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Abstract

Epithelial‐to‐mesenchymal transition (EMT) is a complex biological process that

occurs during normal embryogenesis and in certain pathological conditions,

particularly in cancer. EMT can be viewed as a cell biology‐based process, since

it involves all the cellular components, including the plasma membrane,

cytoskeleton and extracellular matrix, endoplasmic reticulum, Golgi apparatus,

lysosomes, and mitochondria, as well as cellular processes, such as regulation of

gene expression and cell cycle, adhesion, migration, signaling, differentiation, and

death. Therefore, we propose that EMT could be used to motivate undergraduate

medical students to learn and understand cell biology. Here, we describe and

discuss the involvement of each cellular component and process during EMT. To

investigate the density with which different cell biology concepts are used in

EMT research, we apply a bibliometric approach. The most frequent cell biology

topics in EMT studies were regulation of gene expression, cell signaling, cell cycle,

cell adhesion, cell death, cell differentiation, and cell migration. Finally, we

suggest that the study of EMT could be incorporated into undergraduate

disciplines to improve cell biology understanding among premedical, medical and

biomedical students.
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1 | INTRODUCTION

Although a close interaction between cell biology and medicine

would be beneficial for both fields, we have shown that the two

areas have different vocabularies and translation of basic

concepts into medical applications need to be improved (Azevedo

et al., 2021). Curiously, in spite of Flexner's recommendation in

his report of 1910 to include basic science in medical education

(Flexner, 1910), to this day there is still a tension between the

time dedicated to teaching basic science (such as cell biology)

versus clinical subjects. Cell biology is often part of the first‐year

medical curriculum. Teaching cell biology to medical students can

be challenging because students often lack enough interest to

commit to a high‐content cell biology course and they do not

understand the importance of this basic knowledge to their future

medical practice (Schoenmaker et al., 2020). Here, we sought to

overcome this hurdle by using concepts related to the epithelial‐

to‐mesenchymal transition (EMT) to teach cell biology to medical

students.

EMT is a highly complex and dynamic event that plays a key role

in tissue remodeling, not only during normal embryonic development

but also in several pathological conditions, such as wound healing,

fibrosis, and cancer (Dongre & Weinberg, 2019; Inan & Hayran, 2019).

During normal development, EMT participate in blastula formation,

gastrulation, neural crest delamination, somitogenesis, and in endo-

cardium and endocardial cushion formation (Nakaya & Sheng, 2013).

Figure 1 illustrates different types of EMT that occur during normal

physiology and pathology.
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In EMT, during the process of differentiating into mesenchymal

cells, the epithelial cells lose epithelial characteristics and acquire

mesenchymal traits (Figures 1 and 2). EMT involves all cellular

organelles, structures, and processes (Figure 2), and therefore it can

be viewed as both a basic cell biology topic as well as a highly

relevant medical topic, because of its importance in cancer. Thus, we

suggest that EMT could be used to motivate medical students to

learn and understand cell biology. In 2007 we published a list with a

suggestion of essential cell biology topics for biomedical under-

graduate courses (Mermelstein & Costa, 2017). To facilitate the use

of cell biology contents in medical courses as a teaching approach, we

describe below the involvement of all cellular organelles, structures,

and processes in EMT (Table 1).

2 | A BRIEF COMPENDIUM OF
EMT‐ INDUCED CHANGES IN ORGANELLES
AND CELLULAR PROCESSES IN
EUKARYOTIC CELLS

2.1 | Organelles and cellular structures

2.1.1 | Plasma membrane

The plasma membrane surrounding eukaryotic cells functions

simultaneously as a barrier and a selective portal for the entry

and exit of ions, small molecules, and signals. Plasma membrane is

involved in cell adhesion, signaling, death and migration, among

F IGURE 1 Schematic view of epithelial to mesenchymal transition (EMT) process in normal physiology and in pathology. EMT processes
during neural crest delamination (a), wound healing (b) and cancer invasion (c) are represented. In the three examples, epithelial cells differentiate
into migratory mesenchymal cells during EMT events. At the border of the neural plate, neural crest cells delaminate (an EMT event, shown in a)
and gives rise to different cell derivatives in embryos. During wound healing (shown in b), extracellular matrix components play a key role in the
transition of epithelial to mesenchymal cells. The process of cancer invasion in illustrated in (c). After EMT, tumor cells can invade the
neighboring tissue parenchyma and invade into the blood or lymphatic vessels.ECM, extracellular matrix, N, notochord, NC, neural crest cells,
NT, neural tube.

F IGURE 2 Schematic view of the alterations that occur in cellular components during epithelial to mesenchymal transition (EMT) process. In
EMT, epithelial cells differentiate into mesenchymal cells and during this process they lose epithelial characteristics and acquire mesenchymal
traits. Changes in several cellular organelles and structures that occur during EMT are shown in the scheme. AJ, adherens junctions,
C, centrosome, DS, desmosomes, ECM, extracellular matrix, EV, extracellular vesicles, FA, focal adhesions, GJ, gap junctions,
HD, hemidesmosomes, IF, intermediate filaments, MF, actin microfilaments, MT, microtubules, MV, microvilli, N, nucleus, TJ, tight junctions.
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several other functions. To pursue all these diverse functions, the

plasma membrane is highly dynamic and can change its shape and

composition very rapidly. Membrane specialization varies

according to cell type and the demand for its activity, including

microvilli, lamellipodia, filopodia, ruffled membranes, spikes, cilia,

stereocilia, primary cilia, flagella, lipid rafts, and adhesion

sites. Among changes in the plasma membrane that have been

reported to occur during EMT, there are alterations in the

expression of membrane proteins and lipids, the disorganization

of microvilli from epithelial cells, alterations in adhesion

sites, changes in the fluidity of the lipid double layer, and many

others (Azimi & Monteith, 2016). Different classes of membrane

proteins participate in EMT, such as adhesion proteins (E‐ and

N‐cadherins, CAMs), ion channels (sodium, potassium, chloride,

and calcium) and receptors. Alterations in the content and

metabolism of membrane lipids also occur (Sabtu et al., 2021;

Sánchez‐Martínez et al., 2015).

