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System biology uses a range of experimental and statistical methods to dissect com-
plex processes that results from alterations in biological models. Given the complexity
of the epithelia-mesenchymal transition (EMT) program, system biology represents a
promising approach to understanding its fine molecular regulation by the interpretation
of high-throughput datasets. Herein, we review recent contributions of system biology
applied to the field of EMT physiology and illustrate the importance of these approaches
to model biological networks that are perturbed during the transition. Together, these
results allowed the definition of an EMT signature across different tumor types, the iden-
tification of dysregulated processes and new modules of regulation, making possible to
reveal the EMT molecular visage underneath.

Keywords: epithelial-mesenchymal transition, cell plasticity, system biology, network analysis, regulatory
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SYSTEMS APPROACHES FOR EPITHELIAL-MESENCHYMAL
TRANSITION (EMT) COMPLEXITY

Normal cells show a structured organization that is finely regulated by a complex interplay between
the systemic and local environment, and external factors. However, cells are also characterized by
a certain grade of adaptation and plasticity to modify tissue organization. For example, under the
control of a specific molecular program, endothelial cells activate different programs of differentia-
tion (endothelial-to-hematopoietic cell transition and endothelial-to-mesenchymal transition) that
play a major role during homeostasis but also during disease and different pathological stimuli
(1). This phenotypic switching can easily be observed for other cell types including epithelial cells
whose organization in normal tissues is guided by an epithelial polarity programme (EPP) (2).
The execution of EPP is essential for the maintenance of epithelial polarization and differentiation
status, and alterations of this program by EMT result in a cellular reprogramming with consequent
fundamental alterations of cellular physiology. The main hallmarks of EMT can be summarized as
follow: loss of cell-cell junctions, loss of cell polarization and acquisition of a front-rear polarity,
and enhanced migratory capability. EMT morphological change reflects the actuation of a specific
molecular program that is activated by juxtacrine or paracrine signals of the local environment
that induce hierarchical, multilayered signaling networks both in physiological and pathological
conditions (3) (Figure 1A). A number of mediators have been identified, including hormones,
growth factors [for example, epidermal growth factor, and transforming growth factor-p (TGF-p)]
as well as extracellular vesicles like exosomes that contain a unique molecular profile involved in the
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FIGURE 1 | The multifactorial contribution of microenvironment to the activation of epithelial-mesenchymal transition (EMT). (A) We present below an illustrative but
not comprehensive example of the different actors that may play a role in the activation of EMT process. Virtually, all the factors have the ability to direct a specific
molecular program with a consequent activation of downstream signaling pathways capable of supporting and impacting multiple cell capabilities. Signaling proteins
that include hepatocyte growth factor (HGF), epidermal growth factor, and transforming growth factor-p have well delineated, and an appreciated role. In addition,
there is new evidence that other actors, such as tumor-associated macrophages (TAMs) and exosomes are able to promote the activation of the EMT program.
TAMs act by creating a cancer stem cell niche through juxtacrine signaling, while exosomes function as cargo of molecules that drive cells toward an aggressive
phenotype, more prone to EMT. (B) System biology approaches shed light on this complexity through the analysis of large patients’ cohorts and preclinical models
at genomic and non-genomic level. The availability of high-throughput omics data has made possible the integration of different molecular datasets into functional
networks that represent a tool to explore how nodes functionally interact with one another and to model perturbed networks generated from multilevel omics data.
The obtained results made a substantial contribution to the definition of several aspects of EMT biology, including the identification of previously unknown EMT

correlated pathways, and regulatory modules.
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activation of EMT (4). These characteristics make EMT and the
regulation by microenvironment extremely complex, resulting
in a heterogeneous activation of several cellular pathways and
networks (Figure 1A). This complexity is partially reduced if we
consider that the EMT program is regulated at transcriptional
levels through a defined set of transcriptional factors, but not
completely solved because, as described later, this transcriptional
program cannot be easily predict due to the presence of multiple
layers and modules of regulation.

Thus far, three major types of EMT program have been
described and classified according to the biological context in
which they occur: type I associated with embryogenesis, type II
to wound repair, and a type III to cancer pathology (5). The latter
is by far the best-characterized type of EMT and the main topic
of this review. EMT is indeed central to several aspects of tumor
metastasis. For instance, insights into the biological complexity of
EMT has been provided by genetic and biochemical studies, that
associated this program to the different phases of the metastatic
cascade, including tumor formation (6), early dissemination of
tumor cells from the primary mass (7), and the acquisition of
a chemoresistance phenotype (8, 9). EMT activation can also
lead to the generation of stem cells in normal and cancer tissue
(10, 11) through the activation of a specific transcriptional pro-
gram (11). At the metastatic site, the cancer cell-stroma crosstalk
drives mesenchymal cells to revert to an epithelial state through
the activation of a mesenchymal-to-epithelial transition program
thus allowing proliferation in distant sites (12, 13).

