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Abstract: The epithelial to mesenchymal transition (EMT) is a cellular program that drives de-differentiation of cells in
both physiological and pathological processes. One of the characteristics of cells describing an EMT is the (re)acquisition
of a motility capacity that allows them to migrate through the original tissue as well as to other sites in the organism. The
molecular mechanisms that control the EMT are rapidly emerging and here we add to the idea that the adaptation
required for cells to commit to the EMT includes adjustments of the translation machinery and metabolic pathways
to cope with a high demand of extracellular components.

Introduction
The epithelial to mesenchymal transition (EMT) is a highly
conserved cellular outcome considered as a driving force of
migration-dependent processes and characterized by a
number of morphological, structural, and molecular changes
(Trepat et al., 2012; Yang et al., 2020). In order to prepare
and adapt to variable and stressful conditions encountered
during migration, cells must put in place concerted
molecular and cellular programs, some of which are the
focus of this piece.
Several in vitro and in vivo models have been
developed to study different aspects of EMT (Greco et al.,
2021). While the latter gives insightful information about
the interplay among cells and their environment, in vitro
approaches using cell-based models are advantageous to
answer speciﬁc molecular and biochemical questions
under well-deﬁned conditions. Over the last years, we
have been characterizing global differences in gene
expression and metabolism in EMT using a MCF7derived breast cancer cellular model based on the
overexpression of truncated forms of the MKL1 protein
(also known as MRTFA) that results in an EMT-like
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phenotype. While MCF7 control cells remain close to the
epithelial edge of the EMT spectrum, cells expressing a
constitutively active N-terminal domain-lacking (ΔN200)
MKL1 show characteristics of basal cells (Flouriot et al.,
2014; Kerdivel et al., 2014) that can be associated with the
breakdown of some features of intercellular cooperation
(Aktipis et al., 2015).
Main Text
We recently reported that EMT-like MKL1 ΔN200 cells show
extensive
molecular
and
biochemical modiﬁcations
(Fernández-Calero et al., 2020). Indeed, our transcriptomic and
translatomic results suggest a general boost in translation that
could be sustained by the signiﬁcant increase in the expression
and activity of several components of the protein synthesis
machinery and translation-associated factors (Fig. 1)
(Fernández-Calero et al., 2020). Higher ribosome biogenesis
was previously detected in other EMT cellular models, such as
non transformed mouse mammary gland epithelial NMuMG
and MMTV-PyMT mouse-derived Py2T mammary cell lines
treated with TGFβ, and MCF7 cells cultured under hypoxic
conditions, as well as in Wnt-driven EMT delamination and
migration of neural crest cells in chick and mouse embryonic
development (Prakash et al., 2019). Altogether, this suggests
that modiﬁcation of translation is a common characteristic of
EMT. In addition, MKL1 ΔN200 cells display deep metabolic
rewiring consistent with an enhanced Warburg-like effect
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This work is licensed under a Creative Commons Attribution 4.0 International License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

2354

TAMARA FERNÁNDEZ-CALERO et al.

FIGURE 1. Biochemical, molecular and cellular adaptations detected in truncated MKL1-dependent MCF7-derived breast cancer cellular model
during the epithelial to mesenchymal transition (EMT)-like process. The well-differentiated and polarized epithelial cells change their morphology
and cell contacts, and through a series of intermediate states, develop a de-differentiated and basal state able to migrate. For instance, basal cells
have increased expression of several components of the protein synthesis machinery and translation-associated factors such as eIF1, eIF2, eIF3,
eIF4, eIF5, eIF5A, eEF1A, eEF1B, eEF1G, and eEF2. This is accompanied by a metabolic rewiring deﬁned by changes in the expression of enzymes
involved in glucose metabolism and Tricarboxylic Acid Cycle (TCA) (glucose transporters, phosphoglucokinase, pyruvate dehydrogenase kinase,
and mitochondrial isocitrate dehydrogenase isoforms) that are in line with the measured higher concentration of oxaloacetate, fumarate and αketoglutarate (AKG). Basal cells also express signiﬁcantly higher levels of KDM2A, KDM3A, KDM6A, JARID2, and JMJD6 dioxygenases, which
could lead to epigenetic modiﬁcations (histone demethylation). Membrane structures such as lamellipodia and focal adhesions are also modiﬁed,
as well as the cytoskeleton through disassembly of E-cadherin and increased expression of, for example, actins ACTA and ACTB and keratins
KRT10-17. Finally, basal cells produce and export more extracellular matrix (ECM) proteins, mainly collagens and enzymes involved in their
processing (COL3-11-12-13-16-24, AKG-dependent collagen prolyl-hydroxylases P3H2 and P4H2, and precollagen lysyl-oxoglutarate
dioxygenases PLOD1-3), laminin (LAMA, LAMB) and ﬁbronectin (FN1).