2.1.2 | Lipid rafts

Membrane microdomains, also called lipid rafts, are specialized

regions of the plasma membrane organized by a high concentration

of cholesterol, sphingolipids, and specific proteins such as caveolins,

flotillins and GPI‐anchored proteins. These microdomains usually

interact with cytoskeletal filaments at their cytoplasmic face. Rafts

have been implicated in vesicular trafficking and sorting, endocytosis,

exocytosis, signal transduction, neurotransmission, virus‐host cell

fusion, myoblast fusion, and spermatozoid‐oocyte fusion. Interest-

ingly, it has been reported that EMT‐induced cell motility requires

destabilization of lipid rafts (Tisza et al., 2016). Furthermore, raft

disorganization by membrane cholesterol depletion alters breast

tumor cell migration (F. S. Guerra et al., 2016). Importantly, the

concepts underlying the existence of lipid rafts in biological

membranes have been questioned in the last years. Although it is

still not completely clear how these lipid platforms are formed and

TABLE 1 The main alterations that occur in organelles, structures, and cellular processes during EMT

Cellular organelle, structure and process Alterations during EMT

Organelles and cellular structures

Plasma membrane Change in the expression of membrane proteins and lipids, disappearance of microvilli, increase in
membrane fluidity

Lipid rafts Change in the composition and distribution of lipid rafts

Cytoskeleton Rearrangement of cytoskeletal filaments distribution, switch from cytokeratins to vimentin

Cell adhesions and junctions Loss of cell‐cell junctions (tight junctions and desmosomes), changes in cell‐matrix adhesion

Extracellular matrix (ECM) Increase in secretion of pro‐invasive matrix metalloproteinases, upregulation of fibrillary matrix
components

Nucleus Repositioning and deformation of the nucleus

Endoplasmic reticulum Repositioning of the endoplasmic reticulum, activation of endoplasmic‐reticulum stress (ERS)

Golgi apparatus Golgi compaction and repositioning, changes in the expression of glycoproteins

Lysosomes and ubiquitin‐proteasome
system (UPS)

Degradation of epithelial‐derived molecules (such as E‐cadherin) and EMT‐related proteins are
degraded by UPS

Mitochondria Mitochondrial dysfunction and deregulated mitophagy

membraneless organelles key players driving EMT are intrinsically disordered proteins (IDPs)

Cellular Processes

Regulation of gene expression Downregulation of E‐cadherin, claudins, occludins and cytokeratins, and upregulation of N‐cadherin,
vimentin, fibronectin, and alpha‐smooth muscle actin, and change in epigenetic signature

Cell migration Cells acquire a highly‐motility status, change in the expression and distribution of cytoskeletal
proteins

Cell communication and signaling Several signaling pathways (particularly TGF‐β) activate EMT‐transcription factors

Endocytosis and exocytosis EMT accelerates endocytosis and exocytosis and changes its cargo molecules

Cell cycle multiple molecular routes (signaling pathways) to drive proliferation

Cell death Elevated resistance to apoptosis

Autophagy Autophagy prevents EMT by the downregulation of EMT‐transcription factors

Cell differentiation Epithelial cells differentiate into mesenchymal cells
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how they function, recent methodological breakthroughs resolved

existing controversies and the field is moving towards understanding

their physiological significance (Levental et al., 2020).

2.1.3 | Cytoskeleton

The cytoskeleton is a dynamic system of filamentous proteins that

are present in the cytoplasm and within the nucleus of eukaryotic

cells. The three major types of cytoskeletal filaments are microfila-

ments (MF), microtubules (MT), and intermediate filaments (IF), which

are classified according to diameter. MF are made of actin; MT of

tubulin; and IF are made of several proteins that are cell type specific.

IF proteins include cytokeratins, which are specifically expressed in

epithelial cells; vimentin, a protein that is a mesenchymal cell‐specific

protein; desmin, a muscle‐specific protein; and lamins, proteins that

are found within the nucleus (in the nuclear lamina) and are involved

in mitosis. The three cytoskeletal systems have distinct distributions

within cells: MF concentrates near the plasma membrane, in adhesion

sites and in membrane specializations (such as, microvilli, tight

junctions [TJ], and adherents junctions); MT concentrate near the

nucleus, in the microtubule‐organizing center, and in the cytoplasm

participating in vesicular traffic; and IF distribute in the whole

cytoplasm, with a particular concentration in adhesion sites (such as

desmosomes and hemidesmosomes), and within the nucleus where

lamins are found attached to the inner nuclear membrane. During

EMT, there is a cytoskeleton rearrangement and IF typically switch

from cytokeratins to vimentin expression (Savagner, 2010). Further-

more, the acquisition of an EMT‐migratory phenotype is associated

with an increase in cell stiffness and tensegrity (C. Y. Liu et al., 2015).