Since metastasis is the end result of a multistep process regu-
lated through the activation of specific cellular and molecular
programs, and as EMT has a role in most of these steps, this
indicates that the contribution of EMT and the molecular aspects
that govern EMT in these different phases might be more compli-
cated than thought previously. Therefore, when we refer to EMT
and to the plethora of cellular processes and biological functions
that support the activation of the program, we should consider
the contribution of EMT through these sequences of events that
involves the generation of cancer stem cells, the dissemination of
tumor cells, the metastatic colonization, and therapeutic resist-
ance, especially in regard to biological similarities and differences
that the EMT program exhibit. Moreover, the distinct genetic
background of different tissues make further complicated in vitro
and in vivo investigation of EMT.

Several solutions are now becoming available to face this com-
plexity at systemic level. For example, computational approaches
for predicting EMT transcriptional factor regulatory networks by
mathematical modeling (14), data aggregation for the definition
of an EMT expression signature (15-19), integrative data analysis
to collect and organize high-throughput experimental data and
metadata (20, 21), networks and pathways analysis to explore
high-complex data and to reduce data complexity. This latter
approach has been applied to different cancer datasets to study
genes/proteins altered after EMT markers knockdown (22, 23), to
identify subtype-specific driver networks across different cancer
subtypes (24), and between primary tumors and circulating tumor
cells (25), to propose regulatory hubs with a potential impact on
patient management (26, 27). This experimental strategy includes
the identification of networks of pathways that are enriched in a

dataset of differentially expressed genes, and/or the construction
of interaction networks to map genes and proteins interactions
(Figure 1B). To do this, multiple omics data, derived from in vitro
and in vivo studies, were analyzed and integrated. Human cancer
cell lines characterized for the expression of EMT markers are
frequently used in EMT studies to identify a list of candidate
networks or sub-networks to prioritize (28, 29). These results
provided a systemic investigation of a large repertoire of cellular
functions and processes modulated during EMT that go beyond
activation of classical pathways of proliferation and survival, cell
adhesion, and motility but that include novel network modules
with a potential functional significance. Other studies used
cancer cell lines to describe by mathematical models the different
EMT phenotypic forms. This analysis reinforces the hypothesis
that EMT is a multistep dynamic process that occurs through five
different dynamically interconnected states (30). The transition
between these different phenotypes is not casual, but finely regu-
lated by specific regulatory circuits including the miR-34/Snail
and the miR-200/Zeb modules (31). The proposed computational
method was also applied to integrate different regulation mod-
ules. By integrating networks for different migratory phenotypes,
it is possible to predict the switch from a mesenchymal type to
the amoeboid one. This model integrates the EMT core module,
through the miR-200 and miR-34, with the RhoA/Racl circuit
(the core circuit for the amoeboid-to-mesenchymal transition
and mesenchymal-to-amoeboid transition) to model and predict
the transition to a different migration state (32).

However, this experimental approach is limited by the multi-
cellular complexity of EMT that cannot be completely addressed
by in vitro 2D assays that fail to adequately represent the structural
architecture of complex tissues. Consequently, a reliable systemic
representation of tumor-stroma interaction was obtained by
pathways and networks analysis of in vivo models (33). In colo-
rectal cancer, tumor buds and their surrounding stroma were
isolated using laser microdissection and analyzed to identify an
integrated TGFf/Snail and TNFa/NFkB pathway that regulates
the crosstalk between cancer cells and the microenvironment
during the EMT process.

At the tissue level, genomic cancer data from The Cancer
Genome Atlas (TCGA) represented also an important resource
for the identification of cancer subtypes with epithelial and
mesenchymal features, where a robust EMT gene expression
signature was identified (34). When integrated with proteomics
data, proteogenomics provided substantial improvements in
the definition of coexpression networks (35). This combined
approach led to a clear identification of an EMT profile across dif-
ferent tumor types, and further demonstrated how this signature
was associated with a poor prognosis (36).

A comprehensive investigation of TCGA data was also
performed to identify metabolic features of tumor samples.
A gene set enrichment analysis was applied to a curated metabolic
database to identify cancer-relevant metabolic pathways and to
correlate metabolic alterations with the clinical outcome of can-
cer patients (37). This study demonstrated that loss of oxidative
phosphorylation-related genes correlated significantly with EMT,
and with a concomitant downregulation of specific mitochondria
metabolites.
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SYSTEM APPROACHES FOR
ADDRESSING EMT COMPLEXITY AT
TRANSCRIPTIONAL LEVEL: THE EMT
FACE CHANGING PROGRAM