characterized by impairment of Tricarboxylic Acid Cycle (TCA),
rise of glucose consumption and glycolysis, and ﬂux redirection
towards oxidative steps of the Pentose Phosphate Pathway
(Fig. 1) (Fernández-Calero et al., 2020). This behavior was also
detected in different cellular models of EMT (Kondaveeti et al.,
2015; Liu et al., 2016; Morandi et al., 2017; Martínez-Reyes
and Chandel, 2020). This phenotype is potentially promoted
by HIF-1α (and other regulatory factors) (Semenza, 2017), as
suggested by changes in the expression of glucose transporters,
phosphoglucokinase, pyruvate dehydrogenase kinase, and
mitochondrial isocitrate dehydrogenase isoforms. In addition,
using metabolomics approaches, we detected higher
concentration of oxaloacetate, fumarate, and mainly, αketoglutarate (AKG) in MKL1 ΔN200 cells, which is consistent
with modiﬁed usage of TCA enzymes (Fernández-Calero et al.,
2020 and references therein), as exempliﬁed by the switch
from IDH3 to IDH2 isoform that enables cycle reversal.
The above-described rewiring is associated with a nonproliferative state of MKL1 ΔN200 cells as pointed out by
maintenance of cell number and repression of proliferationassociated genes (Prakash et al., 2019; Fernández-Calero et al.,
2020). Rather, cells augment their size, which is accompanied by
development of cellular structures and triggering of molecular
programs that are both related to migrating phenotypes.
Does this context support cell migration?
MKL1 ΔN200 cells acquire migration-related features
exempliﬁed by modiﬁcation of cytoskeleton components
(actins ACTA and ACTB, keratins KRT10-17), disassembly

of E-cadherin (Kerdivel et al., 2014), and adjustment of cellcell junction types, lamellipodia-like structures and focal
adhesions (Fig. 1) (Fernández-Calero et al., 2020).
Noteworthy, the latter could be fueled by the preferential
expression of many integrin genes (particularly ITGA1 and
ITGA5), several of which have been associated with EMT
and metastasis (Gharibi et al., 2017; Deng et al., 2019;
Janiszewska et al., 2020). Moreover, these cells display
increased expression of genes implicated in synthesis and
export of extracellular matrix (ECM) proteins, mainly
collagens and enzymes involved in their processing
(COL3-11-12-13-16-24, AKG-dependent collagen prolylhydroxylases P3H2 and P4H2, and precollagen lysyloxoglutarate dioxygenases PLOD 1-3), laminin (LAMA,
LAMB) and ﬁbronectin (FN1) (Fig. 1) (Fernández-Calero et
al., 2020). Secretion of ECM components is a well-known
characteristic of cancer cells that contribute to (re)deﬁne the
composition of the matrix to facilitate cell migration and
tumor progression (Naba et al., 2012, 2014). Importantly,
the high demand of protein synthesis imposed by the
production of ECM components could be sustained by the
above-mentioned high expression of translation-associated
factors, which is in turn promoted, attractively, via favoring
their own translation (Fernández-Calero et al., 2020). Of
note, these observations are consistent with the description of
circulating tumor cells derived from breast tumors that overexpress ribosomal proteins (Ebright et al., 2020). Furthermore,
the high concentration of AKG, which is a key hub metabolite
for several processes, could also add to the phenotypic
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adaptations induced by MKL1. For instance, AKG favors
biosynthetic processes since it is used to hydroxylate collagen’s
prolines and lysines at the endoplasmic reticulum (Krane,
2008; Rappu et al., 2019) and supports biosynthesis of lipids
exported towards the extracellular matrix (ECM) and required
to increase cell size (Reitman and Yan, 2010; Martínez-Reyes
and Chandel, 2020). Moreover, AKG promotes epigenetic
modiﬁcations through activation of histone demethylation by
speciﬁc dioxygenases (Tsukada et al., 2006; Salminen et al.,
2015; Liu et al., 2017; Rhoads and Anderson, 2020) and
regulates the redox state through NADP to NADPH
conversion at the expense of NADH oxidation (Mullen et al.,
2014; Ju et al., 2020; Sharma and Ramanathan, 2020).
The above-mentioned attributes are coherent with the
phenotype of detaching cells. However, are cells actually
migrating in our model? Our experiments showed that
although MKL1 ΔN200 cells continuously expand their size
when maintained in regular liquid medium, the population
viability decreases over time. However, if cells are cultured
in a moving-favorable context such as Matrigel, they remain
alive and migrate (Fernández-Calero et al., 2020). This
result points towards the importance of migration as an
alternative and viable output for such cells that occurs in
particular scenarios. Indeed, the experiments performed
suggest that the composition and nature of the pre-existing
environment are essential for cells to develop their fully
motile capacity. Therefore, further studies are required to
deﬁne to what extent MKL1 ΔN200 cells depend on the
matrix and if its nature induces extra changes on gene
expression towards more migration-associated signatures.
Indeed, ECM composition drives, for example, stem cell
migration and differentiation resulting in fundamental
consequences on cell and tissue functions and is also
decisive in ﬁbroblast proliferation and migration during
wound healing and tissue regeneration (Jiang et al., 2016).
ECM composition underlies ECM stiffness, geometry
interaction with cell receptors, as well as several
physicochemical parameters that together work as major
determinants of cell fate and behavior in the tissue (Druso
and Fischbach, 2018; Winkler et al., 2020). This is
particularly relevant for breast cancer cells, since their ability
to metastasize and invade new tissues largely depends on
the physicochemical characteristics of the ECM where the
original tumor had developed (Spill et al., 2016; He et al.,
2017; Watson et al., 2021). Therefore, cells and ECM
constitute a single unit sustained by a bidirectional interplay
that relies on mutual modiﬁcations and that ultimately leads
to their own constant variation and adaptation (van Helvert
et al., 2018; Winkler et al., 2020).
Conclusions and perspectives
As any other cellular program, migration requires a concerted
adaptation plan. In reaching such a state, cells modify central
features of cooperation that characterize multicellularity to
sustain detachment and migration, and the above-described
mechanisms provide, at least in part, the context and fuel to
dialogue with the ECM and face this stressful quest. Moreover,
the regulation of gene expression at the translation step
appears strategic for cells to cope with continuous cues rising
throughout migration and colonization of new environments,

