somatic cell division.30 Implied by neutral
theory, most of the mutations that are
retained have a neutral effect on survival
or proliferation.31 Mutations that provide
an advantage, endowing the cell with an
improved ability to persist and proliferate,
are infrequent. Along these lines, Gray
and Druker noted that “individual breast
cancers typically carry a few consistent
and functionally characterized abnormali-
ties, along with tens to thousands of other
changes that are rare or unique to the indi-
vidual tumor and about which little is
known.”32 Following from the “gene-cen-
tric” view commonly associated with
SET,33 we could think of this fitness
advantage as intrinsic properties of the
cell, like the ability to survive in a nutrient
poor environment, an inability to respond
to cues that initiate programmed cell
death, or a cell proliferation program that
is stuck in the “on” state. We collectively
know a lot about how these intrinsic prop-
erties change in cancer cells, as embodied
in the hallmarks of cancer.34 However,
despite the importance of intercellular
communication within a tissue, we know
much less about how cell-to-cell commu-
nication is changed during oncogenesis.

This last point highlights a potential
key difference between SET and somatic
evolution. SET treats the fitness landscape,
or simply the environment, as a back-
ground condition, which implies a unidi-
rectional influence of the environment on
the genetic variants. Mathematically, SET

applied to tissues can be summarized by 2
coupled differential equations.35 The first
equation, dC/dt D g(C, E), describes the
rate of change of a particular cellular vari-
ant (C) that depends on the evolutionary
process (g), which is a function of 2 state
variables: C and the environment, E. The
second equation, dE/dt D f (E), describes
the rate of change of the environment that
depends solely on an autonomous func-
tion (f ) of the environment. In contrast,
individual cells help create the fitness land-
scape in tissues, which implies that indi-
vidual cells can have a significant influence
on the nature of the fitness landscape and
that the influence is bidirectional. This
bidirectional influence suggests that cells
can construct a “niche” to co-direct their
own evolution by systematically reshaping
the fitness landscape.36,37 In mathematical
terms, niche construction theory implies
that the differential equation for the envi-
ronment, dE/dt D f’(C, E), depends on
both the cellular and environmental states.
The ability to regenerate a functional heart
by seeding decellularized tissue scaffolds
with neonatal cardiocytes is an example of
how a normal tissue niche influences cell
fate and phenotype.38

To test whether niche construction is a
key trait of somatic evolution, we can for-
mulate the relationship between malig-
nant cells and the fitness landscape in
terms of 2 alternative hypotheses (see
Fig. 2). To formulate these hypotheses,
we assume that an evolutionary process
shapes the biochemical cues secreted by
malignant cell lines. Mutations alter the
genome by changing copy numbers or the
sequence of promoter or coding regions.
These altered sequences then alter the lev-
els of expression and the cellular disposi-
tion of the resulting protein products. By
generating genetic variants, mutagens
would randomly alter the profile of pro-
teins secreted by malignant cells, which
could be viewed as a form of phenotypic
drift. While the levels of each secreted pro-
tein could constitute a unique phenotype
dimension within the fitness landscape,
we will consider a fitness landscape with
only 2 phenotype dimensions to visualize
the hypotheses. The two hypotheses corre-
spond to how the fitness landscape could
potentially shape the profile of proteins
secreted by malignant cells. The first
hypothesis, or null hypothesis, is that the
secreted proteins derived from a particular

Figure 2. A simplified graphical depiction of 2 competing hypotheses regarding whether cell-to-
cell communication is part of the fitness landscape. The left panel represents a null hypothesis that
cell-to-cell communication is not a component of the fitness landscape and that malignant clones
diverge from the origin in a way that is consistent with standard evolutionary theory. The right
panel represents an alternative hypothesis that cell-to-cell communication is a component of the
fitness landscape and that this communication must be altered in a particular way for malignant
cells to dominate this tissue niche. The secretome of a normal cell is represented by the red dot at
the center of the 2 panels. The dotted and solid red lines depict the evolutionary paths associated
with oncogenesis of 2 malignant clones that arise within the same anatomical niche. The extent of
the selective pressure exerted on a cell is depicted using black-white shading, where white indi-
cates no selective pressure and black indicates high selective pressure.
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malignant clone do not influence the
clone’s fitness and that these alterations
are neutral and independent from any
intrinsic fitness effects. This implies that if
altering cell-to-cell communication is not
important for oncogenesis, the biochemi-
cal cues secreted by cancer cells that arise
should be different from each other and
different from those of normal epithelial
cells derived from the same tissue, as there
is no fitness gradient and mutagens pro-
mote phenotypic divergence. This
hypothesis is shown graphically in the left
panel of Figure 2. Alternatively, if altering
cell-to-cell communication in a particular
way is important for oncogenesis within a
specific anatomical niche, then the bio-
chemical cues secreted by cancer cells that
arise in different patients but originate in
the same anatomical tissue should share
phenotypic commonalities and represent a
convergent evolutionary path, as depicted
in the right panel in Figure 2.1