The recognition of EMT in tissues relies on the detection of spe-
cific epithelial and mesenchymal markers including cell-surface
markers such as E-cadherin and cytoskeletal markers such as
Vimentin and a-smooth muscle actin (5). However, this strict
distinction relies on the hypothesis that cells that have undergone
EMT have acquired a full mesenchymal state. While this is likely
to be characteristic of specific tumor types that show molecular
hallmarks of an active EMT program, i.e., triple-negative breast
cancer tumors, this is not generally observed in vivo where a greater
plasticity with different EMT states of transition is observed (38).
Thus, rather than considering the expression of few biomarkers,
these observations led to the definition of an EMT gene signature
whose expression was significantly associated in vivo and in vitro
with different EMT states and validated in different tumor
types (15, 16), or predictive of response to EGFR and PI3K/Akt
inhibitors (17), or potentially useful for the selection of patients
who may benefit from immune checkpoint blockade (18). This
approach not only identified a pan-EMT signature but also
provided an experimental and functional validation of selected
EMT markers (19). The most important challenge is how to deci-
pher the molecular mechanisms behind the expression of these
markers to clarify networks and pathways modified during EMT.
There is now evidence that the expression of EMT biomarkers is
temporally and spatially coordinated through the activation of a
network of transcriptional factors (EMT-TFs) including PrxxI,
Snail, Slug (Snail2), Twist, Zebl, and Zeb2 that initiates and
orchestrates the EMT program (39). There are several challenges
in reconstructing and analyzing an EMT regulatory network.
One major problem is that although some TFs can be coex-
pressed, the relationship between some of these might be unclear.
The precise role of these TFs can be difficult to characterize as
experimental data obtained in several works described for each
of them specific functions that are not redundant but comple-
mentary and supported a regulatory hierarchy that is required
for the initiation of EMT in vitro and in vivo (40). For example,
the EMT-TFs expression profile of different tissues may be widely
different, and the activation of a single and specific TF may be
crucial to support EMT activation (41). Moreover, stimulation
from the microenvironment or specific oncogenic factors could
switch on the expression of a particular TF (42, 43). Activation
of the NRAS/BRAF signaling pathway in melanoma cells drives a
transition from Zeb2 and Snail2 proteins, which are unrelated to
the disease, toward a Zeb1 and Twist high-expression pattern that
is determinant for the oncogenic transformation and correlated
with the level of malignancy (43). Oncogenic mutations can also
affect the TFs activity in some cancers. For example, mutations in
genes encoding for KRAS of EGFR oppositely regulate the activ-
ity of Zeb1 through molecular mechanisms that are independent
of EMT (44). Therefore, to reveal the potential role of each TF
and to translate this in the clinical setting, the cellular context
and the local microenvironment should be considered. Finally,

additional regulation of EMT-TFs activity is achieved through
various posttranslational modifications (45), or through the
binding with specific transcriptional activators such as the Hippo
factor effector YAP (46).

Epithelial-mesenchymal transition-TFs are involved in the
control of multiple biological activities and signaling networks
in addition to the well-known role of regulators of cell junction-
associated genes including E-cadherin. The current availability
of high-throughput genomics and proteomics techniques makes
it possible to uncover novel TFs that were not previously identi-
fied or to reveal biological functions affected by TFs expression.
In silico comparative analysis of gene expression data of 762
cancer cell lines had a significant impact on the identification
of novel EMT-TFs. In this analysis, a set of 25 EMT-dependent
regulators of E-cadherin has emerged with relevance for the
definition of a pattern of EMT-TFs across the entire data cohort.
Importantly, not only this analysis identified a core EMT-TFs
signature but it also provided an experimental validation of
in silico predictions. Specifically, these findings demonstrated
that Krippel-like factor 5 is a novel candidate regulator of EMT
that maintains epithelial characteristics by regulating E-cadherin
expression (47).

In addition to such large dataset analysis, more recent system
methods focused on the analysis of selected TFs. Approaches to
addressing this issue include the overexpression of specific TFs
in appropriate cellular models together with high-throughput
strategies for the detection and quantification of modulated
networks. This strategy was successfully used for the analysis of
Snail that was overexpressed in a breast cancer cell model. This
work involved the analysis by LC-MS/MS of proteins isolated and
fractionated from MCF-7 cells (48). Protein networks analysis
of differentially expressed proteins identified three main cel-
lular processes modified after Snail induction, including energy
metabolism, cell cycle, and chromatin binding and remodeling.
From this network, authors identified two specific hubs, CDK1
and HDACI that are functionally associated with Snail (48).
Another approach applied a computational modeling method
to define the migration characteristics of human mammary epi-
thelial cells before and after Twist induction (49). Twist induces
an EMT-dependent migratory phenotype in response to the
stimulation with a panel of growth factors that can be predicted
a priori by a mathematical model that correlates the intracellular
signaling activities to the phenotypic response (49).

