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Epithelial or mesenchymal: Where to draw the line?
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1. Introduction

Epithelial and mesenchymal cells represent two of the 
main cell types in all vertebrates. Their distinctions 
in morphology and cellular organization have already 
been recognized in the late 19th century. Epithelial 
cells are commonly characterized by their: (i) strong 
intercellular connection; (ii) keratin-based cytoskeleton; 
and (iii) distinct cell polarity. In contrast, mesenchymal 
cells have loose or no intercellular connections among 
them, contain a highly developed cytoskeletal structure 
with vimentin as an intermediate filament, and have 
no clear distinction in either apical, lateral or basal 
side when they are in rest. However, more and more 

studies found that these two types of cells are not as 
rigid as they were thought; and both epithelial and 
mesenchymal cells show some degree of cell plasticity 
in vitro and in vivo, namely, they are interchangeable. 
This phenomenon is called epithelial-mesenchymal 
transition (EMT) or in reverse, mesenchymal-epithelial 
transition (MET).
 Although the awareness of  EMT and MET 
phenomena can be dated back as early as 1908 in 
Lillie's embryological book 'The Development of 
the Chick' (1), their detailed description was not 
established until 1982 by Greenburg and Hay (2). 
During the 1990s, EMT gained more recognition as 
a possibly important mechanism in malignant and 
chronic progression of fibrotic disorders and cancer 
(3-7) and it has been studied extensively ever since. It 
was during these early years of extensive EMT studies 
that transforming growth factor beta 1 (TGFβ1) was 
reported as an inducer of EMT in normal mammary 
epithelial cells (8). Since then, even though other 
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molecules, particularly growth factors and extra cellular 
matrix molecules, have also been reported to induce or 
facilitate EMT, TGFβ1 is one of the most recognized 
inducers of EMT both in vitro and in vivo, particularly 
in embryonic development and cancer progression, as 
well as in epithelial tissue injury (9). Through these 
early benchmark studies, it is now understood that EMT 
and MET are two essential processes in embryonic 
development and morphogenesis to facilitate tissue 
differentiation and organ formation, and these cellular 
capabilities are kept very well by most vertebrates 
throughout their adulthood as key mechanisms for 
wound healing and tissue repair. Although these 
differentiated cells are not as much versatile as stem 
cells, epithelial and mesenchymal cells by inter-
conversion can compensate for stem cell shortage in 
tissue repair. Inadvertently, these beautiful features of 
differentiated cells are sometimes hijacked by "evil 
forces" when they are deregulated (3). As mentioned 
previously, fibrosis is a typical example in which EMT 
is overwhelmed and, as a result, normal tissue structure 
is replaced by excessive mesenchymal cells and their 
products (4). An even worse case, which has been 
attracting more attention in recent years, is cancer, in 
which some genetically altered epithelial cells have 
acquired mesenchymal features to move around in our 
body, invade our healthy organs and break down their 
normal functions (3,5,6).
 In order to prevent unnecessary EMT or MET, it 
is often required to detect cell type changes as early 
and precisely as possible. Many molecules have been 
claimed and used as markers for either epithelial cells 
or mesenchymal cells. However, an increasing amount 
of evidence suggests that none of these markers seem 
to be perfect. This study is to compare the molecular 
phenotype of epithelial cells with mesenchymal cells 
in the resting state, to evaluate the molecular markers 
that are commonly used nowadays to distinguish 
epithelial cells from mesenchymal cells, and to explore 
the uniqueness of these two cell types. To provide a 
positive control for our studies, we also examined these 
markers in epithelial cells in response to TGFβ1, the 
most recognized EMT-inducing agent (9).

2. Materials and Methods

2.1. Cell culture

Three human and three rat cell lines were compared 
in this study: human esophageal squamous epithelial 
cells (Het-1A), human gastric adenocarcinoma 
epithelial cells (AGS), human colon fibroblast (CCD-
18Co), rat gastric mucosal epithelial cells (RGM1), rat 
intestinal epithelial cells (IEC-6), and rat embryonic 
fibroblast (Rat2). All cell lines were purchased from 
American Type Culture Collection (ATCC, Manassas, 
VA, USA) except RGM1 which was obtained from 

Riken Cell Bank (Tsukuba, Japan). Culture media used 
for each cell line are: Het-1A – Bronchial Epithelial 
Growth Medium with bullets and 10% FBS (Lonza, 
Walkersville, MD, USA), AGS – RPMI 1640 with 10% 
FBS (Lonza), CCD-18Co – Eagle's Minimum Essential 
Medium (ATCC) with 10% FBS, RGM1 – Dulbecco's 
Modified Eagle's Medium/F12 with 10% FBS (Lonza), 
IEC-6 – Dulbecco's Modified Eagle's Medium (Lonza) 
supplemented with 0.1 units/mL bovine insulin (Sigma-
Aldrich, Saint Louis, MI, USA) and 10% FBS, and 
Rat2 – Dulbecco's Modified Eagle's Medium with 10% 
FBS. For all the experiments in this study, comparable 
cell density was insured by plating equal number of 
cells and confirming by microscopic visualization 
prior to serum starvation. All cells were serum starved 
for 5 h before experiments. Where applicable, after 
serum starvation, cells were treated with either vehicle 
(control) or recombinant TGFβ1 (Invitrogen, Camarillo, 
CA, USA) at 5 ng/mL for 24 h.

