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Abstract: The most promising method for monitoring patients with minimal morbidity is the de-
tection of circulating melanoma cells (CMCs). We have shown that CD45−CD146+ABCB5+ CMCs
identify a rare primitive stem/mesenchymal CMCs population associated with disease progression.
The epithelial-to-mesenchymal transition (EMT) confers cancer cells a hybrid epithelial/mesenchymal
phenotype promoting metastatization. Thus, we investigated the potential clinical value of the EMT
gene signature of these primitive CMCs. A reliable quantitative real-time polymerase chain reaction
(qRT-PCR) protocol was settled up using tumor cell lines RNA dilutions. Afterwards, immune-
magnetically isolated CMCs from advanced melanoma patients, at onset and at the first checkpoint
(following immune or targeted therapy), were tested for the level of EMT hallmarks and EMT tran-
scription factor genes. Despite the small cohort of patients, we obtained promising results. Indeed,
we observed a deep gene rewiring of the EMT investigated genes: in particular we found that the
EMT gene signature of isolated CMCs correlated with patients’ clinical outcomes. In conclusion,
We established a reliable qRT-PCR protocol with high sensitivity and specificity to characterize the
gene expression of isolated CMCs. To our knowledge, this is the first evidence demonstrating the
impact of immune or targeted therapies on EMT hallmark gene expressions in CMCs from advanced
melanoma patients.

Keywords: circulating melanoma cells; EMT gene signature; metastasis; responder to therapy

1. Introduction

Approximately 100,000 new cases of melanoma, one of the most aggressive skin
cancers, are expected to be diagnosed in 2023, with a death rate of 5% (https://seer.cancer.
gov/statfacts/html/melan.html, accessed on 25 June 2023). Despite a favorable prognosis,
if surgically excised at early stages, the prognosis becomes severe after metastasization [1].
This is mainly due to the acquisition of chemotherapy resistance and/or to a marginal
response to biological therapies, leading to a high mortality rate.

Melanoma progression is articulated in several steps: it implies the transition of
benign melanocytic nevi into atypical melanocytic nevi (AMN) that, in turn, can gain

Int. J. Mol. Sci. 2023, 24, 11792. https://doi.org/10.3390/ijms241411792 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms241411792
https://doi.org/10.3390/ijms241411792
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-4691-9381
https://orcid.org/0000-0002-1115-4270
https://orcid.org/0000-0001-7202-5854
https://orcid.org/0000-0002-6532-989X
https://orcid.org/0000-0001-8697-6896
https://seer.cancer.gov/statfacts/html/melan.html
https://seer.cancer.gov/statfacts/html/melan.html
https://doi.org/10.3390/ijms241411792
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms241411792?type=check_update&version=1


Int. J. Mol. Sci. 2023, 24, 11792 2 of 19

a radial growth phase (RGP, horizontal expansion), defined by the horizontal spread of
dysplastic melanocytes in the epidermis. Subsequently, atypical nevi could acquire a
vertical growth phase (VGP) involving deeper tissues. The transition from RGP to VGP
is often accompanied by phenotypic changes conferring melanoma cells’ greater motility.
Thus, as soon as melanoma cells cross the epidermal basement membrane, they gain access
to blood and lymph vessels, acquiring a great metastatic potential [1,2]. Dissemination of
these tumor cells, defined as circulating tumor cells (CTCs), through the bloodstream is
considered a pivotal stage of metastatic progression [3–8].

In the last years, molecular oncology research has focused on the development of
reliable methods to detect, isolate, and then molecularly characterize CTCs, the so-called
liquid biopsy. Liquid biopsies fall within the realm of precision and personalized medicine.
Melanoma is a cancer type that might greatly benefit from the knowledge associated with
liquid biopsy, especially in the administration of therapy, given its heterogeneity. The identi-
fication and molecular characterization of circulating melanoma cells (CMCs) in metastatic
melanoma patients could allow the monitoring of the disease progression and also give
information about its possible response to the available chemotherapy regimens [9–11].

In metastatic melanoma (MM), CMCs are detectable in the peripheral blood soon
after the surgical resection of the primary tumor—regardless of the thickness—in late-stage
disease, or even in clinically disease-free patients [12–17]. In 2013, Karakousis and collabo-
rators isolated and counted CMCs, using Melcam and high-molecular-weight melanoma-
associated antibodies (HMW-MAAs) as biomarkers, and demonstrated that 26% of MM
patients had values≥ 2 CTCs at baseline. Moreover, the CMCs number inversely correlated
with patients’ overall survival (OS), thus functioning as a prognostic factor [18]. This
observation was confirmed by two other studies, in which it was found that one or more
CMCs at baseline were associated with disease progression of stage IV [19,20] and with
shorter relapse-free survival (RFS) of stage III [21–24]. Additionally, the presence of PDL1+

enriched CMCs positively correlated to the patient’s response to pembrolizumab, further
strengthening the hypothesis that the molecular characterization of CMCs represents a
useful approach for screening patients going through therapies [25].

Our group has established a successful CMCs immuno-enrichment protocol based
on the selection of CD146+ABCB5+ CMCs [26–29] upon CD45+ cell depletion. The cell-
adhesion molecule CD146, also known as MCAM (melanoma cell adhesion molecule) or
MUC18, is highly expressed at the intercellular junction of endothelial cells, and we have
demonstrated that its expression is strongly associated with disease progression [28–33].
Of note, the analysis of CD146 molecular expression, at onset or at disease recurrence,
could be a useful parameter to follow melanoma remission or progression, even in an
apparently disease-free status [26–31]. Besides CD146, the ABCB5 trans-membrane trans-
porter is strongly associated with melanoma genesis, stem cell maintenance, metastasis,
and chemoresistance [27–29,34].

Epithelial-to-mesenchymal transition (EMT) is the main mechanism underlying cancer
cell dissemination. It is a multi-step process involving many molecular and cellular changes,
including the downregulation of gene coding for epithelial proteins (i.e., E-cadherin/CDH1,
occludin/OCLN, etc.) and the upregulation of gene coding for mesenchymal markers (i.e.,
N-cadherin/CDH2, fibronectin/hFN1, vimentin/VIM, etc.) [35,36]. Epithelial cancer cells, fol-
lowing the activation of the rewiring of this gene expression, lose their apico-basal polarity
and detach from the primary tumor mass acquiring increased motility and invasiveness,
which allows them to enter into the bloodstream and, eventually, colonize distant or-
gans [35,37–40]. EMT is activated upon engagement of different receptors (e.g., TKR, TGFβ
family receptors) from several stimuli, including growth factors (i.e., EGF) and cytokines
(i.e., TGFβ), which in turn leads to the activation of the EMT transcription factors (EMT TFs)
such as TWIST1, ZEB1, SNAI1, and SNAI2 [41]. Interestingly, EMT TFs not only enhance
the migratory and invasive properties of cancer cells, but they also guarantee their survival
in the bloodstream [35,37–40,42–46] by supporting their stem phenotype and resistance
to apoptotic signals [47,48]. Actually, it has been demonstrated that, rather than in a com-
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plete mesenchymal state, cancer cells acquire a hybrid epithelial/mesenchymal phenotype,
which is also typical of the majority of CTCs [49] forming distinct cells “subpopulations”
characterized by different plasticity, invasiveness, and metastatic potential [50,51]. Of note,
it has been found that CD146 is also a strong inducer of EMT in triple-negative breast
cancer [52]. However, considering also the pivotal role of CD146 in the metastatization
of melanoma [16,26–28,30,53], evidence regarding its correlation with EMT hallmarks, in
CMCs, is still lacking.

The aim of the present study was to set up and validate a reliable quantitative real-time
polymerase chain reaction (qRT-PCR) protocol to describe the epithelial/mesenchymal
gene signature of rare CD45−CD146+ABCB5+ CMCs isolated from the blood advanced
stage melanoma (III–IV AJCC) patients and to evaluate their potential clinical value. The de-
scription of the EMT profile of CMCs may be a useful tool to characterize the aggressiveness
of the tumor and to establish appropriate therapies [52–60].