2.1.4 | Cell adhesions and junctions

Epithelial cells possess several types of cell−cell junctions, including

TJ, adherent junctions (AJ), desmosomes junctions (DJ), and gap

junctions (GJ). Among them, TJ are known to play important roles in

the formation and maintenance of epithelial cell polarity, creating

distinct apical and basolateral membrane domains (Brennan, et al.,

2010). Each domain has different protein and lipid compositions, and

different functions. TJ form a physical barrier preventing the passage

of molecules between adjacent epithelial cells and preventing the

diffusion and mixture of lipids and proteins between the two

domains. Two families of transmembrane proteins, claudins and

occludins, are responsible for the formation of TJ, and they interact

with actin MF at the cytoplasmic face of the junction. AJ and DJ are

found in the lateral membrane between two adjacent epithelial cells

and are formed by members of the family of transmembrane

glycoproteins cadherins. In AJ, cadherins interact with the actin

microfilament in the cytoplasm via the adapter/signaling protein

beta‐catenin, whereas in DJ, cadherins interact with IF via de adapter

protein desmoplakin. On the other hand, GJ form channels between

adjacent cells that mediate the exchange of small molecules and ions,

and channels are formed by the transmembrane proteins connexins.

A hallmark of EMT is the loss of cellular junctions, particularly TJ

(Wittekind & Neid, 2005). Surprisingly, new evidence suggests that TJ

molecules can either promote or suppress EMT depending on their

localization (basolateral membrane or in the nucleus) and cancer type

(Kyuno et al., 2021).

2.1.5 | Extracellular matrix (ECM)

The ECM is composed of proteins, glycosaminoglycans and glycocon-

jugates that are secreted from cells, and they organize extracellularly

into a three‐dimensional network. ECM regulates cell adhesion,

proliferation, survival, differentiation, signaling, migration, and death

(Karamanos et al., 2021). ECM proteins/glycoproteins, such as collagen,

elastin, laminin, fibronectin, and tenascin, bind to specific plasma

membrane receptors and transduce signals to the interior of the cell.

ECM‐mediated signaling, including mechanotransduction pathways, can

lead to EMT‐associated changes in cell morphology, cytoskeletal

organization, adhesion junctions and gene expression. The role of

ECM during EMT includes increased secretion of matrix metalloprotei-

nases (MMP) which are involved in the activation of a cell migratory

state, and the upregulation of fibrillary matrix components which drives

changes in tissue stiffness (Scott et al., 2019).

2.1.6 | Nucleus

The nucleus is an organelle formed by two lipid bilayers, the outer

and the inner nuclear membranes, which together create the nuclear

envelope. The origin of the nucleus is a hallmark in the evolution of

eukaryotic cells, since it provides, at the same time, a compartment

for the genetic material of the cell, and allows more complex gene

expression regulation than in prokaryotes. The nucleus is spatially

organized in several specialized domains or subnuclear organelles,

including the heterochromatin, nucleolus, Cajal bodies, nuclear

speckles, and promyelocytic leukemia protein bodies (Spector,

2001). The nuclear envelope possesses several pores, formed by a

multiprotein complex, which allows the selective traffic of RNA and

proteins between the interior of the nucleus and the cytoplasm. The

outer nuclear membrane is linked to the three cytoskeletal filaments

(MT, MF, and IF). The inner nuclear membrane is linked to the nuclear

lamina, a thin network of the IF lamins. Several organelles and

cytoskeletal filaments interact with the outer nuclear membrane, in

the perinuclear space, which has a high concentration of proteins

associated with cancer (Do Amaral et al., 2022). During EMT there is

a repositioning of the nucleus, which moves to the posterior end of

migrating cells. Disruption of normal cell‐cell adhesion causes

changes in microtubule organization that can in turn deform nuclei

and upregulate the activity of pro‐EMT transcription factors (Garcia

et al., 2022). Furthermore, recent data reveal that EMT alters the

organization of nuclear domains and the spatiotemporal organization

of the genome.
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2.1.7 | Endoplasmic reticulum (ER)

The ER is a dynamic organelle that is involved in many functions in

eukaryotic cells, including protein and lipid synthesis and distribution,

calcium storage, and responses to cellular stress (Blackstone & Prinz,

2016). ER stress response (ERS) is related to the accumulation of

misfolded proteins in the ER and induces the unfolded protein

response (UPR) process. The proliferation and metabolism of cancer

cells induce oxidative stress, hypoxia, and depletion of growth factors

and nutrients, which lead to UPR. Many G protein‐coupled receptors

(GPCRs) modulate ERS and UPR signaling via ERS sensors to support

cancer cell survival and inhibit cell death (N. Kumari et al., 2021).

GPCRs also upregulate mesenchymal transcription factors including

Snail, zinc finger E‐box‐binding homeobox (ZEB), and Twist. In

colorectal cancer cells ERS depends on the induction of transcription

factor ZEB‐1 (Zeindl‐Eberhart et al., 2014). In the absence of ZEB‐1,

colorectal cancer cells do not initiate ERS as a reaction to cellular

stress situations such as hypoxia or starvation.

2.1.8 | Golgi apparatus

The Golgi apparatus is an organelle composed of stacks of flat,

membrane‐bound structures called cisternae, which are classified as cis,

medial, trans, cis Golgi network and trans Golgi network. Among the

main Golgi functions are post‐translational modifications in proteins,

sorting and packing of protein for transport to other cellular destinations

(J. Liu et al., 2021). Each Golgi cisterna contains a different set of

enzymes specific to perform protein modifications. Alterations in Golgi

structure and function are associated with several diseases, including

inflammation, neurodegeneration, and cancer (Makhoul et al., 2019). It

has been proposed that the changes in epithelial to mesenchymal

phenotypes that occurs during EMT demands major alterations in Golgi

(Bisel et al., 2008). Golgi fragmentation is often seen in tumor cell lines

and in various tumor tissue types from patients (Zhang, 2021). It has

been shown that EMT drives a prometastatic Golgi compaction process

through the scaffolding proteins PAQR3 and PAQR11 (Guo et al., 2016;

Tan et al., 2017).