These network-oriented experimental approaches are remark-
able examples of a strategy aimed at reducing EMT complexity to
a defined set of altered processes with several advantages, among
these the possibility to interpret and compare core regulatory
networks across different tumor types, as demonstrated for the
EMT-TF E2F1. In bladder and breast cancer, a network approach
distinguished two different receptor protein signatures associated
with the E2F1-mediated EMT, E2F1-TGFBR1-FGFR1 in bladder
cancer and E2F1-TGFBR2-EGFR in breast cancer. This in silico
prediction was validated functionally in vitro by an shRNA-
based approach, and in vivo by two TCGA cancer cohorts (50).
Importantly, this analysis provided relevant aspects about the
EMT-TFs regulation across different cancer types with important
implications on tumor type-specific treatments.
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Tumor microenvironment drives and modulates the activity of
EMT-TFs and downstream target genes. TGF-p is a well-known
EMT inducer acting through a network of signaling pathways. To
explain the mechanisms of TGF-p-induced EMT, several studies
integrated experimental and computational approaches to model
the transition between the epithelial and mesenchymal state after
TGF-p stimulation (51). For example, the CBS model consisting of
“cascading bistable switches” operates through multiple feedback
loops that involve the action of Snail, and Zeb1 and the regulation
by two microRNA, miR-34 and miR-200 (51). The Snail/miR-34
feedback loop initiates the EMT transition, while Zeb1/miR-200
loop controls the establishment of a full mesenchymal state. More
recently, this model was further implemented by considering the
role of other TFs. For example, the mutual inhibition relationship
between Ovol2 and Zebl was statistically described and experi-
mentally validated (52). However, this model does not enable to
explain completely the mechanisms underlying changes between
different EMT phases, and other TFs should be considered to
provide new insights into these biological differences. A compu-
tational analysis that integrated time-course transcriptomic data
with public cistromic data enabled the identification of key TGF-f
EMT regulators and correlated their expression to the acquisition
of a partial and full mesenchymal state (53). ETS2, HNF4A, and
JUNB autoregulate and positively regulate each other and are part
of the same transcriptional complex, as experimentally validated
(53). The construction of an accurate model of TGF-p-mediated
gene regulation, took also in account modulated signaling net-
works. TGF-f signals through a pathway that involves SMAD
proteins, and other non-canonical pathways, that are activated
upon ligand-receptor activation. In the context of TGF-$ EMT
activation, the relative importance of these pathways was pre-
dicted through a network simulation. Importantly, the contribu-
tion of two canonical pathways, Wnt and sonic hedgehog that
mediate EMT in a SMAD-independent way, was demonstrated
(54). This has important implications in the therapeutic approach
of EMT, to simplify the design of drug combinations that target
multiple nodes of regulation. Importantly, the results of in silico
analysis and siRNA validation demonstrated that a combinatorial
strategy provided a synergistic effect at preventing TGF-p EMT
activation, in contrast to the individual node perturbation of
SMAD complex alone (26).

The interaction between tumor cells and the associated stroma
regulates EMT initiation and progression, through the action of
different stimuli (Figure 1A). One challenge when studying this
interaction is to evaluate at system level these global changes.
Mathematical models can be applied to manage this complex-
ity and to predict how different factors may alter the EMT
response. In detail, such approaches provided information about
the dynamics of the networks modulated after the stimulation

REFERENCES

1. Dejana E, Hirschi KK, Simons M. The molecular basis of endothelial cell
plasticity. Nat Commun (2017) 8:14361. doi:10.1038/ncomms14361

2. Rodriguez-Boulan E, Macara IG. Organization and execution of the epithelial
polarity programme. Nat Rev Mol Cell Biol (2014) 15:225-42. doi:10.1038/
nrm3775

with TGF-f and/or vascular endothelial growth factor A. Cells
acquired a mesenchymal or epithelial phenotype when stimu-
lated with single agents, whereas exhibited a hybrid phenotype
when costimulated. This transition phase was assumed to depend
on the activity of the transcriptional factors Spl and NFATc,
which coordinate the expression of epithelial and mesenchymal
markers (55).

CONCLUSION

Epithelial-mesenchymal transition process regulates different
aspects of tumorigenesis, but the definition of a unique signal-
ing and regulatory paradigm useful to predict and explain
this heterogeneity is still missing. Currently, experimental and
computational collected data defined the presence of multiple
regulatory networks that are differentially activated at tissue and
cellular level, and coordinated by signaling pathways that are
activated by multiple stimuli. As demonstrated, this is a tricky
problem as the combined action of two or more stimuli, signifi-
cantly and differentially coordinate the expression of epithelial
and mesenchymal markers driving cells into multiple or hybrid
transition phases. From the above, it is clear that system biol-
ogy strategies were applied to address EMT complexity with a
significant improvement of our knowledge of the mechanisms
related to EMT biology, including the identification of modified
pathways, regulatory modules, interaction networks, and EMT
biomarkers. These results can be explained taking into account
the advanced analytical capabilities of several high-throughput
approaches such as mass spectrometry (MS)-based proteom-
ics, and the development of integrative strategies for biological
networks identification. This synergy between proteomics and
genomics was extremely important to define tumor subtypes
with a different EMT signature and new EMT markers by com-
putational analysis. This approach advances MS to complement
the genomic characterization of EMT and is likely applicable
to other metabolites. In this scenario, the perturbed metabolic
network that emerged from different studies should be applicable
to the generation of a more global integrated EMT network of
regulation.