To our knowledge, this is the first evidence reporting a preliminary EMT gene signa-
ture of CMCs, upon establishment of a reliable protocol for their isolation and molecular
characterization, laying the foundations for a future prospective study to establish defini-
tively its clinical relevance.

2. Results
2.1. Optimization and Validation of qRT-PCR Assay on Control Cell Lines and Healthy Donors

We developed and validated a qRT-PCR assay for the quantitative determination
of a panel of EMT genes including the EMT TFs TWIST1, SNAI2, ZEB1, and the EMT
hallmarks CDH1, CDH2 HFN1, VIM, and CD146/MCAM. First, we analyzed different cell
lines: A375 and HeLa cancer cell lines, the fibroblast cell line EDS, the keratinocytes HaCat,
the endothelial cell line HUVEC, and the mesenchymal cell lines V126. Then, we tested the
specificity of all of the primers by amplifying only the corresponding target amplicon. Thus,
we generated complementary DNA (cDNA) using reverse transcriptase from 100 ng of
total RNA extracted from our control cell lines. To establish primers calibration curves, we
performed 1:5 serial dilutions of the resulting cDNA, starting from 10 ng. Additionally, to
accurately examine in vivo isolated CMCs, it was mandatory to determine the correct cycle
threshold (Ct) for each gene being analyzed. To this purpose, we performed the analysis on
the above-reported control cell lines, and we settled the Ct between 18 and 26. Thus, we set
the best Ct, slope, and R2 value (>0.96) for each gene target. Genes with a Ct > 42 cycles
were considered absent. The results obtained on the control cell lines and the RT-qPCR
conditions are reported in Table 1.

Table 1. Optimization and validation of RT-qPCR on control cell lines.

Control Cell
Line Gene Ct Value Anneal #Cycles

RTqPCR Thr Report Standard Curve and
Efficiency Curve (90–110%)

Melting
Curve (◦C)

V126
SNAI2 25.1 60 ◦C 48 0.2 Slope: −3.19 R2: 0.993 105.4% 82.

hFN1 22 60 ◦C 48 0.2 Slope: −3.09 R2: 0.99 110% 78.5

A375

n-CADH 26.3 60 ◦C 48 0.3 Slope: −3.37 R2: 0.98 97% 78

TWIST1 26 60 ◦C 48 0.3 Slope: −3.4 R2: 0.979 94% 89

VIMENTIN 18.9 60 ◦C 48 0.3 Slope: −3.47 R2: 0.97 94% 88

ZEB1 24.6 60 ◦C 48 0.3 Slope: −3.33 R2: 0.97 99% 81

β-ACT 19.07 60 ◦C 48 0.3 Slope: −3.40 R2: 0.96 96% 88

Hela MCAM 23.88 60 ◦C 48 0.2 Slope: −3.33 R2: 0.998 99% 82.

HaCaT e-CADH 22.0 60 ◦C 48 0.2 Slope: −3.02 R2: 99% 80.4

Legenda: Annel: annealing temperature; Thr: threshold.

The CMCs enrichment protocol performed on 20 healthy donors did not result in
any amplification. Moreover, the highest EMT TF expression values obtained from RNAs
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extracted and amplified from healthy donors were utilized as a “cut-off” to determine
positivity.

2.2. Detection of In Vivo Isolated CMCs

To investigate the presence of mesenchymal-like CMCs and to evaluate their potential
clinical significance, we compared the EMT gene panel expression of CMCs isolated from
PB samples collected at onset with those collected at checkpoint/follow-up of melanoma
patients undergoing targeted or immune therapy. We performed a preliminary “small”
cohort study of seventeen CMCs enrichments from melanoma patients (seven at onset
and ten at first follow-up/checkpoint). We enriched the CD45−CD146+ABCB5+ subpop-
ulation of CMCs, as previously reported [27–29]. The first relevant result of this study
concerns the assessment of the efficiency and the validation of the enrichment assay of
the CD45−CD146+ABCB5+ subpopulation of CMCs through RT-qPCR. In particular, we
found that the Ct of ACTB, which inversely correlates to the amount of isolated and retro-
transcripted RNA and thus to the number of CMCs, significantly decreased in patients
undergoing disease progression whilst it remained at the onset level in patients in clinical
remission (Figure 1a, see below). This observation strongly highlights the relationship
between the tumor burden, (i.e., the number of isolated CMCs) and the clinical status of
the patients.

These data were further confirmed by the ACTB and EMT hallmark Ct values found in
RNAs extracted from healthy donors, which were always below the Ct threshold (Ct > 45).
Additionally, compared with healthy donors, the isolated CD45−CD146+ABCB5+ CMCs
expressed at least one EMT transcript at onset or at the first checkpoint.

2.3. The Expression of EMT Genes of CD45−CD146+ABCB5+ CMCs Subpopulation Differs in
Melanoma Patients Undergoing Treatment

To detect possible variations in the EMT profile occurring during therapy, we compared
the EMT gene signature of CD45−CD146+ABCB5+ CMCs purified from patients at “onset”
to that obtained from patients at “checkpoint”. The results summarized in Table 2 show the
following expression patterns (onset/follow-up): TWIST1 14.2–30%; (χ2 test ** p < 0.007),
SNAI2 0–10% (χ2 test ns), ZEB1 85–70% (χ2 test ** p < 0.007), CD146M/MCAM 28.5–10% (χ2

test p = 0.0007), CDH2 71.4–50% (χ2 test ** p < 0.03), CDH1 14.2–30% (χ2 test ** p < 0.007),
CD146M/CAM 28.5–10% (χ2 test *** p < 0.05), CDH2 71.4–50% (χ2 test ** p < 0.007), and
VIM 100–70% (χ2 test **** p < 0.0001). None of the patients displayed hFN1. No specific
interaction was documented. The statistical significance obtained was further confirmed
by comparing the mean of the expression of each gene between patients at onset and at
follow-up (Figure 1b). In particular, we found a significant decrease at follow-up of the
EMT genes VIM, CDH2, ZEB1, and MCAM/CD146 (Figure 1b, see below).

Table 2. Molecular expression (percentage) of the EMT gene panel in enriched CMCs subpopulations
from melanoma patients at disease onset or after six months follow-up.

Gene Frequency Percentage χ2 p

TWIST1
Onset: 1/7 14%

0.0063
Follow-up: 3/10 30%

SNAI2
Onset: 1/7 14%

ns
Follow-up: 2/10 20%

ZEB1
Onset: 6/7 86%

0.0063
Follow-up: 7/10 70%

CD146/MCAM
Onset: 2/7 29%

0.0007
Follow-up: 0/10 0%

CDH2
Onset: 5/7 71%

0.0024
Follow-up: 5/10 50%
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Table 2. Cont.

Gene Frequency Percentage χ2 p

CDH1
Onset: 1/7 14%

0.0063
Follow-up: 3/10 30%

VIM
Onset: 7/7 100%

<0.0001
Follow-up: 7/10 70%
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Figure 1. The amplified ACTB mRNA and the EMT gene profile of the purified
CD45−CD146+ABCB5+ subpopulation of CMCs correlate with patients’ clinical outcomes. (a) Analy-
sis of the Ct of the internal reference gene ACTB in CD45−CD146+ABCB5+ subpopulation purified
from PB of patients at onset and after six months of therapy and clinically classified as in disease
remission or progression. One-way ANOVA * p < 0.05. (b) Expression of the EMT-related genes in
CD45−CD146+ABCB5+ CMCs isolated from patients at onset and at follow-up (after six months of
therapy). Student’s t-test * p < 0.05. Data are presented as box and whiskers boxplots including the
single values obtained from each patient.
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2.4. The EMT Gene Signature of CD45−CD146+ABCB+ CMCs Subpopulation Correlates with the
Clinical Progression of the Disease

To investigate the possible prognostic significance of the EMT gene signature, we com-
pared the gene expression obtained from patients with a clinical remission status, defined as
“responder to therapy”, with those from patients undergoing disease progression, namely,
“non-responder”, after 6 months of treatment. Gene expressions from the two groups,
reported in Table 3, were as follows (responders/non-responders): TWIST1 (0–60%, χ2 test
**** p < 0.0001), SNAI2 (0–20%, χ2 test **** p < 0.0001), ZEB1 (60–80%, χ2 test ** p < 0.003),
CD146 (0–20%, χ2 test **** p < 0.0001), CDH1 (20–40%, χ2 test ** p < 0.003), CDH2 (20–80%,
χ2 test **** p < 0.0001), and VIM (40–100%, χ2 test **** p < 0.0001).