2355

and to be ready to proliferate immediately once they have
colonized a secondary site. Addressing these questions requires
a combination of in vivo and in vitro approaches to further
analyze the steps followed by soon-to-migrate cells and to
characterize the cell-environment system as a whole, which
would contribute to unravel the relationship between cancerrelated EMT and ancestral networks, and to identify putative
targets to block dissemination of migrating tumor cells.
Acknowledgement: The authors would like to thank Dr.
Gilles Flouriot for useful discussions and technical
assistance. Figures were created with BioRender.com
(Agreement No. DF23DM5I8P).
Availability of Data and Materials: Not applicable.
Author Contribution: The authors conﬁrm contribution to
the paper as follows: study conception and design: TF-C,
RE, MM; draft manuscript preparation: TF-C, IL, MD, CC,
RE, MM; ﬁgure assembly: IL, MD, RE. All authors reviewed
the article text and approved the ﬁnal version of the
manuscript.
Ethics Approval: Not applicable.
Funding Statement: This work was partially supported by
Fondo Clemente Estable (ANII) and PEDECIBA from
Uruguay. T. Fernández-Calero received fellowships from
CAP-Universidad de la República, ANII and the Embassy of
France in Uruguay. M. Davyt received a fellowship from
CSIC-Universidad de la República.
Conﬂicts of Interest: The authors declare that they have no
conﬂicts of interest to report regarding the present study.
References
Aktipis CA, Boddy AM, Jansen G, Hibner U, Hochberg ME et al.
(2015). Cancer across the tree of life: Cooperation and
cheating in multicellularity. Philosophical Transactions of
the Royal Society B: Biological Sciences 370: 20140219. DOI
10.1098/rstb.2014.0219.
Deng Y, Wan Q, Yan W (2019). Integrin α5/ITGA5 promotes the
proliferation, migration, invasion and progression of oral
squamous carcinoma by epithelial-mesenchymal transition.
Cancer Management and Research 11: 9609–9620. DOI
10.2147/CMAR.
Druso JE, Fischbach C (2018). Biophysical properties of extracellular
matrix: Linking obesity and cancer. Trends in Cancer 4: 271–
273. DOI 10.1016/j.trecan.2018.02.001.
Ebright RY, Lee S, Wittner BS, Niederhoffer KL, Nicholson BT et al.
(2020). Deregulation of ribosomal protein expression and
translation promotes breast cancer metastasis. Science 367:
1468–1473. DOI 10.1126/science.aay0939.
Fernández-Calero T, Davyt M, Perelmuter K, Chalar C, Bampi G
et al. (2020). Fine-tuning the metabolic rewiring and
adaptation of translational machinery during an epithelialmesenchymal transition in breast cancer cells. Cancer &
Metabolism 8: 8. DOI 10.1186/s40170-020-00216-7.
Flouriot G, Huet G, Demay F, Pakdel F, Boujrad N et al. (2014). The
actin/MKL1 signalling pathway inﬂuences cell growth and
gene
expression
through
large-scale
chromatin