AUTHOR CONTRIBUTIONS

DV conceived and wrote the manuscript. DDS provided critical
revisions of the text.

FUNDING

We gratefully acknowledge funding from the Apulia Regional
Cluster project “SISTEMA” project code T7WGSJ3.

3. Gonzalez DM, Medici D. Signaling mechanisms of the epithelial-mesenchymal
transition. Sci Signal (2014) 7:re8. doi:10.1126/scisignal.2005189

4. Garnier D, Magnus N, Meehan B, Kislinger T, Rak J. Qualitative changes in the
proteome of extracellular vesicles accompanying cancer cell transition to mesen-
chymal state. Exp Cell Res (2013) 319:2747-57. doi:10.1016/j.yexcr.2013.08.003

5. Zeisberg M, Neilson EG. Biomarkers for epithelial-mesenchymal transitions.
J Clin Invest (2009) 119:1429-37. doi:10.1172/JCI36183

Frontiers in Oncology | www.frontiersin.org

November 2017 | Volume 7 | Article 274


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
https://doi.org/10.1038/ncomms14361
https://doi.org/10.1038/nrm3775
https://doi.org/10.1038/nrm3775
https://doi.org/10.1126/scisignal.2005189
https://doi.org/10.1016/j.yexcr.2013.08.003
https://doi.org/10.1172/JCI36183

Stefania and Vergara

System Biology Analysis of EMT Networks

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Rhim AD, Mirek ET, Aiello NM, Maitra A, Bailey JM, McAllister F, et al.
EMT and dissemination precede pancreatic tumor formation. Cell (2012)
148:349-61. doi:10.1016/j.cell.2011.11.025

Harper KL, Sosa MS, Entenberg D, Hosseini H, Cheung JF, Nobre R, et al.
Mechanism of early dissemination and metastasis in Her2+ mammary cancer.
Nature (2016) 540:588-92. d0i:10.1038/nature20609

Fischer KR, Durrans A, Lee S, Sheng J, Li E Wong ST, et al. Epithelial-to-
mesenchymal transition is not required for lung metastasis but contributes to
chemoresistance. Nature (2015) 527:472-6. doi:10.1038/nature15748

. Zheng X, Carstens JL, Kim J, Scheible M, Kaye ], Sugimoto H, et al. Epithelial-

to-mesenchymal transition is dispensable for metastasis but induces che-
moresistance in pancreatic cancer. Nature (2015) 527:525-30. doi:10.1038/
nature16064

Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY, et al. The epi-
thelial-mesenchymal transition generates cells with properties of stem cells.
Cell (2008) 133:704-15. doi:10.1016/j.cell.2008.03.027

Ye X, Tam WL, Shibue T, Kaygusuz Y, Reinhardt F, Ng Eaton E, et al. Distinct
EMT programs control normal mammary stem cells and tumor-initiating
cells. Nature (2015) 525:256-60. doi:10.1038/nature14897

Del Pozo Martin Y, Park D, Ramachandran A, Ombrato L, Calvo E
Chakravarty P, et al. Mesenchymal cancer cell-stroma crosstalk promotes
niche activation, epithelial reversion, and metastatic colonization. Cell Rep
(2015) 13:2456-69. doi:10.1016/j.celrep.2015.11.025

Tsai JH, Donaher JL, Murphy DA, Chau S, Yang J. Spatiotemporal regulation
of epithelial-mesenchymal transition is essential for squamous cell carcinoma
metastasis. Cancer Cell (2012) 22:725-36. doi:10.1016/j.ccr.2012.09.022
Burger GA, Danen EHJ, Beltman JB. Deciphering epithelial-mesenchymal
transition regulatory networks in cancer through computational approaches.
Front Oncol (2017) 7:162. d0i:10.3389/fonc.2017.00162

Huang RY, Wong MK, Tan TZ, Kuay KT, Ng AH, Chung VY, et al. An EMT
spectrum defines an anoikis-resistant and spheroidogenic intermediate
mesenchymal state that is sensitive to e-cadherin restoration by a src-kinase
inhibitor, saracatinib (AZD0530). Cell Death Dis (2013) 4:€915. d0i:10.1038/
cddis.2013.442

Tan TZ, Miow QH, Miki Y, Noda T, Mori S, Huang RY, et al. Epithelial-
mesenchymal transition spectrum quantification and its efficacy in decipher-
ing survival and drug responses of cancer patients. EMBO Mol Med (2014)
6:1279-93. doi:10.15252/emmm.201404208

Byers LA, Diao L, Wang J, Saintigny P, Girard L, Peyton M, et al. An epithelial-
mesenchymal transition gene signature predicts resistance to EGFR and PI3K
inhibitors and identifies Axl as a therapeutic target for overcoming EGFR
inhibitor resistance. Clin Cancer Res (2013) 19:279-90. doi:10.1158/1078-
0432.CCR-12-1558