Table 3. Molecular expression (percentage) of the EMT gene panel in enriched CMC subpopulations
obtained from melanoma after six months of follow-up stratified in responders and non-responders
to therapy.

Gene Frequency Percentage χ2 p

TWIST1
Responder: 0/5 0%

<0.0001
Non-Responder: 3/5 60%

SNAI2
Responder: 0/5 0%

<0.0001
Non-Responder: 1/5 20%

ZEB1
Responder: 3/5 60%

0.002
Non-Responder: 4/5 80%

CD146M/CAM
Responder: 1/5 20%

<0.0001
Non-Responder: 0/5 0%

CDH2
Responder: 1/5 20%

<0.0001
Non-Responder: 4/5 80%

CDH1
Responder: 1/5 20%

0.002
Non-Responder: 2/5 40%

VIM
Responder: 2/5 20%

<0.0001
Non-Responder: 5/5 100%

The data obtained were further confirmed by comparing the expression of each EMT-
related gene between non-responder and responder patients. Despite the small sample
size of patients analyzed in this study, we found a significant decrease of VIM and of the
EMT TF TWIST1 (Figure 2a) in the responder patients and, surprisingly, an increase in the
expression of the EMT TF ZEB1.

To extend our analysis, we included the mean of the expression of each gene deter-
mined in patients at onset in the statistical analysis. Interestingly, we found that VIM
expression decreases significantly in responder patients in comparison to both the onset
and non-responder patients. Additionally, the expression of the mesenchymal marker
CDH2 also impressively decreased in the responder patients, almost zeroing in some cases,
compared to the onset levels. Of note, we observed a drastic decrease in the non-responder
patients in the level the EMT TF ZEB1 with respect to the onset status (Figure 2b). The
increase of CDH1 expression observed in responder patients is promising, which, as ex-
pected, showed an opposite trend compared to CDH2, as well as of the EMT TF TWIST1
(Figure 2c), even if not statistically significant.

Interestingly, we observed the absence of molecular expression of HNF1 in all patients
and at all stages of the disease analyzed: onset, responder, and non-responder patients.
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follow-up analysis. 

Figure 2. The expression of EMT-related genes in CD45−CD146+ABCB+ CMCs correlates with the
clinical progression of the disease. (a) Following six months of therapy, patients were divided into
responder and non-responder therapy groups. Student’s t-test * p < 0.05. (b) The analysis of the
EMT signature in CD45−CD146+ABCB+ CMCs was performed by comparing the gene expression in
patients at onset with that found in responder and non-responder patients following six months of
therapy. One-way ANOVA * p < 0.05. (c) The trend of CDH1 and TWIST1 gene expression among the
three groups shows promising results. Data are presented as box and whiskers boxplots including
the single values obtained from each patient.

In Table 4, the target gene expressions for each patient at onset and at checkpoint
control are reported as DCT*1000.



Int. J. Mol. Sci. 2023, 24, 11792 8 of 19

Table 4. Target gene expressions for each patient at onset and at checkpoint control are reported as
DCT×1000. For all other patients, the checkpoint control was performed at +6 months. * No onset
(baseline samples) and two checkpoint controls for both patients were collected for the follow-up
analysis.

TARGET GENE
(∆CT×1000) UPN

MCAM//
CD146 CDH1 CDH2 TWIST1 SNAI2 ZEB1 VIM hHFN1 Therapy Clinical Status

UPN1-AuV *

1st checkpoint 0 0 0.102 0.664 0 2.309 216.352 0 In treatment Disease
Progression

2nd check point 0 0 0 0 0 0 0 0 Targeted
Therapy Clinical Remission

UPN2-FuM
Onset 0 0 7.36 0 0 67.485 171.043 0 Naive

1st checkpoint 0 0 0 0 0 15.441 0 0 Checkpoint
Inhibitors Clinical Remission

UPN3-PaN
Onset 0 0 0 0 0 38.751 347.245 0 Naïve

1st checkpoint 0 0 0 0 0 0 113.113 0 Targeted
Therapy

Disease
Progression

UPN4-CaA
Onset 2.795 0 4.74 22.581 0 10.298 485.60 0 Naïve

1st checkpoint 0 0 1.066 0 0.88 4.743 377.357 0 Checkpoint
Inhibitors

Disease
Progression

UPN5-ZuF
Onset 0 0 2.721 0 0 30.675 370.746 0 Naïve

1st checkpoint 0 3.057 0.247 0 0 4.662 260.04 0 Checkpoint
Inhibitors Clinical Remission

UPN6-GiD
Onset 2.7 0 0.156 0 0 2.377 222.476 0 Naïve

1st checkpoint 0 0 0 0 0 42.73 158.108 0 Targeted
Therapy Clinical Remission

UPN7-PeME *
1st checkpoint 0 0 0 0 0 0 0 0 In treatment Clinical Remission

2nd check point 0.126 0.366 0.207 0.613 0 3.197 354.12 0 Checkpoint
Inhbitors

Disease
Progression

UPN8-StD
Onset 0 0.3874 0.04 0 0 1.742 287.527 0 Naive

1st checkpoint 0 0.146 0.018 1.775 0 5.263 431.553 0 Checkpoint
Inhibitors

Disease
Progression

UPN9-ZaF

Onset 0 0 0 0 0 0 79.167 0 Naive Started to
Targeted Therapy

3. Discussion

CTCs (circulating tumor cells) play a crucial role in the metastatic cascade. Once
detached from primary tumors, they undergo phenotypic changes that confer them a
high metastatic potential. Over the past decade, several pieces of evidence have demon-
strated that enumerating and molecularly characterizing CTCs can be effectively used
as a non-invasive approach to monitor cancer progression and provide information to
clinicians [22,61–65]. This information could help determine the most suitable therapy and
assess therapy outcomes [66–68]. However, the prognostic value of CTCs exhibiting EMT
phenotypes remains unknown in many other cancers [69–73].

Various techniques have been reported for isolating and characterizing CTCs based
on their physical properties or cell surface antigens [74]. One of the most common ap-
proaches is the epithelial cell adhesion molecule (EpCAM)-based enrichment technique.
However, recent studies have shown that techniques relying solely on the expression of
cell surface antigens may fail to detect certain CTC subpopulations due to their phenotypic
heterogeneity [75–77]. Phenotypic alterations commonly found in CTCs are a consequence
of the activation of the epithelial-to-mesenchymal transition (EMT) program, which is a
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dynamic multi-step process crucial in the formation of metastases [43,78–81]. The goal of
the EMT process is to enable the dissemination of epithelial cancer cells by conferring them
mesenchymal features. It is well established that EMT is mediated by the aberrant activa-
tion of epigenetic pathways leading to the downregulation of epithelial markers, such as
E-cadherin, and the upregulation of mesenchymal markers, such as N-cadherin, vimentin,
and fibronectin. The process then continues following the activation of transcription factors
(EMT TFs) such as SNAI1, SNAI2, ZEB1, and TWIST1, which also control cell–cell adhesion,
cell migration, and extracellular matrix (ECM) degradation [23,51]. Vimentin, a member of
the intermediate filament family of proteins, is ubiquitously expressed in mesenchymal
cells. Increased expression of vimentin in cancer cells is associated with enhanced tumor
growth and invasiveness [82]. Furthermore, vimentin expression is correlated with the up-
regulation of N-cadherin, and it has been recently found that in melanoma, protein kinase
C-iota (PKC-ι) activates vimentin while inducing EMT [83]. TWIST1 is a helix-loop-helix
protein that plays a role in transcriptional regulation during cell differentiation. Increased
expression of TWIST1 has been observed in various types of tumor cells, including prostate,
gastric, and breast cancer. Moreover, TWIST1 can repress E-cadherin expression while pro-
moting the upregulation of N-cadherin, inducing the so-called “cadherins switch” [84,85].