2.2. Real-time PCR

Cells were cultured in 6-well plates till desired 
confluence. Total RNA was extracted from the cells using 
RNeasy kit (Qiagen, Valencia, CA, USA) following 
the manufacturer's protocol. Reverse transcription was 
done in MyCycler (Bio-Rad, Hercules, CA, USA) 
following the protocol: 25°C/10 min – 55°C/30 min 
– 85°C/5 min – 4°C/∞. All of the reagents for reverse 
transcription, including transcriptor reverse transcriptase, 
PCR nucleotide mix, protector RNase inhibitor, and 
random primer p[dN]6, were purchased from Roche 
(Mannheim, Germany). Real-time PCR was performed 
in iCycler (Bio-Rad) following two-step program, 
using SYBR Green master mix and specific primers 
from SABiosciences (Frederick, MD). Ct readings from 
epithelial samples were compared against the Ct value 
from fibroblast within the same species. Data were 
generated from at least 5 independent experiments and 
were analyzed according to ΔΔCt method.

2.3. Fluorescence microscopy

Cells were cultured till  desired confluence on 
microscopic cover slips that were pre-coated with 
5% rat tail type I collagen (BD Biosciences, San 
Diego, CA, USA) in 0.02 N acetic acid. Cells were 
fixed for 10 min in either 4% paraformaldehyde (for 
membrane-associated antigens) or cold methanol 
(for cytoplasmic antigens). For cytoplasmic antigens, 
cells were also permeabilized in cold acetone for 5 
min after fixation. Before a primary antibody was 
applied, cells were incubated in serum-free Protein 
Block (Dako, Carpentaria, CA, USA) for 30 min to 
eliminate possible non-specific antibody binding. To 
determine the specificity of each primary antibody, the 
primary antibody in control cover slips was replaced 
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just the opposite where Rat2 fibroblasts expressed 
~2-fold more claudin-5 than the two rat epithelial cell 
lines (Figure 2). Rat2 fibroblasts also expressed higher 
levels of occludin (OCLN) than either IEC-6 or RGM1 
epithelial cells (Figure 2). Interestingly, in human 
AGS cells, which expressed a great amount of OCLN, 
TGFβ1 did not inhibit the gene expression, as it did in 
all the other cases, but actually promoted it. Finally, the 
level of TJP1, the gene coding for the first identified TJ 
protein ZO-1, was found significantly higher in CCD-
18Co human fibroblasts than in either Het-1A or AGS 
human epithelial cells (Figure 1). Immunocytochemical 
staining confirmed expression of all TJ proteins in 
both epithelial and mesenchymal cell lines and did not 
reveal any consistent shift in localization between these 
two cell types, with the exception of ZO-1 which was 
exclusively localized to the membrane in all epithelial 
cells, but showed additional cytoplasmic staining in the 
two mesenchymal cell lines (Figure 3).
 Adherens junctions (AJ) are specialized sub-
apical structures that form stable cell-cell contacts 
in essentially all types of tissue (12). Molecules that 
constitute an AJ include transmembrane protein 
E-cadherin and intracellular adaptors α-, β-, and 
δ-catenin (p120), which in turn provide anchorage to 
the actin cytoskeleton.
 Among AJ components, E-cadherin expression is 
commonly considered a hallmark of epithelial cells. Its 
expression is mainly controlled at the transcriptional 
level, seemingly, CDH1, the gene coding for E-cadherin, 
is normally inactivated in mesenchymal cells (13). 
While this was confirmed for human CCD-18Co 
fibroblast cells both at the mRNA and protein level 
(Figures 1 and 3), Rat2 fibroblasts, which appeared to 
have only small amounts of CDH1 mRNA compared to 
IEC-6 epithelial cells, still expressed ~10-fold higher 
levels compared to RGM1 epithelial cells (Figure 2) 
and stained clearly positive for E-cadherin protein at 
the membrane (Figure 3). Catenins were not unique to 
epithelial cells either. Both β-catenin (CTNNB1) and 
δ-catenin (CTNND1) were expressed at considerable 
amounts in all cell lines and were even significantly 
higher in Rat2 fibroblasts than in RGM1 epithelial cells 
(Figure 2). Interestingly, TGFβ1 treatment promoted 
CTNNB1 and CTNND1 expression in all epithelial cell 
lines (Figures 1 and 2).
 Furthermore,  their  proteins were localized 
predominantly to the cell membrane in all cell lines 
except the cancerous epithelial cell line – AGS – in 
which β-catenin was nuclear localized (Figure 3). 
Rat2 fibroblasts also showed some nuclear staining of 
β-catenin but still retained strong, defined membrane 
localization as well (Figure 3). Even though TGFβ1 
treatment induced nuclear localization also in human 
Het-1A and rat RGM1 cells, both rat epithelial cell 
lines still exhibited strong membrane localization 
(Supplementary Figure).