Mak MP, Tong P, Diao L, Cardnell R], Gibbons DL, William WN, et al.
A patient-derived, pan-cancer EMT signature identifies global molec-
ular alterations and immune target enrichment following epithelial-to-
mesenchymal transition. Clin Cancer Res (2016) 22:609-20. doi:10.1158/
1078-0432.CCR-15-0876

Rokavec M, Kaller M, Horst D, Hermeking H. Pan-cancer EMT-signature
identifies RBM47 down-regulation during colorectal cancer progression.
Sci Rep (2017) 7:4687. d0i:10.1038/s41598-017-04234-2

Tan TZ, Yang H, Ye J, Low J, Choolani M, Tan DS, et al. CSIOVDB: a microar-
ray gene expression database of epithelial ovarian cancer subtype. Oncotarget
(2015) 6:43843-52. doi:10.18632/oncotarget.5983

Zhao M, Kong L, Liu Y, Qu H. dbEMT: an epithelial-mesenchymal transition
associated gene resource. Sci Rep (2015) 5:11459. doi:10.1038/srep11459
Vergara D, Stanca E, Guerra F, Priore P, Gaballo A, Franck J, et al. B-Catenin
knockdown affects mitochondrial biogenesis and lipid metabolism in breast
cancer cells. Front Physiol (2017) 8:544. doi:10.3389/fphys.2017.00544
Vergara D, Simeone P, Latorre D, Cascione E Leporatti S, Trerotola M, et al.
Proteomics analysis of E-cadherin knockdown in epithelial breast cancer
cells. ] Biotechnol (2015) 202:3-11. doi:10.1016/j.jbiotec.2014.10.034

Dutta B, Pusztai L, Qi Y, André E Lazar V, Bianchini G, et al. A network-
based, integrative study to identify core biological pathways that drive breast
cancer clinical subtypes. Br J Cancer (2012) 106:1107-16. doi:10.1038/bjc.
2011.584

Yadavalli S, Jayaram S, Manda SS, Madugundu AK, Nayakanti DS, Tan TZ,
et al. Data-driven discovery of extravasation pathway in circulating tumor
cells. Sci Rep (2017) 7:43710. doi:10.1038/srep43710

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

39.

40.

41.

42.

43.

44.

45.

46.

Steinway SN, Zafiudo JGT, Michel PJ, Feith DJ, Loughran TP, Albert R.
Combinatorial interventions inhibit TGFf-driven epithelial-to-mesenchymal
transition and support hybrid cellular phenotypes. NPJ Syst Biol Appl (2015)
1:15014. doi:10.1038/npjsba.2015.14

Carro MS, Lim WK, Alvarez MJ, Bollo R], Zhao X, Snyder EY, et al. The
transcriptional network for mesenchymal transformation of brain tumours.
Nature (2010) 463:318-25. doi:10.1038/nature08712

Thomson S, Petti F, Sujka-Kwok I, Mercado P, Bean J, Monaghan M, et al.
A systems view of epithelial-mesenchymal transition signaling states. Clin
Exp Metastasis (2011) 28:137-55. d0i:10.1007/s10585-010-9367-3

Pauling JK, Christensen AG, Batra R, Alcaraz N, Barbosa E, Larsen MR,
et al. Elucidation of epithelial-mesenchymal transition-related pathways in
a triple-negative breast cancer cell line model by multi-omics interactome
analysis. Integr Biol (Camb) (2014) 6:1058-68. doi:10.1039/c4ib00137k
Mandal M, Ghosh B, Anura A, Mitra P, Pathak T, Chatterjee J. Modeling
continuum of epithelial mesenchymal transition plasticity. Integr Biol (Camb)
(2016) 8:167-76. doi:10.1039/c5ib00219b

Lu M, Jolly MK, Levine H, Onuchic JN, Ben-Jacob E. MicroRNA-based reg-
ulation of epithelial-hybrid-mesenchymal fate determination. Proc Natl Acad
Sci US A (2013) 110:18144-9. doi:10.1073/pnas.1318192110

Huang B, Jolly MK, Lu M, Tsarfaty I, Ben-Jacob E, Onuchic JN. Modeling
the transitions between collective and solitary migration phenotypes in
cancer metastasis. Sci Rep (2015) 5:17379. doi:10.1038/srep17379

Li H, Zhong A, Li S, Meng X, Wang X, Xu E, et al. The integrated pathway
of TGFf/Snail with TNFo/NFkB may facilitate the tumor-stroma interaction
in the EMT process and colorectal cancer prognosis. Sci Rep (2017) 7:4915.
doi:10.1038/s41598-017-05280-6

Gibbons DL, Creighton CJ. Pan-cancer survey of epithelial-mesenchymal
transition markers across the Cancer Genome Atlas. Dev Dyn (2017).
doi:10.1002/dvdy.24485

Wang ], Ma Z, Carr SA, Mertins P, Zhang H, Zhang Z, et al. Proteome
profiling outperforms transcriptome profiling for coexpression based gene
function prediction. Mol Cell Proteomics (2017) 16:121-34. doi:10.1074/
mcp.M116.060301