It should be noted that the EMT program does not operate as a binary switch, flipping
cells from a completely epithelial to a fully mesenchymal phenotype. Instead, CTCs exist
in a series of hybrid states, maintaining both epithelial and mesenchymal or stem cell
properties. The acquisition of these mixed phenotypes allows CTCs to survive, evade
immune surveillance, and eventually colonize distant organs [49,50,86–88]. The study
by Yu et al. [46] provided evidence that breast cancer CTCs exhibit dynamic changes
in epithelial and mesenchymal composition. These transitions are regulated by various
transcription factors, signaling pathways, and changes in the microenvironment [46].

All these data support the use of EMT hallmarks and EMT TFs EMT as potential
biomarkers for the molecular characterization of CTCs and the subsequent description of
the primary tumor aggressiveness or response to therapy. In our study, we specifically
focused on three master EMT TFs: ZEB1, SNAI2, and TWIST1. Previous research has
demonstrated the significance of these factors in various aspects of melanoma and other
cancers. ZEB1 expression promotes immune escape in melanoma [89] and is involved
in the acquisition of resistance to MAPK inhibitors [90]. SNAI2 has been directly im-
plicated in melanoma progression by triggering the activation of the GSK-3β/β-catenin
pathway [91–93]. Moreover, it has been shown to induce stemness features in thyroid
cancer [94]. TWIST1 has also been associated with both melanoma stemness- and tumor-
initiating properties [95]. Additionally, it has been found to activate the ERK1/2 signaling
leading to melanoma invasion and MMP secretion [96]. Thus, in this preliminary phase
of our study, we chose to investigate these specific EMT TFs due to their relevance in
immunotherapy and targeted therapies. Furthermore, considering the stem/mesenchymal
phenotype of the CMCs subpopulation characterized in the present work, we found their
involvement in the modulation of stemness and aggressiveness particularly intriguing.

It is widely known that melanoma cells do not express EpCAM. Indeed, malignant
transformation of melanocytes, which originate from the neural crest, has been associated
with the acquisition of melanoma-specific cell-surface epitopes, such as MCAM/CD146
and MSCP/NG2, (melanoma-associated chondroitin sulphate), as well as stem cell mark-
ers, such as ABCB5 (ATP-binging cassette subfamily member B) and CD271 [26,34,97,98].
Our recent studies demonstrated that the acquisition of CD146 and ABCB5 as melanoma-
specific targets allows the isolation of highly primitive rare stem/mesenchymal CMCs
(CD45−CD146+ABCB+) associated with disease progression. CD146, a cell-adhesion
molecule, is known to be highly expressed on the cell surface and is considered an in-
ducer of EMT. In addition to CD146, the transmembrane transporter ABCB5 is strongly
associated with melanoma genesis, stem cell maintenance, metastasis, and chemoresis-
tance [99]. Importantly, it has been demonstrated that analyzing the molecular expression of
CD146 at the onset of melanoma, or during disease recurrence, could be a useful parameter



Int. J. Mol. Sci. 2023, 24, 11792 10 of 19

for monitoring melanoma remission or progression, even in cases of apparent disease-free
status [26].

To investigate the presence of mesenchymal-like CMCs and evaluate their poten-
tial usefulness as detection markers, we compared the expression levels of EMT TFs in
melanoma patient samples collected at the onset of the disease with those collected during
checkpoint follow-up, after six months of either targeted or immune therapy. Our first
goal was the establishment of a sensitive, specific, and reliable protocol to characterize, by
quantitative real-time polymerase chain reaction (qRT-PCR), the EMT-related gene levels
starting from low input RNA, such as those obtained from CMCs. To this purpose, we
tested the primers used in the present study on serial RNA dilution obtained from both
epithelial and mesenchymal cell lines commercially available. Once defined the best ex-
perimental conditions, total RNAs were isolated from CD45−CD146+ABCB+ CMCs and
analysed through qRT-PCR to identify their EMT-profile. The strength and efficiency of
our CMCs isolation protocol were assessed by the mRNA levels of the ACTB gene, which
served as the internal control in the qRT-PCR assay. We observed an increased amount of
ACTB gene mRNA in advanced melanoma patients, both at the onset of the disease and in
patients experiencing disease progression after six months of therapy. This finding further
confirms that the number of purified CMCs, which is correlated with the mRNA levels of
the ACTB gene, could be used as a valid and non-invasive approach to monitor disease
progression and assess patients’ clinical outcomes.

A further confirmation of the strength of our isolation and qRT-PCR protocols for
the EMT-multi-marker profile of CMCs arose from the observation of their mesenchymal
traits that confirmed the previously reported stem/mesenchymal phenotype of this CMCs
subpopulation [27]. In particular, in CMCs isolated from patients during active disease,
besides the downregulation of the CDH1 gene, coding for the epithelial marker E-cadherin,
we identified the upregulation of mesenchymal genes coding for vimentin, N-cadherin,
the EMT TF TWIST1, and MCAM/CD146, supporting the EMT activation as the cause for
metastasis and resistance to chemotherapy. Surprisingly, in none of our samples did we
observe the presence of the hFN1 gene, although it is well-known to be upregulated during
EMT and also to be implicated in resistance to radio therapy in cancer. This phenomenon
may be related to the concomitant lack of the SNAI2 gene in this specific subset of CMCs.
Indeed, it has been recently reported that circulating tumor cell migration is also promoted
through a fibronectin-dependent mechanism that modulates the activity of the transcription
factor SNAI2 [100].

Despite the small cohort of patients, we extend our analysis by comparing the EMT
gene signature of the CD45−CD146+ABCB+-CMCs isolated at onset to the EMT features
of CMCs enriched following six months of immune or targeted therapy. As expected,
confirming what was already reported in the literature, we found a significant decrease in
almost all of the EMT genes during the follow-up [101,102].

Regarding melanoma, there is a limited comprehensive understanding of the prog-
nostic value of CMCs. However, a study conducted by Khoja et al. [19] provided insight
into this area. The study revealed that 26% of metastatic melanoma patients had baseline
CMCs, and patients with two or more CMCs exhibited a significantly shorter median
overall survival (OS) compared to those with fewer than two CMCs (2.6 vs. 7.2 months).
Furthermore, an additional study supported the prognostic significance of CMCs for OS,
demonstrating that having more than two CMCs per 7.5 mL of blood was associated with
reduced survival [21]. These studies utilized the Cell-Search Melanoma Kit, a Veridex
platform, which identifies CMCs as cells positive for both MCAM/CD146 and MCSP
and negative for CD45 and CD34. Therefore, in order to further explore the potential
prognostic value of the EMT gene signature in CD45−CD146+ABCB+ CMCs, we deepened
our investigation further by stratifying our follow-up samples based on patients’ clinical
outcomes. Intriguingly, we found that in patients responding to therapies, there was a
statistically significant decrease in the level of the mesenchymal genes VIM, CDH2 (coding
for N-cadherin), and of the EMT TF TWIST1 and a promising upregulation of the epithelial
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gene CDH1 (coding for E-cadherin). These shuffling patterns of EMT genes suggest a
potential reduction in the aggressiveness of CMCs and possibly a diminished capacity
of these cells to colonize distant organs. Conversely, the observation of an increase in
the EMT TF ZEB1 gene in non-responder patients in comparison to the responder ones
was surprising. Indeed, a recent study has revealed a novel role for ZEB1, indicating its
involvement as a driver of lineage-specific transcriptional programs that regulate cellular
state transitions in melanoma. This regulatory function of ZEB1 promotes the emergence
of invasive and/or stem-like states within the tumor. Thus, the oscillations in its levels
among melanoma patients at onset and during therapies could be indicative of different
cell transition states [103].