with a pre-immune serum. The primary antibodies 
used for cell staining include: E-cadherin (1:500), 
N-cadherin (1:500), desmoglein (1:500), p120 catenin 
(1:500), and γ-catenin (1:500) all from BD Biosciences; 
fibronectin (1:200), S100A4 (1:100), vimentin (1:100), 
cytokeratin-14 (1:200), acidic cytokeratin (1:50), non-
muscle myosin heavy chain (1:500), and β-catenin 
(1:500) all from Abcam (Cambridge, MA, USA); 
cytokeratin-18 (1:200) from Enzo (Plymouth Meeting, 
PA, USA); smooth muscle α-actin (1:400) from Sigma-
Aldrich; occludin (1:100) and ZO-1 (1:100) from 
Invitrogen. FITC-conjugated secondary antibodies were 
purchased from Abcam and diluted in PBS according 
to the manufacturer's recommendation. Nuclei were 
counter-stained with either propidium iodide or DAPI 
(Invitrogen). To show actin polymerization, cells were 
fixed in 3.7% formaldehyde (Sigma-Aldrich) for 10 min, 
permeabilized in 0.1% Triton X-100 (Thermo Fisher 
Scientific, Pittsburg, PA, USA) for 5 min, and incubated 
with Oregon Green 488 phalloidin (Invitrogen) for 20 
min.

3. Results

3.1. Epithelial markers

The most prominent feature of epithelial cells is their 
cohesion and tendency to form continuous cell layers 
regardless of in vitro or in vivo. Adjacent epithelial 
cells are connected to one another through multiple 
intercellular locks, including tight junctions, adherens 
junctions, desmosomes and gap junctions, which in turn 
link to the intracellular cytoskeleton. For this reason, 
the molecules constituting these membranous structures 
are commonly used as markers to identify epithelial 
cells and therefore, they were carefully examined one-
by-one in this study.
 Tight junctions (TJ) are located in the most 
apical lateral regions of epithelial cells and thus 
they are also indicators for cell polarity. The main 
components of a TJ include transmembrane proteins 
claudin (23 members known in human), occludin, 
junctional adhesion molecule (JAM-A, -B, and -C) and 
intracellular adaptor protein zona occludin (ZO-1, -2, 
and -3) which connects a TJ to the actin cytoskeleton 
(10).
 At the transcriptional level, all TJ components 
were expressed not only in epithelial cells, but also 
detectable in mesenchymal cell lines, even though 
TGFβ1 treatment significantly knocked down 
expression of most genes in most cell lines (Figures 1 
and 2). Nonetheless, claudin-5 (CLDN5), one of the 
most common claudins in gastrointestinal epithelial 
cells (11), was expressed at much higher levels in 
human epithelial cells than in human fibroblasts, 
consistent with what would be expected for a TJ 
molecule (Figure 1). In rat cell lines, however, it was 
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Figure 1. mRNA expression of epithelial markers in human cell lines. Three human cell lines, including esophageal squamous 
epithelial cells (Het-1A), gastric adenocarcinoma cells (AGS) and colon fibroblasts (CCD-18Co), were examined in their 
resting state and TGFβ1-induced EMT state. Non-treated Het-1A epithelial cells were set as a standard in the graph and the rest 
of the cells were compared against it. Results represent averages from at least three independent experiments with error bars 
representing standard error. p < 0.01.

Figure 2. mRNA expression of epithelial markers in rat cell lines. Three rat cells lines, including intestinal columnar epithelial 
cells (IEC-6), gastric mucosal columnar epithelial cells (RGM1) and embryonic fibroblasts (Rat2), were examined in their 
resting state and TGFβ1-induced EMT state. Non-treated IEC-6 epithelial cells were set as a standard in the graph and the rest of 
the cells were compared against IEC-6. Results represent averages from at least three independent experiments with error bars 
representing standard error. p < 0.01.
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 Desmosomes are like buttons joining the lateral 
edges of adjacent epithelial cells through cadherin 
molecules desmoglein and desmocollin which link with 
cytokeratin fibers through desmosomal plaque proteins 
such as desmoplakin and γ-catenin (Plakoglobin).
 Although desmoglein (DSG1) was not expressed 
in human CCD-18Co fibroblasts (Figure 1), its 
expression in Rat2 fibroblasts was found extremely 
higher than in either rat epithelial cell line (Figure 
2). Immunofluorescence cell staining showed strong 
membrane localization of γ-catenin in both epithelial 
and mesenchymal cell lines (Figure 4). Similar results 
were obtained for desmoglein, with no clear distinction 
in localization patterns between epithelial and 
mesenchymal cells. On the other hand, TGFβ1 had a 
suppressive effect on desmosomes components (Figures 
1 and 2).
 Gap junctions are channel-like structures each 
composed of two connexons which connect across 
the intercellular space and regulate trafficking of 
small molecules (< 1 kDa) between adjacent cells. 
Each connexon is a pore through the cell membrane 
and is formed by a ring of six connexin proteins (> 
20 isoforms identified). Connexins are expressed by 
virtually all types of cells, including fibroblasts, except 