Conclusion

In a recent study, we tested these com-
peting hypotheses by comparing the pro-
teins secreted, or the secretome, for 2
similar human breast carcinoma cell lines
to that of a normal human mammary epi-
thelial (HME) cell line using a mass spec-
trometry-based proteomics workflow.39

Interestingly, we found that the secre-
tomes for the 2 breast carcinoma cells lines
were similar to each other yet distinct
from the secretome of a normal HME cell
line, despite the fact that all 3 lines have
been adapted to in vitro culture. Specifi-
cally, we found that 50% of the identified
proteins (19 proteins) were common
between the secretomes of the 2 breast car-
cinoma cell lines and that these proteins
target similar canonical pathways (7 of the
top 10 enriched pathways were common).

In contrast, the secretome of the normal
HME cell line shared only a single protein
in common with both breast cancer cell lines
and 2 additional proteins were common to
each of the breast cancer cell lines individu-
ally. Moreover, no canonical pathways were
identified as enriched in the secretome of the
normal HME cell line.While further studies
will be necessary to clarify how these secreted
proteins promote oncogenesis, the results are
consistent with a convergent evolutionary
path associated with oncogenesis; that is,
altering cell-to-cell communication in a par-
ticular way is important for oncogenesis in
the mammary gland. Employing a similar
approach in a variety of cancer and “normal”
cell lines derived from different anatomical
niches may inform the importance of bio-
chemical nodes within intracellular signaling
networks in specific tissues, such as the role
of specific cytokines in coordinating antitu-
mor immunity.

Using mass spectrometry-based proteo-
mics as a discovery tool, we were also able
to identify secretome proteins for which
the biological roles as mediators of cell-to-
cell communication are not well known.
Specifically, in 2 different secretome stud-
ies we found that the majority of secreted
proteins are associated with extracellular
vesicles called exosomes.39,40 Exosomes
are an emerging area of interest as they
may provide a more complicated mode of
communication between cells. Specifically,
exosomes have been reported to transport
proteins and coding and non-coding RNA
between cells.41,42 Results of our pathway
enrichment analysis suggest that these exo-
somes alter the metabolic profile of
immune cells that enter the tumor micro-
environment by delivering a collection of
metabolic enzymes and alter antigen pre-
sentation. Moreover, the size of exosomes
also suggests that their diffusivity within
tissues may help create spatial gradients.

While the technical challenges associ-
ated with a mass spectrometry approach
place limitations on the experimental
design,26 these unbiased methods can be
used in conjunction with more focused
methods, such as reverse protein arrays, as
described in ref. 43, or possibly multispec-
tral imaging of immunohistochemically
labeled tumor tissue, as described in refs.
44 and 45. Collectively, combining differ-
ent approaches can be used to compensate
for the limitations of the different technol-
ogies and provide a more comprehensive
view of how cell-to-cell communication
within tissues becomes altered during
oncogenesis. Identifying common mecha-
nisms, or convergent evolutionary paths,
for subverting these intercellular commu-
nication networks will help in the rational
design of therapies to restore normal tissue
homeostasis. Moreover, this information
can be used to stratify patients into differ-
ent treatment protocols based on the spe-
cific network alterations that underpin
their disease state, such as the stratification
of patients with diabetes into type 1 and
type 2 phenotypes.
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1There is a third possibility that the phenotypes of cancer cells are similar to normal cells. This could occur when a mutation occurs in an oncogene or tumor sup-
pressor gene only thereby increasing a malignant cells intrinsic fitness with no change in secreted proteins. In human breast cancer, the quote from Joe Gray and
Brian Druker (see ref.32) argues against this possibility. Although this is a scenario recreated in genetically engineered mouse models of cancer. Alternatively, similar
phenotypes could also occur when any change in secreted proteins provides a significant fitness disadvantage. In short, observing that malignant cells have the
same profile of secreted proteins as normal cells would be inconclusive for inferring whether altering cell-to-cell communication is important for oncogenesis.
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