4. Materials and Methods
4.1. Patients and Healthy Donors

The current “case series” was overseen and approved by the ethical local institutional
review board (code: prot.0013157/2015) of the University of Rome, Tor Vergata. Written
informed consent was obtained from the patients before inclusion in the study. Patients
were considered eligible if they had a histological and immune-histochemical (S-100, HMB-
45, and MART-1) confirmed diagnosis of malignant melanoma and if staged AJCC ≥ pT1b.
Patients’ demographic and clinical characteristics are shown in Table 5. The case series was
formed by a small cohort of nine melanoma patients with poor prognosis, with treatment-
naïve at onset and at the first checkpoint during immune or targeted therapies, as already
reported [26–29].

Table 5. Patients’ demographic, histological characteristics, and clinical history. * No onset (baseline
samples) but two checkpoint controls for both patients were collected for the follow-up analysis. For
all other patients, the checkpoint control was performed at + 6 months.

UPN Cod. Sex Age at First
Observation

Primary
Tumor-Site Histology

Breslow
Grade
(mm)

AJCC Status
at First

Observation

Baseline
Sample Therapy Clinical Status at

Follow-Up

UPN1-AuV* f 80 Unknown / / IV NO
(+2 years)

Targeted Therapy
(Anti-BRAF and

anti-MEK)

At +12 months:
Disease Progression

At +18 months:
Clinical Remission

UPN2-FuM m 40 Trunk SSM 1.25 IIB YES
Checkpoint
Inhibitors

(antiPD1-PD1L)

At +6 months:
Clinical Remission

UPN3-PaN m 64 Trunk NM 4.0 IV YES
Targeted Therapy
(Anti-BRAF and

anti-MEK)

At +6 months:
Disease Progression

UPN4-CaA f 82 Extremity NM 2.4 IV YES
Checkpoint
Inhibitors

(anti-PD1-PD1L)

At +6 months:
Disease Progression

UPN5-ZuF m 42 Head NM 2.2 IB YES
Checkpoint
Inhibitors

(anti-PD1-PD1L)

At +6 months:
Clinical Remission

UPN6-GiD m 35 Extremity SSM 2.2 IIIB YES
Targeted Therapy
(Anti-BRAF and

anti-MEK)

At +6 months:
Clinical Remission

UPN7-
PeME* f 75 Arm Mucous M 2.2 IIB NO

(+1 year)

Checkpoint
Inhibitors

(anti-PD1-PD1L)

At +12 months:
Disease Progression

At +18 months:
Clinical Remission

UPN8-StD f 41 Trunk NM 7.0 IIB YES
Checkpoint
Inhibitors

(anti-PD1-PD1L)

At +6 months:
Disease Progression

UPN9-ZaF m 42 Extremity NM 6.0 IVres YES Not yet started Not yet reached

We collected “baseline blood draw” from seven patients’ treatment-naïve at the onset
and 10 blood checkpoint samples after six months of therapy. In particular, for two patients
(UPN1-AV and UPN-7 PME), already undergoing checkpoint-inhibitor treatment and in full
disease progression at first observation, it was not possible to collect the “baseline point”.
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However, they were included in the follow-up group. The patient UPN7-ZF checkpoint
control blood draw was not reached at the time of this study, so it was included and
analyzed only for the “baseline control”. He has currently started targeted therapy.

Five patients out of nine received anti-PD1/PD1-ligand checkpoint immune therapy,
while four patients were eligible for targeted therapy anti-BRAF and anti-MEK (UPN4-FM,
UPN7-PN). The clinical history of patients is briefly summarized in Table 1. All patients
were enrolled at the Dermatology Department of the University of Rome “Tor Vergata”
(Italy).

4.2. Selection of Reference Genes Panel

The EMT genes included in the panel were selected according to the knowledge
already reported in the literature. We included the key players of the EMT, the genes coding
for E-cadherin (CDH1) and N-cadherin (CDH2), which were involved in the “cadherin
switch” during EMT [23,85], and the mesenchymal markers VIM (vimentin) and HFN1
(fibronectin), defined as the core of EMT [23,51,104]. We added the EMT TFs TWIST1, SNAI2,
and ZEB1, which orchestrate the gene expression rewiring occurring during EMT [41]. We
also included the endothelial antigen MCAM/CD146 as a marker of melanoma progression
and metastasis driver [26]. The ACTB gene was used as an internal reference gene.

4.3. Cell Lines

To set up a reliable protocol that “mimics” as much the detection of our rare CMC
sub-population as possible, we developed and analytically validated a qRT-PCR assay for
the quantitative determination of the previously cited EMT hallmarks. To this aim, we
performed RT-qPCR using the minimum available amount of total RNA, even rather than
100 ng, extracted from two commercial tumor cell lines: A375 (malignant melanoma) and
HeLa (cervix cancer) cell lines. The fibroblast cell line EDS, the keratinocytes HaCat, the
endothelial cell line HUVEC, and the mesenchymal cell lines V126 (originating from a
bone marrow healthy donor) were included as controls. All cell lines were purchased from
the American Type Culture Collection (ATCC, Manassas, VA, USA); they were grown in
RPMI-1640 (GIBCO-Thermo Fisher Scientific, Waltham, MA, USA) supplemented with
10% heat-inactivated fetal bovine serum (FBS), 2 mM glutamine, 100 U/mL penicillin,
and 100 µg/mL streptomycin (GIBCO-Thermo Fisher Scientific, Waltham, MA, USA) in
a humidified atmosphere, at 37 ◦C, 5% CO2. Cells were detached by trypsinization, then
centrifuged, washed twice with phosphate buffered saline (PBS), and stored at −70 ◦C,
until RNA extraction.

4.4. In Vivo CMCs Enrichment

CMCs immune-magnetic enrichment was performed in 17 blood samples obtained
from seven melanoma patients. Fifteen ml of peripheral blood (PB) was collected from
seven melanoma patients one week after sentinel lymphadenectomy. After six months
(first checkpoint control) 15 mL of PB samples from patients undergoing therapy were
collected. CD45−CD146+ABCB5+ CMCs were purified through immune-magnetic selection
as previously described [27,28,30–32]. Samples were considered “CMCs-positive” following
detection of MCAM/CD146+ or ABCB5+ in CD45− nucleated cells. We included human
peripheral blood samples from 20 healthy donors from our transfusion centre as negative
controls for CD146 and ABCB5 antigens. Isolated CD45−CD146+ABCB5+ CMCs were then
analyzed by quantitative RT-PCR (qRT-PCR) for the expression of some EMT hallmarks i.e.,
TWIST1, SNAI2, SLUG, ZEB1, HFN1, CD146/MCAM, CDH1, CDH2, and VIM.

4.5. Optimization and Validation of the qRT-PCR Assay for the EMT Profile of Enriched CMCs

Total RNA was extracted from control cell lines and purified CMCs subpopulation
with TRIzol Reagent (Invitrogen, Waltham, MA, USA) according to the manufacturer’s
instructions using a home-made protocol based on the Chomczyńsky and Sacchi method
adapted for RNA extraction from an extremely low number of cells, including selective
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precipitation supported by glycogen [105]. RNA concentration and integrity were measured
with ultraviolet spectrophotometry, using the NanoDrop 2000 (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer‘s instructions.