sperms and erythrocytes (14-17).
 Our data showed expression of connexin-43 (GJA1) 
in all six cell lines examined. Moreover, its mRNA 
level in CCD-18Co fibroblasts was significantly higher 
than in either Het-1A or AGS epithelial cells (Figure 
1). It was also slightly higher in Rat2 fibroblasts than 
in IEC-6 epithelial cells (Figure 2). TGFβ1 had an 
inhibitory effect on GJA1.
 Keratins are intermediate filament proteins found 
in the epithelial tissue. There are at least 20 different 
keratin isoforms in two groups found together in pairs 
which characterize the type of epithelium: the low 
weight, acidic type I keratins and the high weight, basic 
or neutral type II. Thus this specific keratin fingerprint 
is commonly used to classify all epithelia upon their 
cytokeratin expression profile.
 In our study, no keratins were found in Rat2 
fibroblasts, but CCD-18Co fibroblasts expressed 
both keratin-14 (KRT14) and -18 (KRT18) at the 
transcriptional level, even though they were overall 
relatively low (Figure 1). On the other hand, cell 
staining for acidic keratins (A-keratin) showed positive 
only in epithelial cells (Figure 4). In addition, consistent 
with keratins being epithelial markers, TGFβ1 treatment 
significantly reduced expression of both keratins in 

Figure 3. Immunofluorescence detection of protein localization of epithelial markers in human (Het-1A, AGS, CCD-
18Co) and rat cell lines (IEC-6, RGM1, Rat2). Localization patterns of putative epithelial markers Occludin, ZO-1, E-cadherin, 
β-catenin and p120 were evaluated as described in the methods section. Nuclei were counterstained with propidium iodide (red) 
as needed.
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most epithelial cell lines, with the exception of KRT14 
in IEC6 cells (Figures 1 and 2).
 Mucins are glycoproteins produced and mostly 
secreted by epithelial cells to protect themselves against 
pathogens from outside. At least 19 isoforms have been 
found in human, some of which are transmembrane 
proteins, for example, mucin-1. Mucin-1 is localized 
to the apical side of the epithelium and its cytoplasmic 
domain binds to the actin cytoskeleton, and therefore 
mucin-1 is also used as an epithelial polarity marker.
 In our study, mucin-1 (MUC1) expression was 
detectable in all six cell lines examined, with no 
consistent trend difference between epithelial and 
mesenchymal cells (Figures 1 and 2). For instance, in 
Rat2 fibroblasts MUC1 was expressed significantly 
higher than in IEC-6 epithelial cells but lower than in 
RGM1 epithelial cells. Moreover, its expression in AGS 
cells was significantly increased in response to TGFβ1.

3.2. Mesenchymal markers

Mesenchymal cells are known for having advanced 
cytoskeletal structure, high motility, and for producing 
more extracellular matrix proteins compared to 
epithelial cells.

 Vimentin is an intermediate filament protein 
that has been widely used as a molecular marker for 
mesenchymal cells. However, numerous data have 
shown that vimentin can also be expressed in epithelial 
cells involved in physiological processes requiring 
epithelial cell migration, such as placentation and 
wound healing.
 In our study, vimentin (VIM) mRNA expression was 
found in all the cell lines except AGS, although it was 
significantly higher in both human and rat fibroblasts 
than in epithelial cells within the same species (Figures 
5 and 6). Its protein expression was also detected in all 
the epithelial cells including AGS cells (Figure 4), but 
it did not show typical filamentous phenotype in either 
Het-1A or AGS as seen in fibroblasts. On the other 
hand, all rat cell lines expressed high levels of vimentin 
protein independent of cell type (Figure 4). TGFβ1 
increased VIM expression in all epithelial cells (Figures 
5 and 6), which displayed a more typical filamentous 
phenotype as well (Supplementary Figure).
 S100A4, also known as fibroblast-specific protein 
(FSP1), was once described as an absolute marker for 
fibroblasts (18). Any cells that express S100A4 protein 
and/or show S100A4 promoter activity were classified 
as fibroblasts. However, more and more evidence 
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Figure 4. Immunofl uorescence detection of protein localization of epithelial and mesenchymal markers in human (Het-1A, 
AGS, CCD-18Co) and rat cell lines (IEC-6, RGM1, Rat2). Localization patterns of putative epithelial markers (desmoglein, 
γ-catenin, and acidic keratin) and mesenchymal markers (vimentin and S100A4) were evaluated as described in the methods 
section. Nuclei were counterstained with propidium iodide (red) as needed.
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Figure 5. mRNA expression of mesenchymal markers in human cell lines. Three human cell lines (Het-1A, AGS and CCD-
18Co) were examined in their resting state and TGFβ1-induced EMT state. Non-treated CCD-18Co fi broblasts were set as a 
standard in the graph and the rest of the cells were compared against it. Results represent averages from at least three independent 
experiments with error bars representing standard error. p < 0.01.