2.1.9 | Lysosomes and ubiquitin‐proteasome
system (UPS)

The lysosome has been known for many years as a membrane‐enclosed

organelle responsible for the degradation of a variety of biological

macromolecules, including proteins, lipids, carbohydrates, and nucleic

acids (Ballabio & Bonifacino, 2020). However, recent studies have shown

that lysosomes also have an important role in cell signaling, as they are

involved in the regulation of several intracellular signaling pathways such

as mammalian target of rapamycin and Wnt/beta‐catenin pathways

(Lawrence & Zoncu, 2019). Additionally, lysosomes are considered to act

as nutrient‐sensing organelles that help to ensure metabolic and cellular

homeostasis, and they participate in membrane trafficking and recycling.

It has been shown that lysosomes are involved in EMT, as they can

degrade epithelial‐derived molecules such as E‐cadherin to induce EMT,

thereby enhancing cancer cell invasiveness and metastasis (H. Liu et al.,

2017). Besides lysosomes, calpains and the UPS are also responsible for

the degradation of macromolecules within eukaryotic cells, and they

all have been implicated in EMT. Ubiquitination and deubiquitination

have major roles in the onset and progression of EMT (Basu & Ghosh,

2022). Transcription factors regulating EMT (Snail, Twist and Zeb) are

extremely labile proteins, rapidly degraded by the proteasome system

(Díaz et al., 2014).

2.1.10 | Mitochondria

Mitochondria are organelles that not only participate in the highly

efficient generation of ATP, but also have roles in cell death,

autophagy, cell differentiation, cell migration, cellular metabolism,

senescence, and stem cell maintenance (Giacomello et al., 2020).

Mitochondria are very dynamic structures that can move within the

cytoplasm along MT to differentially provide ATP to specific regions

in cells. Alterations in mitochondrial function have been related to

multiple diseases, including EMT associated with cancer (Sessions &

Kashatus, 2021). The inhibition of mitochondrial function by

oligomycin and antimycin A induces the expression of vimentin,

Snail and Slug and reduces the expression of E‐cadherin (Han et al.,

2018). Further, it has been shown that mitochondrial dysfunction

owing to deregulated mitophagy, depletion of the mitochondrial

genome or mutations in Krebs' cycle enzymes, such as succinate

dehydrogenase, fumarate hydratase, and isocitrate dehydrogenase,

activate the EMT gene signature (F. Guerra et al., 2017).

2.1.11 | Membraneless organelles and intrinsically
disordered proteins (IDPs)

Eukaryotic cells have organelles that are membrane‐bound or membra-

neless (MLO). Examples of MLO organelles are centrosomes, nucleoli,

Cajal bodies, P‐bodies, stress granules and the perinuclear region of cells

(Do Amaral et al., 2022; Gomes & Shorter, 2019). MLO enable a dynamic

spatiotemporal organization of molecules within the cellular space.

Proteins with intrinsically disordered domains are particularly enriched

in MLO. IDPs are particularly prone to mediate intracellular signaling

processes because disordered sequences have the potential to bind to

multiple partners (Wright & Dyson, 2015). Key players driving EMT,

including ZEB1 and SNAI1, are IDPs (Mooney et al., 2016).

2.2 | Cellular processes

2.2.1 | Regulation of gene expression

Although all cells in the body share the same genome, a particular set

of genes is expressed in each cell in a given moment and location,
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which determines its phenotype. Since EMT is defined as a change in

phenotype, it is characterized by the activation of a plethora of genes

associated with cell migration, changes in cell shape, disorganization

of cell junctions, cytoskeleton rearrangements, and ECM degradation.

A family of transcriptional factors, so‐called “EMT master

genes,” including Snail, Slug, Twist, SIP1/Zeb, and E47 regulates

several downstream genes associated with these events (Goossens

et al., 2017). The expression of E‐cadherin, EpCAM, claudins,

occludins, and cytokeratins are characteristic of the epithelial

phenotype, whereas expression of vimentin, fibronectin, and alpha‐

smooth muscle actin (α‐SMA) are characteristic of the mesenchymal

phenotype (Lamouille et al., 2014), and EMT master genes modulate

their expression. Epigenetics, the determinants of gene features

other than DNA sequence, are also involved in gene regulation during

EMT (Lin et al., 2014). Histone modifications and DNA methylation

are highly dynamic epigenetic events that can silence or activate

genes. For example, Snail can recruit multiple chromatin enzymes to

the E‐cadherin promoter and thus generate heterochromatin at the

promoter region (Lin et al., 2014).

2.2.2 | Cell migration

Cell migration is a complex and highly dynamic cellular process which

involves the formation of polarized cells, with a front end and a rear

end, that directs cell movement (Friedl & Wolf, 2010). Cell migration

is driven by the three cytoskeletal systems and their association with

the plasma membrane. Several membrane protrusions, such as

lamellipodia and filopodia, are formed at the front edge of a migrating

cell, whereas there is a retraction of the membrane at the rear end of

the cell (Krause & Gautreau, 2014). Lamellipodia and filopodia are

filled with actin filaments and actin‐associated proteins, such as

ARP2/3, WASP, fascin and tropomyosin, which regulate actin

polymerization and spatial organization. During EMT, the acquisition

of an invasive mesenchymal phenotype is highly dependent on the

concomitant acquisition of a migratory status (Aiello et al., 2018). To

enter a highly motile condition, cells undergoing EMT display

profound changes in cell−cell adhesion junctions, microvilli, cell‐

matrix adhesions, membrane fluidity, cytoskeleton, and ECM

reorganization, expression of proinvasive MMPs, repositioning of

nucleus, ER, and Golgi, among other alterations.