Zhang B, Wang J, Wang X, Zhu J, Liu Q, Shi Z, et al. Proteogenomic char-
acterization of human colon and rectal cancer. Nature (2014) 513:382-7.
doi:10.1038/nature13438

Gaude E, Frezza C. Tissue-specific and convergent metabolic transformation
of cancer correlates with metastatic potential and patient survival. Nat
Commun (2016) 7:13041. doi:10.1038/ncomms13041

. Nieto MA, Huang RY, Jackson RA, Thiery JP. EMT: 2016. Cell (2016) 166:

21-45. d0i:10.1016/j.cell.2016.06.028

De Craene B, Berx G. Regulatory networks defining EMT during cancer initi-
ation and progression. Nat Rev Cancer (2013) 13:97-110. doi:10.1038/nrc3447
Tran DD, Corsa CA, Biswas H, Aft RL, Longmore GD. Temporal and spatial
cooperation of Snaill and Twist]l during epithelial-mesenchymal transition
predicts for human breast cancer recurrence. Mol Cancer Res (2011) 9:1644-57.
doi:10.1158/1541-7786.MCR-11-0371

Krebs AM, Mitschke ], Lasierra Losada M, Schmalhofer O, Boerries M,
Busch H, et al. The EMT-activator Zebl is a key factor for cell plasticity and
promotes metastasis in pancreatic cancer. Nat Cell Biol (2017) 19:518-29.
doi:10.1038/ncb3513

Larsen JE, Nathan V, Osborne JK, Farrow RK, Deb D, Sullivan JP, et al. ZEB1
drives epithelial-to-mesenchymal transition in lung cancer. J Clin Invest
(2016) 126:3219-35. doi:10.1172/JCI76725

Caramel ], Papadogeorgakis E, Hill L, Browne GJ, Richard G, Wierinckx A,
et al. A switch in the expression of embryonic EMT-inducers drives the devel-
opment of malignant melanoma. Cancer Cell (2013) 24:466-80. doi:10.1016/
j.ccr.2013.08.018

Zhang T, Guo L, Creighton CJ, Lu Q, Gibbons DL, Yi ES, et al. A genetic cell
context-dependent role for ZEB1 in lung cancer. Nat Commun (2016) 7:12231.
doi:10.1038/ncomms12231

Serrano-Gomez SJ, Maziveyi M, Alahari SK. Regulation of epithelial-
mesenchymal transition through epigenetic and post-translational modifi-
cations. Mol Cancer (2016) 15:18. doi:10.1186/s12943-016-0502-x

Lehmann W, Mossmann D, Kleemann J, Mock K, Meisinger C, Brummer T,
et al. ZEB1 turns into a transcriptional activator by interacting with YAP1
in aggressive cancer types. Nat Commun (2016) 7:10498. doi:10.1038/
ncomms10498

Frontiers in Oncology | www.frontiersin.org

November 2017 | Volume 7 | Article 274


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
https://doi.org/10.1016/j.cell.2011.11.025
https://doi.org/10.1038/nature20609
https://doi.org/10.1038/nature15748
https://doi.org/10.1038/nature16064
https://doi.org/10.1038/nature16064
https://doi.org/10.1016/j.cell.2008.03.027
https://doi.org/10.1038/nature14897
https://doi.org/10.1016/j.celrep.2015.11.025
https://doi.org/10.1016/j.ccr.2012.09.022
https://doi.org/10.3389/fonc.2017.00162
https://doi.org/10.1038/cddis.2013.442
https://doi.org/10.1038/cddis.2013.442
https://doi.org/10.15252/emmm.201404208
https://doi.org/10.1158/1078-0432.CCR-12-1558
https://doi.org/10.1158/1078-0432.CCR-12-1558
https://doi.org/10.1158/
1078-0432.CCR-15-0876
https://doi.org/10.1158/
1078-0432.CCR-15-0876
https://doi.org/10.1038/s41598-017-04234-2
https://doi.org/10.18632/oncotarget.5983
https://doi.org/10.1038/srep11459
https://doi.org/10.3389/fphys.2017.00544
https://doi.org/10.1016/j.jbiotec.2014.10.034
https://doi.org/10.1038/bjc.
2011.584
https://doi.org/10.1038/bjc.
2011.584
https://doi.org/10.1038/srep43710
https://doi.org/10.1038/npjsba.2015.14
https://doi.org/10.1038/nature08712
https://doi.org/10.1007/s10585-010-9367-3
https://doi.org/10.1039/c4ib00137k
https://doi.org/10.1039/c5ib00219b
https://doi.org/10.1073/pnas.1318192110
https://doi.org/10.1038/srep17379
https://doi.org/10.1038/s41598-017-05280-6
https://doi.org/10.1002/dvdy.24485
https://doi.org/10.1074/
mcp.M116.060301
https://doi.org/10.1074/
mcp.M116.060301
https://doi.org/10.1038/nature13438
https://doi.org/10.1038/ncomms13041
https://doi.org/10.1016/j.cell.2016.06.028
https://doi.org/10.1038/nrc3447
https://doi.org/10.1158/1541-7786.MCR-11-0371
https://doi.org/10.1038/ncb3513
https://doi.org/10.1172/JCI76725
https://doi.org/10.1016/
j.ccr.2013.08.018
https://doi.org/10.1016/
j.ccr.2013.08.018
https://doi.org/10.1038/ncomms12231
https://doi.org/10.1186/s12943-016-0502-x
https://doi.org/10.1038/ncomms10498
https://doi.org/10.1038/ncomms10498