Figure 6. mRNA expression of mesenchymal markers in rat cell lines. Three rat cells lines (IEC-6, RGM1 and Rat2) were 
examined in their resting state and TGFβ1-induced EMT state. Non-treated Rat2 fi broblasts were set as a standard in the graph 
and the rest of the cells were compared against it. Results represent averages from at least three independent experiments with 
error bars representing standard error. p < 0.01.
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shows that S100A4 is also expressed in other cell 
types, including blood cells, platelets, endothelial cells, 
smooth muscle cells, cardiomyocytes, astrocytes, and 
biliary epithelial cells (19).
 In our study, S100A4 mRNA expression was found 
in all the cell lines that were studied, even though 
expression levels were relatively low for most epithelial 
cell lines, with the exception of AGS cancer cells, 
which expressed considerable amounts, albeit still 
lower than in fibroblasts (Figures 5 and 6). Surprisingly, 
TGFβ1 strongly inhibited S100A4 expression in 3 out 
of 4 epithelial cell lines, with the exception of Het-
1A cells, raising more questions about the eligibility 
of S100A4 as a mesenchymal marker. S100A4 protein 
expression was also clearly detected in all the six 
cell lines, with rat epithelial RGM1 cells expressing 
comparable amounts to fibroblasts (Figure 4).
 Fibronectin exists in 2 forms, plasma fibronectin 
and cellular fibronectin. Plasma fibronectin is 
synthesized by hepatocytes and represents about 1% 
of serum protein, while cellular fibronectin is made 
by many different cell types, including fibroblasts, 
chondrocytes, endothelial cells, macrophages, as well as 
certain epithelial cells (20). The protein is deposited in 

the extracellular matrix as highly insoluble fibronectin 
filaments.
 In our study, cellular fibronectin (FN1) was 
expressed in all the cell lines examined, although it 
was significantly higher in mesenchymal cells than 
in epithelial cells (Figures 5 and 6). Cell staining 
confirmed that fibronectin protein was produced 
and secreted by five out of six cell lines with no 
clear distinction in expression pattern (Figure 7). Its 
expression in AGS cells was not detectable, and TGFβ1 
treatment, which promoted FN1 expression in most 
other epithelial cell lines, did not induce it either.
 Collagens are the main component of connective 
tissue and also the main protein of the extracellular 
matrix that supports other tissues. They are primarily 
synthesized by fibroblasts. Among 29 types of collagens 
known so far, type I collagen is the most abundant one 
in the human body.
 In this study, we examined expression of COL1A1 
– the gene coding for the α-subunit of type I collagen. 
Although all six cell lines expressed COL1A1, it was 
drastically higher in mesenchymal cells than in any 
epithelial cells (Figures 5 and 6). TGFβ1 treatment 
modestly promoted expression in most epithelial cell 
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Figure 7. Immunofl uorescence detection of protein localization of mesenchymal markers in human (Het-1A, AGS, CCD-
18Co) and rat cell lines (IEC-6, RGM1, Rat2). Localization patterns of putative mesenchymal markers (fi bronectin, N-cadherin 
and SM α-actin) were evaluated as described in the methods section. Nuclei were counterstained with either propidium iodide 
(red) or DAPI (blue) as needed. F-actin and non-muscle myosin heavy chain (NM MHC) were stained to confi rm that all the non-
treated epithelial cells were not undergoing EMT.
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lines (Figures 5 and 6).
 N-cadherin is normally found in neural tissue, retina, 
endothelial cells, fibroblasts, osteoblasts, mesothelium, 
myocytes, limb cartilage, oocytes, spermatids and 
Sertoli cells. Switch from E-cadherin to N-cadherin 
expression in epithelial cells is often considered a sign 
of EMT (21). While this switch is an integral part of 
several processes during normal development, aberrant 
expression of N-cadherin by cancer cells contributes 
to their invasiveness and metastasis in various tissues, 
including breast, thyroid, bladder, prostate and pancreas 
(22,23), making this a widely used marker for EMT and 
cancer studies.
 In our study, mRNA expression of N-cadherin 
(CDH2) was found in all the cells examined except AGS, 
even though its level in Het-1A cells was also very low 
compared to its expression in CCD-18Co fibroblasts 
(Figure 5). On the contrary, CDH2 expression in RGM1 
epithelial cells was found significantly higher than in 
Rat2 fibroblasts (Figure 6). TGFβ1 promoted CDH2 
expressions in all the epithelial cell lines. Cell staining 
showed positive membrane localization in all six cell 
lines, including AGS (Figure 7).
 Fibroblast growth factors (FGFs) are a group of over 
25 small mitogenic proteins for fibroblasts. Acidic FGF 
(FGF1) and basic FGF (FGF2) are the prototypes of the 
FGF family.
 In our study, both FGF1 and FGF2 were identified 
in all cell lines examined; moreover, TGFβ1 had an 
inhibitory effect on FGF1 in all the epithelial cells and 
also knocked down FGF2 in three out of four epithelial 
cell lines (Figures 5 and 6).
 Smooth muscle α-actin (SM α-actin) is traditionally 
used as a marker to distinguish myofibroblasts from 
regular fibroblasts (21).
 At the transcriptional level, our data showed that 
SM α-actin (ACTA2) was expressed in every cell line 
examined (Figures 5 and 6), although it was significantly 
higher in mesenchymal cells than in any epithelial 
cell lines. Cell staining showed that 40-60% of CCD-
18Co and Rat2 cells were positive for SM α-actin. In 
epithelial cells, while there was still detectable signal, it 
was weak and not in filamentous phenotype as seen in 
mesenchymal cells (Figure 7). TGFβ1 increased ACTA2 
expressions in all the epithelial cells.
 Periostin (POSTN), also known as osteoblast-
specific factor 2, is a secreted, homodimeric protein 
synthesized by mesenchymal cells such as smooth 
muscle cells, fibroblasts and osteoblasts, as well as 
in the periosteum and periodontal ligament. Recent 
clinical evidence has revealed that periostin is involved 
in the development of various tumors, such as breast, 
lung, colon, pancreatic, and ovarian cancers where it 
promotes EMT, invasion, and metastasis (25).
 In our study, POSTN was not detectable in AGS 
cells, but it was expressed in all the remaining epithelial 
cells (Figures 5 and 6). Its expression was greatly up-