2.2.3 | Cell communication and signaling

Multicellularity offers the benefit of functional specialization of cells,

but it also creates the need for communication between cells (West

et al., 2015). Cells can communicate across short (autocrine,

paracrine, and synaptic) and/or long distances (endocrine) and during

the evolution of multicellular organisms many types of cell

communication have appeared. Cell communication involves the

activation of intracellular signaling pathways. A classical signaling

pathway includes a signal molecule (also called ligand or first

messenger), a receptor for the signal, one or more cytoplasmic

second messengers, and the final target of the pathway which can be

cytoplasmic or nuclear, leading to changes in gene expression.

Second messengers include kinases, phosphatases, GTPases, ions,

and small molecules such as cAMP, cGMP and diacylglycerol (Nair

et al., 2019). Various signaling pathways can activate EMT, including

Wnt/beta‐catenin, Sonic Hedgehog (Shh), Notch, Fibroblast Growth

Factor (FGF), Transforming growth factor (TGF‐β), Bone Morphoge-

netic Protein (BMP), Integrins/Focal Adhesion Kinase. Expression and

activation of EMT‐inducing transcription factors occur in response to

various of these signaling pathways, and among them TGF‐β signaling

is the most studied (Deshmukh et al., 2012; Heldin et al., 2012).

2.2.4 | Endocytosis and exocytosis

Endocytosis is the internalization of parts of the plasma membrane

along with its constituent membrane proteins and lipids and with

extracellular molecules. Endocytosis includes nutrient uptake, main-

taining cell membrane compositional homeostasis, clearing cellular

debris in tissue, and regulation of signaling pathways (S. Kumari et al.,

2010). Endocytosis can be facilitated by protein scaffolds such as

clathrins, which help form a vesicle from a membrane patch.

Endocytosis can be classified as clathrin‐dependent and clathrin‐

independent pathways. Clathrin‐independent pathways include

CLIC/GEEC, arf6, flotillin, caveolin, macropinocytosis, circular doral

ruffles, phagocytosis, and trans‐endocytosis. Interestingly, it has been

reported that the EMT‐activating transcription factor ZEB1 accel-

erates endocytosis and intracellular trafficking of plasma membrane‐

bound proteins (Banerjee et al., 2021). Exocytosis is the process by

which cells secrete to the extracellular space different types of

molecules contained within cytoplasmic vesicles. These exocytic

vesicles fuse with the plasma membrane in a calcium‐dependent

process. Exocytosis occurs in all eukaryotic cells, but its rate is highly

variable depending on the cell type and function. Secreted molecules

include neurotransmitters, hormones, ECM components, signaling

molecules, morphogens, and microRNAs. The regulation of exocy-

tosis is carried out by the exocyst complex, which is a large conserved

hetero‐oligomeric complex that consists of several proteins from the

Sec and Exo families of proteins (Tanaka et al., 2017). Components of

the exocyst complex are thought to regulate exocytosis in cancer and

particularly during EMT (Tanaka et al., 2017). Another interesting

relationship between exocytosis and EMT is provided by neutrophil

extracellular traps (NETs), which are composed of secreted DNA that

can promote EMT in human breast‐cancer cells (Martins‐Cardoso

et al., 2020). Besides the secretion of molecules, cells also secrete

membranous nanovesicles, such as extracellular vesicles, exosomes

and microvesicles (Raposo & Stoorvogel, 2013). These membranous

vesicles can contain a variety of cargo molecules, including lipids,

proteins, RNAs and metabolites that can deliver signals to other cells,

and they are involved in EMT (Raposo & Stoorvogel, 2013).
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2.2.5 | Cell cycle

Cell cycle, the ordered sequence of events that occur in a cell in

preparation for cell division, is a four‐stage process in which the cell

increases in size (gap 1 or G1 stage), copies its DNA (synthesis or S

stage), prepares to divide (gap 2 or G2 stage), and divides (mitosis or

M stage). Central to this process are the cyclin‐dependent kinases,

which form a complex with the cyclin proteins to regulate cell cycle

stages (Schafer, 1998). Alterations in cell cycle dynamics often result

in pathologies and cancer is the disease most frequently encoun-

tered. Although a tumor mass can be highly heterogeneous, within

this mass there are cancer cells that have increased cell proliferation

and elevated resistance to apoptosis. It has been shown that EMT

creates a potential for multiple molecular routes to drive proliferation

(Salt et al., 2014). TGF‐β, Wnt, and Notch signaling pathways are

among those that can lead to EMT and activate cell proliferation

(Son & Moon, 2010).

2.2.6 | Cell death

In 2018, the Nomenclature Committee on Cell Death (NCCD)

recommended guidelines for the definition and interpretation of cell

death based on morphological, biochemical, and functional aspects

(Galluzzi et al., 2018). Based on the NCCD´s molecule‐oriented

approach, cell death can be intrinsic apoptosis, extrinsic apoptosis,

mitochondrial permeability transition‐driven necrosis, necroptosis,

ferroptosis, pyroptosis, parthanatos, entotic cell death, NETotic cell

death, lysosome‐dependent cell death, autophagy‐dependent cell

death, immunogenic cell death, cellular senescence, and mitotic

catastrophe (Galluzzi et al., 2018). Several of these types of cell death

have been associated with EMT, and among them, apoptosis is the

most frequently described. During EMT, mesenchymal cells present

an elevated resistance to apoptosis. TGF‐β‐induced EMT, the most

studied model of EMT, results in an escape of apoptotic fates in cells,

which is important for tumor metastasis (Song, 2007). Vega et al.

(2004) found that Snail attenuated the cell cycle and conferred

resistance to cell death induced by the withdrawal of survival factors

and proapoptotic signals.