2356

reorganization and histone post-translational modiﬁcations.
Biochemical Journal 461: 257–268. DOI 10.1042/BJ20131240.
Gharibi A, La Kim S, Molnar J, Brambilla D, Adamian Y et al. (2017).
ITGA1 is a pre-malignant biomarker that promotes therapy
resistance and metastatic potential in pancreatic cancer.
Scientiﬁc Reports 7: 10060. DOI 10.1038/s41598-017-09946-z.
Greco L, Rubbino F, Morelli A, Gaiani F, Grizzi F et al. (2021).
Epithelial to mesenchymal transition: A challenging
playground for translational research. current models and
focus on TWIST1 relevance and gastrointestinal cancers.
International Journal of Molecular Sciences 22: 11469. DOI
10.3390/ijms222111469.
He F, Chiou AE, Loh HC, Lynch M, Seo BR et al. (2017). Multiscale
characterization of the mineral phase at skeletal sites of
breast cancer metastasis. PNAS 114: 10542–10547. DOI
10.1073/pnas.1708161114.
Janiszewska M, Primi MC, Izard T (2020). Cell adhesion in cancer:
Beyond the migration of single cells. Journal of Biological
Chemistry 295: 2495–2505. DOI 10.1074/jbc.REV119.007759.
Jiang M, Qiu J, Zhang L, Lü D, Long M et al. (2016). Changes in tension
regulates proliferation and migration of ﬁbroblasts by remodeling
expression of ECM proteins. Experimental and Therapeutic
Medicine 12: 1542–1550. DOI 10.3892/etm.2016.3497.
Ju HQ, Lin JF, Tian T, Xie D, Xu RH (2020). NADPH homeostasis in
cancer: Functions, mechanisms and therapeutic implications.
Signal Transduction and Targeted Therapy 5: 231. DOI
10.1038/s41392-020-00326-0.
Kerdivel G, Boudot A, Habauzit D, Percevault F, Demay F et al.
(2014). Activation of the MKL1/actin signaling pathway
induces hormonal escape in estrogen-responsive breast
cancer cell lines. Molecular and Cellular Endocrinology 390:
34–44. DOI 10.1016/j.mce.2014.03.009.
Kondaveeti Y, Guttilla Reed IK, White BA (2015). Epithelialmesenchymal transition induces similar metabolic
alterations in two independent breast cancer cell lines.
Cancer Letters 364: 44–58. DOI 10.1016/j.canlet.2015.04.025.
Krane SM (2008). The importance of proline residues in the structure,
stability and susceptibility to proteolytic degradation of collagens.
Amino Acids 35: 703–710. DOI 10.1007/s00726-008-0073-2.
Liu M, Quek LE, Sultani G, Turner N (2016). Epithelialmesenchymal transition induction is associated with
augmented glucose uptake and lactate production in
pancreatic ductal adenocarcinoma. Cancer & Metabolism 4:
19. DOI 10.1186/s40170-016-0160-x.
Liu PS, Wang H, Li X, Chao T, Teav T et al. (2017). α-ketoglutarate
orchestrates macrophage activation through metabolic and
epigenetic reprogramming. Nature Immunology 18: 985–
994. DOI 10.1038/ni.3796.
Martínez-Reyes I, Chandel NS (2020). Mitochondrial TCA cycle
metabolites control physiology and disease. Nature
Communications 11: 102. DOI 10.1038/s41467-019-13668-3.
Morandi A, Taddei ML, Chiarugi P, Giannoni E (2017). Targeting
the metabolic reprogramming that controls epithelial-tomesenchymal transition in aggressive tumors. Frontiers in
Oncology 7: 1420. DOI 10.3389/fonc.2017.00040.
Mullen AR, Hu Z, Shi X, Jiang L, Boroughs LK et al. (2014).
Oxidation of alpha-ketoglutarate is required for reductive
carboxylation in cancer cells with mitochondrial defects.
Cell Reports 7: 1679–1690. DOI 10.1016/j.celrep.2014.04.037.
Naba A, Clauser KR, Hoersch S, Liu H, Carr SA et al. (2012). The
matrisome: In silico deﬁnition and in vivo characterization