regulated by TGFβ1 in all the epithelial cells.
 Matrix metalloproteinases (MMPs) are a group 
of over 25 proteases, either secreted or membrane-
associated, that rely on metal ions for their catalytic 
activity. Collectively MMPs are capable of degrading 
all kinds of extracellular matrix components, therefore, 
their expression level is critical to embryonic 
development, tissue remodeling and cancer metastasis. 
Mesenchymal cells are the main source of MMPs and, 
for this reason, expression of MMPs in epithelial cells 
is often considered an indicator of EMT (26,27).
 M o s t  M M P s  a r e  t i g h t l y  r e g u l a t e d  a t  t h e 
transcriptional level. In our study, we measured 
expression of MMP2 (gelatinase A) and MMP9 
(gelatinase B), which are closely correlated with EMT 
and cancer metastasis (28). MMP2 expression was 
undetectable in IEC-6 cells and was still minimal in the 
rest of the epithelial cell lines compared to its level in 
the fibroblasts of the same species (Figures 5 and 6). 
The expression of MMP9, however, was significantly 
higher in both human epithelial cell lines than in CCD-
18Co fibroblasts (Figure 5). TGFβ1 had a positive 
effect on both MMPs.
 When epithelial cells are in the process of EMT, 
they do not only express mesenchymal markers, but 
also increase their mobility, which can be reflected 
by formation of actin and myosin stress fibers. To 
confirm that the epithelial cell lines used in this study 
were not undergoing EMT when examined in their rest 
phase, which could have otherwise explained improper 
expression of some putative mesenchymal markers, 
we stained the cells for filamentous actin (F-actin) and 
nonmuscle myosin heavy chain (NM-MHC). In both 
CCD-18Co and Rat2 fibroblasts, extensive actin and 
myosin stress fibers were found. In contrast, actin and 
myosin in the epithelial cells only displayed cortical 
distribution (Figure 7), while AGS cells did not express 
NM-MHC at all. In contrast, when the same epithelial 
cell lines were subjected to TGFβ1 treatment to induce 
EMT, they all displayed strong actin and, to a lesser 
extent, myosin stress fibers (Supplementary Figure), 
suggesting that all the epithelial cells used in this study 
were not undergoing EMT when the experiments were 
conducted.