2.2.7 | Autophagy

Autophagy is a conserved catabolic mechanism in eukaryotic cells

that involves the formation of an autophagosome, enclosed within a

double membrane that engulfs part of the cytoplasm and undergoes a

maturation process by fusing with endocytic compartments and

lysosomes (Codogno & Meijer, 2005). Autophagosomes can engulf

proteins, damaged organelles, and invasive pathogens, and transport

these cargos to the lysosomes. Autophagy‐related proteins (Atg)

regulate several steps of the autophagic pathway. Autophagy can

promote cell survival, by elimination of damaged organelles and

protein aggregates, or cell death, depending on the cellular type and

the stimulus employed for activating or inhibiting autophagy.

Malfunction of autophagy contributes to a variety of diseases,

including cancer (He & Klionsky, 2009). It has been reported that

autophagy can prevent EMT. Autophagy inhibition by silencing Atg5

or Atg7 induces an increase in cell motility and invasiveness, and

upregulation of the EMT‐transcription factors Snail and Slug

(Catalano et al., 2015).

2.2.8 | Cell differentiation

Cell differentiation is the process by which cells change their

morphology, physiology, and function, usually into a more special-

ized/differentiated phenotype. Differentiation usually involves al-

terations in the responsiveness to extracellular signals, regulation of

gene expression, inhibition of cell cycle, and changes in cell shape and

size. During EMT, epithelial cells differentiate into mesenchymal cells

and during this process they lose epithelial characteristics and acquire

mesenchymal traits (Dongre & Weinberg, 2019). Thus, EMT can be

defined as a cell differentiation process. The epithelial differentiated

phenotype includes a nonmotile state, an apico‐basal polarity,

possession of specific intercellular junctions, and an intricate

cytoskeletal network associated with cellular junctions and microvilli,

which are all linked to the expression of epithelial‐related genes

(Kalluri & Weinberg, 2009). The mesenchymal differentiated pheno-

type is characterized by enhanced migratory capacity, polarized

movements, invasiveness, elevated resistance to apoptosis, and

increased ECM production, which are all related to the expression

of mesenchymal‐related genes (Kalluri & Weinberg, 2009).

Importantly, for didactical reasons we separated organelles from

cellular processes in the above compendium, but they are highly

interconnected in cells. All cellular processes depend on organelles.

During the highly complex and dynamic EMT event, cellular

organelles and processes act together to alter the phenotype of

polarized epithelial cells into migratory mesenchymal cells. An

example of this highly intricated process is the involvement of

plasma membrane, cell adhesions and cytoskeleton during EMT‐

induced cell migration. Figure 3 shows in vitro grown human breast

cancer epithelial cells undergoing EMT. It is possible to observe

several organelles (plasma membrane and nucleus) and structures

(lamellipodia) involved in the highly complex and dynamic cellular

process of cell migration.

Another important aspect is that we highlighted in the above

compendium the role of EMT in cancer, but as formerly mentioned,

EMT has an essential role during normal embryonic development.

An exquisite example of the role of EMT during embryogenesis is

the neural crest (Vega‐Lopez et al., 2018). Neural crest cells

undergo EMT and migrate to different locations within the

vertebrate embryo to generate a wide diversity of cell derivatives,

such as cells of the peripheral nervous system, melanocytes cells,

cartilage and bone cells of the cranium and cells that comprise the

enteric nervous system (Ahlstrom & Erickson, 2009; Bronner &

LeDouarin, 2012). Different signaling pathways and molecules
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mediate EMT of neural crest cells, including BMP, Wnt, FGF and

retinoic acid (Villanueva et al., 2002).

3 | BIBLIOMETRIC ANALYSIS OF THE
CONTENTS OF PUBLICATIONS RELATED
TO CELLULAR ORGANELLES AND
PROCESSES IN THE CONTEXT OF EMT

Above, we described alterations that occur during EMT in cellular

organelles, structures, and processes representing the major cell

biology topics. Next, to evaluate if EMT is indeed a representative

theme in cell biology, and useful as a teaching paradigm, we

questioned how scientific publications on EMT are distributed among

these topics. To answer that, we performed an exploratory analysis of

data retrieved from the PubMed database (https://pubmed.ncbi.nlm.

nih.gov/) on July 07, 2022, using the descriptors “EMT” or “epithelial‐

to‐mesenchymal transition” or “epithelial mesenchymal transition”.

The search returned 40,472 articles, beginning in 1972 and spanning

a 50‐year period (1972−2022). In the initial period of 1972−2002, an

average of 30 articles related to EMT were published per year, while

after 2003 there was a substantial increase in EMT publications

(Supporting Information: Figure 1), reaching more than 5000

articles published in only 1 year (2021). Interestingly, 92% of all

EMT articles (from PubMed) were published in 2010−2022, pointing

to an increasing interest in this topic in recent years.