Stefania and Vergara

System Biology Analysis of EMT Networks

47.

48.

49.

50.

51.

52.

Shimamura T, Imoto S, Shimada Y, Hosono Y, Niida A, Nagasaki M, et al.
A novel network profiling analysis reveals system changes in epithelial-
mesenchymal transition. PLoS One (2011) 6:€20804. doi:10.1371/journal.
pone.0020804

Palma Cde S, Grassi ML, Thomé CH, Ferreira GA, Albuquerque D, Pinto MT,
et al. Proteomic analysis of epithelial to mesenchymal transition (EMT)
reveals cross-talk between SNAIL and HDACI proteins in breast cancer
cells. Mol Cell Proteomics (2016) 15:906-17. d0i:10.1074/mcp.M115.052910
Kim HD, Meyer AS, Wagner JP, Alford SK, Wells A, Gertler FB, et al.
Signaling network state predicts twist-mediated effects on breast cell
migration across diverse growth factor contexts. Mol Cell Proteomics (2011)
10:M111.008433. doi:10.1074/mcp.M111.008433

Khan FM, Marquardt S, Gupta SK, Knoll S, Schmitz U, Spitschak A, et al.
Unraveling a tumor type-specific regulatory core underlying E2F1-mediated
epithelial-mesenchymal transition to predict receptor protein signatures.
Nat Commun (2017) 8:198. doi:10.1038/s41467-017-00268-2

Zhang ], Tian XJ, Zhang H, Teng Y, Li R, Bai E et al. TGF-p-induced
epithelial-to-mesenchymal transition proceeds through stepwise activation
of multiple feedback loops. Sci Signal (2014) 7:ra91. doi:10.1126/scisignal.
2005304

Hong T, Watanabe K, Ta CH, Villarreal-Ponce A, Nie Q, Dai X. An Ovol2-
Zebl mutual inhibitory circuit governs bidirectional and multi-step transi-
tion between epithelial and mesenchymal states. PLoS Comput Biol (2015)
11:e1004569. doi:10.1371/journal.pcbi.1004569

53.

54.

55.

Chang H, Liu Y, Xue M, Liu H, Du S, Zhang L, et al. Synergistic action of
master transcription factors controls epithelial-to-mesenchymal transition.
Nucleic Acids Res (2016) 44:2514-27. doi:10.1093/nar/gkw126

Steinway SN, Zafiudo JG, Ding W, Rountree CB, Feith DJ, Loughran TP Jr,
et al. Network modeling of TGFp signaling in hepatocellular carcinoma
epithelial-to-mesenchymal transition reveals joint sonic hedgehog and Wnt
pathway activation. Cancer Res (2014) 74:5963-77. doi:10.1158/0008-5472.
CAN-14-0225

Gould R, Bassen DM, Chakrabarti A, Varner JD, Butcher J. Population
heterogeneity in the epithelial to mesenchymal transition is controlled by
NFAT and phosphorylated Spl. PLoS Comput Biol (2016) 12(12):e1005251.
doi:10.1371/journal.pcbi. 1005251

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Stefania and Vergara. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

November 2017 | Volume 7 | Article 274


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
https://doi.org/10.1371/journal.pone.0020804
https://doi.org/10.1371/journal.pone.0020804
https://doi.org/10.1074/mcp.M115.052910
https://doi.org/10.1074/mcp.M111.008433
https://doi.org/10.1038/s41467-017-00268-2
https://doi.org/10.1126/scisignal.
2005304
https://doi.org/10.1126/scisignal.
2005304
https://doi.org/10.1371/journal.pcbi.1004569
https://doi.org/10.1093/nar/gkw126
https://doi.org/10.1158/0008-5472.CAN-14-0225
https://doi.org/10.1158/0008-5472.CAN-14-0225
https://doi.org/10.1371/journal.pcbi.1005251
http://creativecommons.org/licenses/by/4.0/

	The Many-Faced Program of Epithelial–Mesenchymal Transition: A System Biology-Based View
	Systems Approaches for Epithelial–Mesenchymal Transition (EMT) Complexity
	System Approaches for Addressing EMT Complexity at Transcriptional Level: The EMT Face Changing Program
	Conclusion
	Author Contributions
	Funding
	References