4. Discussion

Dozens of molecules have been commonly used by 
both basic scientists and clinical researchers as markers 
to distinguish epithelial and mesenchymal cells for 
different applications, including molecular cell typing 
and cancer diagnosis. However, emerging evidence 
questions the validity of these molecular identifiers. 
Among epithelial markers, Claudin-5 has been 
identified in cardiomyocytes (29); JAM-A and JAM-C 
have been reported in fibroblasts derived from various 
tissues including derma, lung, cornea, and embryo 
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(30); ZO-1 is not only associated with cell membrane 
of corneal fibroblasts, but it can also translocate to 
the nucleus to serve as a transcription cofactor in case 
of corneal injury (31); Mucin-1 is also expressed in 
myofibroblasts (32); and all four catenins (α, β, γ, and 
δ) have been documented in fibroblasts (33,34). In 
addition, all of the desmosome proteins are expressed 
in periodontal ligament fibroblasts (35), dental pulp 
fibroblasts (36) and other non-epithelial cells. For 
example, desmoplakin interacts with cytokeratin 
filaments in epithelial cells, but also binds to desmin 
in cardiomyocytes and to vimentin in fibroblasts. 
E-cadherin expression is commonly considered as a 
gold seal of epithelial cells. Modulation of E-cadherin 
expression levels has been vastly used as a key theme 
of epithelial plasticity and cancer metastasis. However, 
E-cadherin expression is still maintained in most 
differentiated tumors, including carcinomas of the 
skin, head and neck, esophagus, breast, lung, liver, 
colon, and prostate. Furthermore, our study has shown 
that E-cadherin is not only expressed in rat embryonic 
fibroblasts, but its level in those cells is consistently 
higher compared to rat gastric epithelial cells. Similarly, 
keratin subtype expression patterns are commonly 
used as markers to identify different types of epithelial 
malignancies, as the keratin profile tends to remain 
constant when an epithelium undergoes malignant 
transformation. However, keratins have been also 
found in non-epithelial cells (37). In our study, KRT-14 
transcription was found in human colon fibroblasts, 
even though its expression level was significantly lower 
than that of both human epithelial lines examined.
 For mesenchymal cells, as Hay once said (38), 
"There are, in fact, no specific biochemical markers 
by which we can define the mesenchyme". Among 
the mesenchymal markers that we tested, vimentin is 
regularly expressed in ocular epithelial cells together 
along with cytokeratin (39,40); S100A4 is reported in 
biliary epithelial cells (41); Periostin has been detected 
at high expression levels in both endometrial (42) and 
mammary epithelial cells (43); and fibronectin is not 
only made by fibroblasts, but also produced by many 
other cell types including certain epithelial cells (20). 
N-Cadherin is another commonly used mesenchymal 
marker in EMT studies and the switch in expression 
from E-cadherin to N-cadherin is considered a 
hallmark of EMT progression and, to some extent, 
cancer cell invasion (21,23). However, several types 
of epithelial cells express N-cadherin naturally and 
the E/N switch in cancer cell invasion is not always 
followed. For example, N-cadherin is required to 
maintain corneal limbal epithelial progenitor cells (44). 
Moreover, ovarian surface epithelial cells normally 
express N-cadherin, but switch to E-cadherin during 
progression to the neoplastic state (45), suggesting that 
an N/E switch rather than E/N switch might play a role 
in the initiation of ovarian carcinogenesis (23). On the 