One hundred nanograms of RNA were reverse transcribed using Moloney murine
leukemia virus (MMLV) reverse transcriptase (Promega, Madison, WI, USA). Afterwards,
RT-qPCR was carried out based on the SYBR Green chemistry (iTaq™ Universal SYBR®

Green Supermix, BIO-RAD, Hercules, CA, USA).
First, we assessed the analytical specificity and sensitivity of the RT-qPCR assay for

the detection of the previously reported gene panel through optimization experiments in
the above-mentioned cell lines. To this aim, we produced cDNA by reverse transcription
(RT) of 100 ng of total RNA and then performed 1:5 serial dilutions of the resulting cDNA,
starting from 10 ng, to obtain calibration curves at 7 points. Specifically, we used 10, 2,
0.4, 0.08, 0.0032, and 0 ng of cDNA, in duplicate, to perform RT-qPCR assays for each
investigated gene. Once we defined the calibration curves for each hallmark, we settled
on the best threshold (Ct), slope, and R2 (>0.96) value for each gene to be used for further
experiments. Moreover, at the end of each RT-qPCR run, we performed the melting curve
optimization (60–95 ◦C) to verify the specificity of the reactions [106].

The RT-qPCR assay for the definition of the EMT profile of isolated CMCs was carried
out in 20 µL of final volume containing 5 µL of retro-transcripted cDNA, 5 µM of each
primer (Table 2), and 50% SYBR green (Kapa SYBR Fast qPCR kit; Kapa Biosystems, Roche,
Wilmington, MA, USA) in a StepOnePlus real-time PCR system (Thermo-Fisher). The gene
coding for β-actin, ACTB, was used as an internal reference gene. Duplicate reactions were
run for each gene. For each sample, an amplification plot and corresponding dissociation
curves were examined. Gene expression normalized to β-actin was calculated using the
2−∆∆Ct method. The primer sequences used in RT-qPCR analysis are listed in Table 6.

Table 6. RT-qPCR primers.

Gene Primers

CD146/MCAM
F: 5′-AGCTCCGCGTCTACAAAGC-3′

R: 5′-CTACACAGGTAGCGACCTCC-3′

CDH1
F: 5′-AAAGGCCCATTTCCTAAAAACCT-3′

R: 5′-TGCGTTCTCTATCCAGAGGCT-3′

CDH2
F: 5′-CTCCTATGA GTGGAA CAG GAA CG-3′

R: 5′ -TTG GAT CAA TGT CAT AAT CAA GTG CTGTA-3′

HFN1
F: 5′-AGCCGAGGTTTTAACTGCGA-3′

R: 5′-CCC ACT CGGTAAGTGTTCCC-3′

VIM
R: 5′-GACGCCATCAACACCGAGTT-3′

F: 5′-CTTTGTCGTTGGTTAGCTGGT-3′

SLUG
R: 5′-CCAAGCTTTCAGACCCCCAT-3′

F: 5′-GAAAAAGGCTTCTCCCCCGT-3′

TWIST1
R: 5′- GCTTGAGGGTCTGAATCTTGCT-3′

F: 5′-GTCCGCAGTCTTACGAGGAG-3′

ZEB1
R: 5′-CAGCTTGATACCTGTGAATGGG-3′

F: 5′-TATCTGTGGTCGTGTGGGACT-3′

ACTB
R: 5′-GAGACCTTCAACACCCCAGCC-3

F: 5′-AATGTCACGCACGATTTCCC-3′
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4.6. Statistical Analysis

For the statistical analysis of the EMT mRNAs detected in enriched CMCs, we first
compared the data obtained from two different groups: the onset group, which included
seven CMCs enriched samples (collected one week after melanoma patients’ sentinel-
lymphadenectomy), vs. the first checkpoint-time group, which included ten CMCs enriched
samples purified from nine patients after six months of therapy. Gene expression data were
represented through box and whiskers boxplots including the single values obtained from
each patient. Statistical significance between the onset and follow-up values, for each gene,
was evaluated by Student’s t-test. Additionally, the frequency of the expression of each gene,
expressed as the percentage of patients expressing it at onset and at follow-up, was analyzed
via χ2 test. Moreover, to get inside the evolution of the EMT process and its potential
correlation to patient clinical outcome, the follow-up samples were further stratified into
two distinct groups: responder and non-responder to therapy. Significant differences
between these groups were evaluated using Student’s t-test. The statistical analysis of
the EMT gene expression pattern was also performed among the onset, responder, and
non-responder groups and evaluated by one-way ANOVA, followed by Tukey’s ad hoc
test. The software used for statistical analysis was GraphPad Prism8.0 software (GraphPad
Software, San Diego, CA, USA); a p-value < 0.05 was considered significant (* p < 0.05;
** p < 0.01; *** p < 0.001; **** p < 0.0001).

5. Conclusions

In this preliminary translational study, to our knowledge, we are among the first
reporting a pilot EMT gene profile of CD45−CD146+ABCB5+ CMCs obtained from ad-
vanced melanoma patients at onset and then both in disease progression and clinical
remission status. We combined in vivo CMCs detection with multi-marker profiling EMT
gene/TFs expressions. Although sample size was small, the results obtained clearly showed
that CMCs could be efficiently isolated and characterized using our enrichment and qRT-
PCR molecular approach. CMCs isolation was based on immunomagnetic enrichment of
CD45 depleted, about 99.98% of leukocytes are depleted, by virtue of melanoma-specific
CD146/MCAM and ABCB5 antigen expression. Quantitative analysis revealed that all
blood samples contained CMCs at numbers that (i) correlated with the severity of the
disease or resistance to therapy and (ii) were sufficient for the detection of the EMT gene
and EMT TFs by qRT-PCR.

The described EMT gene signature holds the potential to serve as a foundation for
alternative approaches in the isolation and detection CMCs from clinical samples. Utilizing
EMT markers for classifying melanoma aids in the identification of the more aggressive
CMCs subpopulation and offers valuable insights for determining appropriate clinical
strategies.

These findings could represent a preliminary step towards identifying novel markers
that can be utilized for the detection or capture of CMCs, particularly those belonging to
mesenchymal-like subpopulations. In the Graphical Abstract reported below we show a
schematic representation of the subject matter of what we have exposed.
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et al. Gene expression profiling of circulating tumor cells and peripheral blood mononuclear cells from breast cancer patients.
Oncoimmunology 2016, 5, e1102827. [CrossRef]

71. Yan, W.-T.; Cui, X.; Chen, Q.; Li, Y.-F.; Cui, Y.-H.; Wang, Y.; Jiang, J. Circulating tumor cell status monitors the treatment responses
in breast cancer patients: A meta-analysis. Sci. Rep. 2017, 7, 43464. [CrossRef]

72. Cani, A.K.; Dolce, E.M.; Darga, E.P.; Hu, K.; Liu, C.-J.; Pierce, J.; Bradbury, K.; Kilgour, E.; Aung, K.; Schiavon, G.; et al. Serial
monitoring of genomic alterations in circulating tumor cells of ER-positive/HER2-negative advanced breast cancer: Feasibility of
precision oncology biomarker detection. Mol. Oncol. 2022, 16, 1969–1985. [CrossRef]

73. Franken, A.; Kraemer, A.; Sicking, A.; Watolla, M.; Rivandi, M.; Yang, L.; Warfsmann, J.; Polzer, B.M.; Friedl, T.W.P.; Meier-Stiegen,
F.; et al. Comparative analysis of EpCAM high-expressing and low-expressing circulating tumour cells with regard to their clonal
relationship and clinical value. Br. J. Cancer 2023, 128, 1742–1752. [CrossRef] [PubMed]