TAMARA FERNÁNDEZ-CALERO et al.

by proteomics of normal and tumor extracellular matrices.
Molecular & Cellular Proteomics 11: M111.014647. DOI
10.1074/mcp.M111.014647.
Naba A, Clauser KR, Whittaker CA, Carr SA, Tanabe KK et al.
(2014). Extracellular matrix signatures of human primary
metastatic colon cancers and their metastases to liver. BMC
Cancer 14: 518. DOI 10.1186/1471-2407-14-518.
Prakash V, Carson BB, Feenstra JM, Dass RA, Sekyrova P et al.
(2019). Ribosome biogenesis during cell cycle arrest fuels
EMT in development and disease. Nature Communications
10: 2110. DOI 10.1038/s41467-019-10100-8.
Rappu P, Salo AM, Myllyharju J, Heino J (2019). Role of prolyl
hydroxylation in the molecular interactions of collagens.
Essays in Biochemistry 63: 325–335. DOI 10.1042/
EBC20180053.
Reitman ZJ, Yan H (2010). Isocitrate dehydrogenase 1 and 2
mutations in cancer: Alterations at a crossroads of cellular
metabolism. JNCI: Journal of the National Cancer Institute
102: 932–941. DOI 10.1093/jnci/djq187.
Rhoads TW, Anderson RM (2020). Alpha-ketoglutarate, the
metabolite that regulates aging in mice. Cell Metabolism 32:
323–325. DOI 10.1016/j.cmet.2020.08.009.
Salminen A, Kauppinen A, Kaarniranta K (2015). 2-Oxoglutaratedependent dioxygenases are sensors of energy metabolism,
oxygen availability, and iron homeostasis: Potential role in
the regulation of aging process. Cellular and Molecular Life
Sciences 72: 3897–3914. DOI 10.1007/s00018-015-1978-z.
Semenza GL (2017). Hypoxia-inducible factors: Coupling glucose
metabolism and redox regulation with induction of the
breast cancer stem cell phenotype. EMBO Journal 36: 252–
259. DOI 10.15252/embj.201695204.
Sharma R, Ramanathan A (2020). The aging metabolome—
biomarkers to hub metabolites. Proteomics 20: 1800407.
DOI 10.1002/pmic.201800407.
Spill F, Reynolds DS, Kamm RD, Zaman MH (2016). Impact of the
physical microenvironment on tumor progression and
metastasis. Current Opinion in Biotechnology 40: 41–48.
DOI 10.1016/j.copbio.2016.02.007.
Trepat X, Chen Z, Jacobson K (2012). Cell migration. Comprehensive
Physiology 2: 2369–2392. DOI 10.1002/cphy.
Tsukada Y, Fang J, Erdjument-Bromage H, Warren ME, Borchers
CH et al. (2006). Histone demethylation by a family of
JmjC domain-containing proteins. Nature 439: 811–816.
DOI 10.1038/nature04433.
van Helvert S, Storm C, Friedl P (2018). Mechanoreciprocity in cell
migration. Nature Cell Biology 20: 8–20. DOI 10.1038/s41556017-0012-0.
Watson AW, Grant AD, Parker SS, Hill S, Whalen MB et al. (2021).
Breast tumor stiffness instructs bone metastasis via
maintenance of mechanical conditioning. Cell Reports 35:
109293. DOI 10.1016/j.celrep.2021.109293.
Winkler J, Abisoye-Ogunniyan A, Metcalf KJ, Werb Z (2020).
Concepts of extracellular matrix remodelling in tumour
progression and metastasis. Nature Communications 11:
5120. DOI 10.1038/s41467-020-18794-x.
Yang J, Antin P, Berx G, Blanpain C, Brabletz T et al. (2020). Guidelines
and deﬁnitions for research on epithelial-mesenchymal
transition. Nature Reviews Molecular Cell Biology 21: 341–352.
DOI 10.1038/s41580-020-0237-9.