First, we analyzed in this EMT database the occurrence of the

essential cell biology topics we classified previously (Mermelstein &

Costa, 2017). However, we observed that several articles of this

database were related to cell biology but did not follow our previous

classification. For instance, articles about “cadherins” did not mention

the term “cell adhesion.” Therefore, we decided to analyze the most

frequent words in the EMT database, and to choose to include,

among them, those related to cell biology. Then, we analyzed the

percentage of the following cell biology topics in published EMT

articles: (1) “autophagy,” (2) “cell adhesion” or “cell junction” or

“cadherin,” (3) “cell cycle” or “proliferation,” (4) “cell death” or

“apoptosis” or “necrosis” or “ferroptosis” or “senescence,” (5) “cell

differentiation” or “stem cell” or “plasticity,” (6) “cell migration” or “cell

movement” or “motile phenotype,” (7) “cell signaling” or “signaling

pathway” or “signal transduction” or “cell communication” or

“cytokine” or “growth factor” or “TGF” or “EGFR” or “PDGF,” (8)

“cytoskeletal” or “cytoskeleton,” (9) “endocytosis” or “exocytosis” or

“exosome” or “pinocytosis” or “vesicles,” (10) “endoplasmic reticulum”

or “protein synthesis,” (11) “extracellular matrix” or “ECM,” (12)

“gene expression” or “gene regulation” or “transcription” or “miRNA”

or “microRNA” or “noncoding RNA,” (13) “Golgi,” (14) “lipid

rafts,” (15) “lysosome” or “proteasome” or “protein degradation” or

F IGURE 3 Human breast cancer epithelial
cells undergoes EMT in vitro. MDA‐MB 231
epithelial cells were grown in culture for 24 h,
scratched wound lines were created and images
of live cells were acquired under phase contrast
microscopy (a−f). Microscope image sequences
d−f were acquired 2min after images a−c. Images
(a) and (d) show a dense monolayer sheet of
epithelial cells, far from the wound. In these
monolayers, cells are bound to each other by
intercellular adhesion junctions (a and d). At the
border of the wound (b and e), cells that are
undergoing EMT have many plasma membrane
protrusions, such as ruffled membranes and
lamellipodia (white arrows in b, c and e), which are
characteristic of migrating cells. During EMT
there is a repositioning of the nucleus (black
arrow in f), which moves to the posterior end of
migrating mesenchymal cells (c and f). Scale bar
represents 10 µm.
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“UPS,” (16) “membrane” or “plasma membrane,” (17) “membraneless

organelles” or “intrinsically disordered proteins,” (18) “mitochon-

dria,” and (19) “nucleus” or “nuclear.” Including the terms from our

published list of essential cell biology topics (Mermelstein & Costa,

2017) and the most frequent cell biology terms found in the EMT

database, we observed that a total of 34,875 articles were related to

cell biology (86%) out of the total of 40,472 EMT articles retrieved

from PubMed. The most frequent cell biology topics were “regulation

of gene expression” (32.90%), “cell signaling” (32.81%), “cell cycle”

(31.40%), “cell adhesion and junctions” (28.10%), “cell death”

(16.87%), “cell differentiation” (16.46%), and “cell migration”

(13.23%) while “endoplasmic reticulum,” “lysosomes,” “mitochon-

dria,” and “Golgi” (all <1%) were among the less explored cell biology

topics (Table 2). These results clearly show that cellular processes are

more studied than organelles in EMT articles. One possible

explanation is that there are few alterations in organelles during

EMT and therefore it is not so relevant to study them. Another

hypothesis is that researchers tend to study what is established in a

specific research field and they do not risk too much in a new theme,

and mainstream studies on EMT are usually related to cellular

processes. The second explanation is more plausible since it is

unreasonable to believe that structure and/or function of Golgi and

mitochondria are not significantly altered during EMT. Another

interesting observation was that lipid rafts and membraneless

organelles/IDPs were the least studied (<0.05%) cell biology topics

in the EMT field (Table 2), which may be related to the fact that they

are relatively recent cell‐biology themes.

To identify the hottest topics in EMT, and whether they are

related to cell biology, we evaluated the frequency of words from titles

and abstracts of EMT‐related articles using VOSviewer software (Van

Eck & Waltman, 2010). Figure 4 depicts a term map of frequency and

co‐occurrence relations between scientific terms found in the title and

abstract of EMT articles. VOSviewer has its own clustering technique

(Waltman et al., 2010), which is based on the citation relations

between the clusters. The most frequent words are represented by

colored nodes. Five different colors (yellow, blue, red, purple, and

green) represent five clusters of different scientific contexts for the

EMT articles (Figure 4). The size of a node denotes the number of

citations; that is, the larger the node, the greater the number of

citations. Yellow represents the central node, where most of the

interactions occur, and it is related to human studies, which could be

explained by the fact that most articles use immortal human cancer cell

lines as an experimental model of EMT. Blue is related to cell death and

cell proliferation/cell cycle, red to cell signaling, purple and green to

regulation of gene expression, cell differentiation and cadherins/cell

adhesion. In agreement with data shown in Table 2, VOSviewer

analysis shows that most EMT articles contain data related to cellular

processes, such as regulation of gene expression, signal transduction,

cell death, cell proliferation, cell differentiation, and cell adhesion.

Although several cell biology topics were found in high frequency in

EMT articles, some organelles (particularly, mitochondria, Golgi, ER,

and lysosomes) were not (Figure 4 and Table 2).

Next, we asked whether the nineteen different cell biology topics

were studied alone or simultaneously in the same EMT article.

Therefore, we plotted the number of articles that used cell biology

topics in combinations (Figure 5). Remarkably, 62% of EMT articles

studied only one or two cell biology topics (Figure 5). Few articles

used more than four cell biology topics at the same time (Figure 5).

These data show that most EMT studies tend to focus on few cell

biology topics.