other hand, N-cadherin and E-cadherin are concurrently 
expressed in the epithelial cells of intra-hepatic bile 
ducts in normal liver (46).
 In our current study we provide a detailed analysis 
of all of these putative epithelial and mesenchymal 
markers and show that none of them exhibit exclusive 
epithelial or mesenchymal expression, supporting the 
emerging evidence that none of the molecular markers 
commonly used to distinguish epithelial cells from 
mesenchymal cells is universally unique to one cell 
type. They are all detectable in both cell types and, 
while some differences in expression and/or localization 
were observed, these were also not consistent enough 
throughout the cell lines studied to classify them as 
universal markers. These two cell types represent 
two poles and there are numerous intermediate states 
or subtypes of cells in between. Although they are 
differentiated cells, they are also interchangeable 
depending on environmental condition. Change from 
epithelial state to mesenchymal state or vice versa is a 
dynamic process. It is a cumulative effect of different 
expression levels of multiple genes that ultimately sets 
these two phenotypes apart.
 Moreover, despite the great similarity between 
human and rat, our results clearly indicate that there 
may still be some cross-species differences that make 
our quest for universal markers even harder. On the 
other hand, taking into account that the line between 
epithelial and mesenchymal identity is not as rigid as 
it is usually thought to be, we can still identify some 
molecules that better serve the purpose. Based on our 
data, keratins appear to be the most consistent epithelial 
marker among the different candidates tested. Both 
keratin-14 and -18 are absolutely omitted in Rat2 
fibroblasts and are expressed at much higher levels 
in human epithelial cells compared to corresponding 
mesenchymal cells CCD-18Co, which express only 
moderate amounts. Consistent with their epithelial 
phenotype, TGFβ1 treatment, which promotes EMT, 
drastically reduced expression of both keratins in most 
epithelial cell lines. Moreover, even though keratins 
can be detected at the transcriptional level in CCD-
18Co fibroblasts, their protein products are not found, 
as seen from A-keratin staining, which is exclusive to 
the epithelial cells in both human and rat. E-cadherin 
would be our next choice, due to some differences 
across species. E-cadherin exhibits strong epithelial 
preference in the human panel; it is expressed in 
significant amounts in both epithelial cell lines and 
clearly localized to the membrane but it is absolutely 
not expressed in human CCD-18Co cells, making it also 
a good epithelial marker for human cells. Its expression 
in Rat2 fibroblasts, on the other hand, was found to be 
higher than in RGM1 epithelial cells, but one should 
acknowledge the fact that in both these cell lines CDH1 
levels are extremely low. Again, the EMT inducer 
TGFβ1 had a negative effect on CDH1 expression 
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in all cells examined, further supporting the role of 
E-cadherin as an epithelial marker. Finally, even though 
ZO-1 (TJP1) was expressed at high levels in human 
fibroblasts, it was mainly localized to the cytoplasm, 
unlike in epithelial cells in which it was exclusively 
localized to the membrane. So was true with rat cells. 
TGFβ1 treatment also led to a loss of membrane 
localization in most epithelial cells, supporting the 
notion that membrane-to-cytoplasm localization of 
ZO-1 could also be an informative marker for EMT.
 Compared to epithelial markers, mesenchymal 
markers showed higher fidelity. The majority of 
mesenchymal markers, except CDH2 and MMP9, 
exhibited a clear mesenchymal preference with little 
expression in epithelial cells. Moreover, even though 
MMP9 was expressed significantly higher in both 
human epithelial cell lines than in human fibroblasts 
and RGM1 cells expressed higher levels of CDH2 
compared to Rat2 cells, both of these genes were up-
regulated by TGFβ1 treatment, consistent with a 
mesenchymal phenotype. Among all the mesenchymal 
markers, MMP2 exhibits the strongest distinction, 
with only very little expression in the epithelial lines 
examined. COL1A1 is next, with a similar, if not as 
striking, trend across both species. POSTN and FGF1 
also showed very good trends within the human panel. 
However, while POSTN could still be considered 
a viable marker in rat cells, FGF2 proved a much 
better marker in rat cells than FGF1. Moreover, while 
TGFβ1 treatment promoted POSTN expression in most 
epithelial cell lines, it actually had a mostly negative 
effect on both FGF1 and FGF2, raising additional 
questions about the validity of either FGF as a 
mesenchymal marker. Vimentin also has significantly 
higher mRNA expression in fibroblast cells compared 
to epithelial cells across species but the difference 
in staining pattern is much more dramatic in the 
human panel than in the rat panel. On the other hand, 
although ACTA2 expression in mesenchymal cells is 
also found overwhelmingly higher than in epithelial 
cells, it might be due to myofibroblast differentiation.
 In summary, despite the limited number of cell 
lines (mostly of gastrointestinal origin) used in this 
study, our data support the conclusion that there is 
no universal molecular marker that can be absolutely 
unique to either epithelial cells or mesenchymal cells, 
especially in the light of some differences across 
species. Nonetheless, among the various markers 
analyzed, keratins appear to be the No.1 choice for 
epithelial cells, while E-cadherin is next, depending 
on the species studied. Among the mesenchymal 
markers, most, but not all, of them are predominantly 
expressed by mesenchymal cells, providing a better 
range of choices. MMP2 would be the preferred 
marker, COL1A1 would be next. Vimentin and 
POSTN could also be good alternative markers, while 
FGFs appear to have clear species differences, where 

FGF1 is better as a human marker and FGF2 as a rat 
marker, and could not be recommended as first/sole 
choice. Loss of ZO-1 membrane localization and/or 
cytoplasmic redistribution could also be used as a 
mesenchymal marker, even though it would also not 
be recommended as a first/sole choice given other 
alternatives. These recommendations should however 
be used with caution, taking into account that they 
were based on data collected from immortalized cell 
lines. Variations may be found in vivo or in primary 
cell systems. Researchers are advised to take extra 
precaution when choosing molecular markers to define 
a cell type.
 Finally, multiple molecules involved in EMT 
can be envisioned as targets of anti-EMT therapy to 
prevent or restrain invasion and metastasis of cancer 
cells. Given the complexity of the molecular and 
cellular pathways leading to EMT, a forced stimulation 
of MET can be a very neat approach to control EMT. 
In order to achieve this, however, it is imperative for 
us to gain a deeper understanding of this dynamic 
process through a detailed characterization of its 
different steps and components. Our study here 
provides ample data in that direction.
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Appendix

Supplementary Figure. Immunofl uorescence detection of protein localization of epithelial and mesenchymal markers in 
TGFβ1-treated human and rat epithelial cell lines. Human (Het-1A, AGS) and rat (IEC-6, RGM1) epithelial cell lines were 
treated with TGFβ1 to induce EMT. Localization patterns of putative epithelial (ZO-1, E-cadherin, β-catenin and acidic keratin) 
and mesenchymal markers (Vimentin and S100A4) were evaluated by cell staining as described in the methods section. Nuclei 
were counterstained with either Propidium Iodide (red) or DAPI (blue) as needed. F-actin and NM MHC fi ber-like staining was 
used as a positive control for EMT.