74. Bankó, P.; Lee, S.Y.; Nagygyörgy, V.; Zrínyi, M.; Chae, C.H.; Cho, D.H.; Telekes, A. Technologies for circulating tumor cell
separation from whole blood. J. Hematol. Oncol. 2019, 12, 48. [CrossRef]

75. Grover, P.K.; Cummins, A.G.; Price, T.J.; Roberts-Thomson, I.C.; Hardingham, J.E. Circulating tumour cells: The evolving concept
and the inadequacy of their enrichment by EpCAM-based methodology for basic and clinical cancer research. Ann. Oncol. 2014,
25, 1506–1516. [CrossRef] [PubMed]

76. Königsberg, R.; Obermayr, E.; Bises, G.; Pfeiler, G.; Gneist, M.; Wrba, F.; de Santis, M.; Zeillinger, R.; Hudec, M.; Dittrich, C.
Detection of EpCAM positive and negative circulating tumor cells in metastatic breast cancer patients. Acta. Oncol. 2011, 50,
700–710. [CrossRef]

77. Gorges, T.M.; Tinhofer, I.; Drosch, M.; Röse, L.; Zollner, T.M.; Krahn, T.; von Ahsen, O. Circulating tumour cells escape from
EpCAM-based detection due to epithelial-to-mesenchymal transition. BMC Cancer 2012, 12, 178. [CrossRef] [PubMed]

78. Jie, X.-X.; Zhang, X.-Y.; Xu, C.-J. Epithelial-to-mesenchymal transition, circulating tumor cells and cancer metastasis: Mechanisms
and clinical applications. Oncotarget 2017, 8, 81558–81571. [CrossRef]

79. Zhang, X.; Wei, L.; Li, J.; Zheng, J.; Zhang, S.; Zhou, J. Epithelial-mesenchymal transition phenotype of circulating tumor cells is
associated with distant metastasis in patients with NSCLC. Mol. Med. Rep. 2019, 19, 601–608. [CrossRef]

80. Fang, J.; Wang, W.; Fang, J.; Wang, H.; Lin, L.; Li, F.; Sun, Q.; Li, F.; Qi, J.; Sun, X.; et al. Epithelial-mesenchymal transition
classification of circulating tumor cells in lung and colon cancer patients: Potential role in clinical practice. Transl. Cancer Res.
2020, 9, 6639–6651. [CrossRef]

81. Papadaki, M.A.; Aggouraki, D.; Vetsika, E.-K.; Xenidis, N.; Kallergi, G.; Kotsakis, A.; Georgoulias, V. Epithelial-to-mesenchymal
Transition Heterogeneity of Circulating Tumor Cells and Their Correlation with MDSCs and Tregs in HER2-negative Metastatic
Breast Cancer Patients. Anticancer Res. 2021, 41, 661–670. [CrossRef]

82. Ridge, K.M.; Eriksson, J.E.; Pekny, M.; Goldman, R.D. Roles of vimentin in health and disease. Genes Dev. 2022, 36, 391–407.
[CrossRef]

83. Ratnayake, W.S.; Breedy, S.; Apostolatos, C.; Hill, R.; Dennison, C.; Acevedo-Duncan, M. Abstract 2857: Vimentin is a novel PKC-ι
target facilitating migration and invasion in melanoma. Cancer Res. 2019, 79, 2857. [CrossRef]

84. Zhu, Q.-Q.; Ma, C.; Wang, Q.; Song, Y.; Lv, T. The role of TWIST1 in epithelial-mesenchymal transition and cancers. Tumour Biol.
2016, 37, 185–197. [CrossRef] [PubMed]

85. Loh, C.Y.; Chai, J.Y.; Tang, T.F.; Wong, W.F.; Sethi, G.; Shanmugam, M.K.; Chong, P.P.; Looi, C.Y. The E-Cadherin and N-Cadherin
Switch in Epithelial-to-Mesenchymal Transition: Signaling, Therapeutic Implications, and Challenges. Cells 2019, 8, 1118.
[CrossRef] [PubMed]

86. Sinha, D.; Saha, P.; Samanta, A.; Bishayee, A. Emerging Concepts of Hybrid Epithelial-to-Mesenchymal Transition in Cancer
Progression. Biomolecules 2020, 10, 1561. [CrossRef] [PubMed]

87. Simeonov, K.P.; Byrns, C.N.; Clark, M.L.; Norgard, R.J.; Martin, B.; Stanger, B.Z.; Shendure, J.; McKenna, A.; Lengner, C.J. Single-
cell lineage tracing of metastatic cancer reveals selection of hybrid EMT states. Cancer Cell 2021, 39, 1150–1162.e9. [CrossRef]
[PubMed]

88. Brown, M.S.; Abdollahi, B.; Wilkins, O.M.; Lu, H.; Chakraborty, P.; Ognjenovic, N.B.; Muller, K.E.; Jolly, M.K.; Christensen, B.C.;
Hassanpour, S.; et al. Phenotypic heterogeneity driven by plasticity of the intermediate EMT state governs disease progression
and metastasis in breast cancer. Sci. Adv. 2022, 8, eabj8002. [CrossRef]

89. Caramel, J.; Papadogeorgakis, E.; Hill, L.; Browne, G.J.; Richard, G.; Wierinckx, A.; Saldanha, G.; Osborne, J.; Hutchinson, P.; Tse,
G. A Switch in the Expression of Embryonic EMT-Inducers Drives the Development of Malignant Melanoma. Cancer Cell 2013,
24, 466. Available online: https://www.sciencedirect.com/science/article/pii/S1535610813003644 (accessed on 25 June 2023).
[CrossRef]

https://doi.org/10.1038/s41568-019-0180-2
https://doi.org/10.1056/NEJMoa040766
https://doi.org/10.1080/2162402X.2015.1102827
https://doi.org/10.1038/srep43464
https://doi.org/10.1002/1878-0261.13150
https://doi.org/10.1038/s41416-023-02179-0
https://www.ncbi.nlm.nih.gov/pubmed/36823365
https://doi.org/10.1186/s13045-019-0735-4
https://doi.org/10.1093/annonc/mdu018
https://www.ncbi.nlm.nih.gov/pubmed/24651410
https://doi.org/10.3109/0284186X.2010.549151
https://doi.org/10.1186/1471-2407-12-178
https://www.ncbi.nlm.nih.gov/pubmed/22591372
https://doi.org/10.18632/oncotarget.18277
https://doi.org/10.3892/mmr.2018.9684
https://doi.org/10.21037/tcr-20-2235
https://doi.org/10.21873/anticanres.14817
https://doi.org/10.1101/gad.349358.122
https://doi.org/10.1158/1538-7445.AM2019-2857
https://doi.org/10.1007/s13277-015-4450-7
https://www.ncbi.nlm.nih.gov/pubmed/26602382
https://doi.org/10.3390/cells8101118
https://www.ncbi.nlm.nih.gov/pubmed/31547193
https://doi.org/10.3390/biom10111561
https://www.ncbi.nlm.nih.gov/pubmed/33207810
https://doi.org/10.1016/j.ccell.2021.05.005
https://www.ncbi.nlm.nih.gov/pubmed/34115987
https://doi.org/10.1126/sciadv.abj8002
https://www.sciencedirect.com/science/article/pii/S1535610813003644
https://doi.org/10.1016/j.ccr.2013.08.018


Int. J. Mol. Sci. 2023, 24, 11792 19 of 19

90. Richard, G.; Dalle, S.; Monet, M.-A.; Ligier, M.; Boespflug, A.; Pommier, R.M.; de la Fouchardière, A.; Perier-Muzet, M.; Depaepe,
L.; Barnault, R.; et al. ZEB1-mediated melanoma cell plasticity enhances resistance to MAPK inhibitors. EMBO Mol. Med. 2016,
8, 1143–1161. Available online: https://www.embopress.org/doi/abs/10.15252/emmm.201505971 (accessed on 25 June 2023).
[CrossRef]