To analyze how EMT articles used the experimental categories

human, animal, or molecular/cellular biology over time, we used the

iCite software (https://icite.od.nih.gov/). In iCite, articles are classi-

fied based on the number of Medical Subject Heading (MeSH) terms

they have that fall into each of these three categories. Results are

plotted on a tripartite graph, where human‐oriented research is

closest to the top corner of the triangle, animal‐oriented research is

closest to the bottom right corner, and molecular/cellular biology

TABLE 2 Frequency of cell biology topics in EMT articles

Cellular organelle,
structure and process

Number of
articles

Percentage of articles
among all EMT
publications

Regulation of gene
expression

13,316 32.90

Cell communication and
signaling

13,279 32.81

Cell cycle 12,710 31.40

Cell adhesions and
junctions

11,372 28.10

Cell death 6829 16.87

Cell differentiation 6660 16.46

Cell migration 5354 13.23

Nucleus 3084 7.62

Extracellular matrix (ECM) 2194 5.42

Plasma membrane 2108 5.21

Cytoskeleton 998 2.47

Autophagy 800 1.98

Endocytosis and exocytosis 615 1.52

Endoplasmic reticulum 335 0.83

Lysosomes and ubiquitin‐
proteasome
system (UPS)

317 0.78

Mitochondria 222 0.55

Gogi apparatus 71 0.18

Lipid rafts 26 0.06

Membraneless organelles 4 0.01

Note: Cell biology topics were searched among EMT articles retrieved
from PubMed. Regulation of gene expression, cell signaling, cell cycle, cell

adhesion and junctions, cell death, cell differentiation, and cell migration
were among the most represented contents of cell biology.

Abbreviation: EMT, epithelial‐to‐mesenchymal transition.
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research is closest to the lower left corner. We separated all EMT

articles into 3 groups according to the decades when they were

published, from 1988 to 1999, 2000 to 2009, and 2010 to 2022.

Figure 6 shows that animal research in EMT is decreasing over time,

while articles with a molecular/cellular biology experimental profile

show an impressive increase beginning in 2000. Interestingly, human

studies were absent in 1988−1999, but they have since increased

(2000−2022), indicating a tendency to increase even more in the next

F IGURE 4 Bibliometric analysis of the co‐occurrence relations between scientific terms found in EMT articles. A term map of co‐occurrence
relations between scientific terms was created from bibliometric data retrieved from the titles and abstracts of EMT articles. Five different
clusters (purple, blue, red, yellow, and green) represent the scientific contexts of EMT articles. EMT, epithelial‐to‐mesenchymal transition.

F IGURE 5 Comparative analysis of the number of cell biology topics studied in EMT articles. The number of cell biology topics used concomitantly
in each article shows that 62% of EMT articles studied only one or two cell biology topics. EMT, epithelial‐to‐mesenchymal transition.
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F IGURE 6 Tripartite graph of human‐, animal‐, and molecular/cellular biology‐oriented research in EMT studies. In iCite software
(https://icite.od.nih.gov/), the 2000 most‐cited EMT articles were classified based on the number of MeSH terms they have that fall into each of
these three categories over time (1988−1999, 2000−2009, and 2010−2022; a–c, respectively). Recently, the majority of EMT studies have a
molecular/cellular biology experimental profile. EMT, epithelial‐to‐mesenchymal transition.
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years (Figure 6). These results suggest that advances in basic

knowledge (molecular/cellular biology articles) in EMT are translating

into human clinical research (Hutchins et al., 2019).

To further identify the trends in research areas, we compared the

journals in which most of the articles were published. Analyzing their

scope, we classified them in three major categories: (i) cancer and

oncology, (ii) cell biology and biochemistry, and (iii) multidisciplinary.

Supporting Information: Figure 2 shows a tree map chart of the 25

journals that published more EMT articles, which represents 30% of

all EMT articles. The top journals classified as “cancer and oncology”

were BMC Cancer, Cancer Research, Cancers, Cancer Letters,

Frontiers in Oncology, International Journal of Oncology, Journal of

Experimental and Clinical Cancer Research, Molecular Medicine

Reports, OncoTargets, and Therapy, Oncogene, Oncology Letters,

Oncology Reports, and Oncotarget. The top journals classified as “cell

biology and biochemistry” were Biochemistry and Biophysics

Research Communications, Cell Death and Disease, International

Journal of Molecular Sciences, Journal of Cell Biochemistry, and

Journal of Cell Physiology. The top journals classified as “multi-

disciplinary” were Plos One and Scientific Reports. Journals related to

cancer and oncology were the ones with the highest number of

articles (58%), followed by cell biology and biochemistry (17%) and

multidisciplinary (13%). Therefore, even though 86% of EMT articles

contain cell biology topics (Table 2), most articles have been

published in cancer journals. Many factors influence the choice of

where to publish research results, particularly in the EMT area, which

has both basic and applied perspectives. The major choice of

publication in cancer journals might be related to the option of

authors to fit within both basic and applied areas of EMT and to have

their data seen by a broader community of researchers.

Finally, we decided to evaluate the students' perception about

the inclusion of EMT in a cell biology course. First‐year under-

graduate medical students (from 2018 to 2022) from the Federal

University of Rio de Janeiro (UFRJ) were evaluated in an on‐line

survey related to their previous experience with EMT classes. The

results of the survey showed that most of the cell biology topics were

covered during EMT lessons, although in different proportions,

ranging from 17% of the students acknowledging that mitochondria

and Golgi have been addressed to 100% acknowledging that cell

adhesion and cytoskeleton have been addressed. Interestingly, these

results are similar to our analysis of the cell biology topics present in

published EMT articles (Figure 4 and Table 2). Importantly, 90% of

the students answered that EMT lessons helped them to connect

basic cell biology knowledge with disease‐related contents, reinforc-

ing the benefits of the inclusion of EMT in cell biology courses for

medical students.

In conclusion, here we describe the major alterations that occur

in cellular organelles, structures, and processes during EMT, and we

used a bibliometric approach to analyze the cell biology content of

EMT articles. Our analysis shows a significant and diverse use of cell

biology topics in EMT articles, reinforcing the notion that EMT

combines both basic cell biology and disease‐related contents and

could be used to motivate medical students to learn and understand

cell biology and its importance to medicine.
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