91. Fenouille, N.; Tichet, M.; Dufies, M.; Pottier, A.; Mogha, A.; Soo, J.K.; Rocchi, S.; Mallavialle, A.; Galibert, M.D.; Khammari, A.;
et al. The Epithelial-Mesenchymal Transition (EMT) Regulatory Factor SLUG (SNAI2) Is a Downstream Target of SPARC and
AKT in Promoting Melanoma Cell Invasion. PLoS ONE 2012, 7, e40378. [CrossRef]

92. Shirley, S.H.; Greene, V.R.; Duncan, L.M.; Torres Cabala, C.A.; Grimm, E.A.; Kusewitt, D.F. Slug Expression during Melanoma
Progression. Am. J. Pathol. 2012, 180, 2479–2489. Available online: https://www.sciencedirect.com/science/article/pii/S0002944
012002350 (accessed on 25 June 2023). [CrossRef] [PubMed]

93. Srivastava, K.; Pickard, A.; Craig, S.G.; Quinn, G.P.; Lambe, S.M.; James, J.A.; McDade, S.S.; McCance, D.J. ∆Np63γ/SRC/Slug
Signaling Axis Promotes Epithelial-to-Mesenchymal Transition in Squamous Cancers. Clin. Cancer Res. 2018, 24, 3917–3927.
[CrossRef] [PubMed]

94. Visciano, C.; Liotti, F.; Prevete, N.; Cali’, G.; Franco, R.; Collina, F.; Collina, F.; de Paulis, A.; Marone, G.; Santoro, M.; et al. Mast
cells induce epithelial-to-mesenchymal transition and stem cell features in human thyroid cancer cells through an IL-8–Akt–Slug
pathway. Oncogene 2015, 34, 5175–5186. [CrossRef] [PubMed]

95. Beck, B.; Lapouge, G.; Rorive, S.; Drogat, B.; Desaedelaere, K.; Delafaille, S.; Dubois, C.; Salmon, I.; Willekens, K.; Marine, J.C.;
et al. Different levels of Twist1 regulate skin tumor initiation, stemness, and progression. Cell Stem Cell 2015, 16, 67–79. [CrossRef]
[PubMed]

96. Weiss, M.B.; Abel, E.V.; Mayberry, M.M.; Basile, K.J.; Berger, A.C.; Aplin, A.E. TWIST1 is an ERK1/2 effector that promotes
invasion and regulates MMP-1 expression in human melanoma cells. Cancer Res. 2012, 72, 6382–6392. [CrossRef] [PubMed]

97. Gray, E.S.; Reid, A.L.; Bowyer, S.; Calapre, L.; Siew, K.; Pearce, R.; Cowell, L.; Frank, M.H.; Millward, M.; Ziman, M. Circulating
Melanoma Cell Subpopulations: Their Heterogeneity and Differential Responses to Treatment. J. Investig. Dermatol. 2015, 135,
2040–2048. [CrossRef]

98. Aya-Bonilla, C.A.; Morici, M.; Hong, X.; McEvoy, A.C.; Sullivan, R.J.; Freeman, J.; Calapre, L.; Khattak, M.A.; Meniawy, T.;
Millward, M.; et al. Detection and prognostic role of heterogeneous populations of melanoma circulating tumour cells. Br. J.
Cancer 2020, 122, 1059–1067. [CrossRef]

99. Setia, N.; Abbas, O.; Sousa, Y.; Garb, J.L.; Mahalingam, M. Profiling of ABC transporters ABCB5, ABCF2 and nestin-positive stem
cells in nevi, in situ and invasive melanoma. Mod. Pathol. 2012, 25, 1169–1175. [CrossRef]

100. Huaman, J.; Ogunwobi, O.O. Circulating Tumor Cell Migration Requires Fibronectin Acting through Integrin B1 or SLUG. Cells
2020, 9, 1594. [CrossRef]

101. Guo, W.; Wang, H.; Li, C. Signal pathways of melanoma and targeted therapy. Signal Transduct. Target Ther. 2021, 6, 424. [CrossRef]
102. Gu, Y.; Zhang, Z.; Ten Dijke, P. Harnessing epithelial-mesenchymal plasticity to boost cancer immunotherapy. Cell Mol. Immunol.

2023, 20, 318–340. [CrossRef] [PubMed]
103. Tang, Y.; Durand, S.; Pommier, R.M.; Benboubker, V.; Grimont, M.; Cumunel, E.; Boivin, F.; Dupeuble, F.; Barbollat-Boutrand,

L.; Eberhardt, A.; et al. ZEB1 Controls a Lineage-Specific Transcriptional Program Essential for Melanoma Cell State Transitions; Cold
Spring Harbor Laboratory: Laurel Hollow, NY, USA, 2023.

104. Yang, J.; Antin, P.; Berx, G.; Blanpain, C.; Brabletz, T.; Bronner, M.; Campbell, K.; Cano, A.; Casanova, J.; Christofori, G.; et al.
Guidelines and definitions for research on epithelial–mesenchymal transition. Nat. Rev. Mol. Cell Biol. 2020, 21, 341–352.
[CrossRef] [PubMed]

105. Chomczynski, P.; Sacchi, N. Single-step method of RNA isolation by acid guanidinium thiocyanate-phenol-chloroform extraction.
Anal. Biochem. 1987, 162, 156–159. [CrossRef] [PubMed]

106. Yu, Z.; Xu, Q.; Xiao, C.; Li, H.; Wu, W.; Du, W.; Zhao, J.; Liu, H.; Wang, H.; Liu, C. SYBR Green real-time qPCR method: Diagnose
drowning more rapidly and accurately. Forensic. Sci. Int. 2021, 321, 110720. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://www.embopress.org/doi/abs/10.15252/emmm.201505971
https://doi.org/10.15252/emmm.201505971
https://doi.org/10.1371/journal.pone.0040378
https://www.sciencedirect.com/science/article/pii/S0002944012002350
https://www.sciencedirect.com/science/article/pii/S0002944012002350
https://doi.org/10.1016/j.ajpath.2012.02.014
https://www.ncbi.nlm.nih.gov/pubmed/22503751
https://doi.org/10.1158/1078-0432.CCR-17-3775
https://www.ncbi.nlm.nih.gov/pubmed/29739791
https://doi.org/10.1038/onc.2014.441
https://www.ncbi.nlm.nih.gov/pubmed/25619830
https://doi.org/10.1016/j.stem.2014.12.002
https://www.ncbi.nlm.nih.gov/pubmed/25575080
https://doi.org/10.1158/0008-5472.CAN-12-1033
https://www.ncbi.nlm.nih.gov/pubmed/23222305
https://doi.org/10.1038/jid.2015.127
https://doi.org/10.1038/s41416-020-0750-9
https://doi.org/10.1038/modpathol.2012.71
https://doi.org/10.3390/cells9071594
https://doi.org/10.1038/s41392-021-00827-6
https://doi.org/10.1038/s41423-023-00980-8
https://www.ncbi.nlm.nih.gov/pubmed/36823234
https://doi.org/10.1038/s41580-020-0237-9
https://www.ncbi.nlm.nih.gov/pubmed/32300252
https://doi.org/10.1016/0003-2697(87)90021-2
https://www.ncbi.nlm.nih.gov/pubmed/2440339
https://doi.org/10.1016/j.forsciint.2021.110720
https://www.ncbi.nlm.nih.gov/pubmed/33639416

	Introduction 
	Results 
	Optimization and Validation of qRT-PCR Assay on Control Cell Lines and Healthy Donors 
	Detection of In Vivo Isolated CMCs 
	The Expression of EMT Genes of CD45-CD146+ABCB5+ CMCs Subpopulation Differs in Melanoma Patients Undergoing Treatment 
	The EMT Gene Signature of CD45-CD146+ABCB+ CMCs Subpopulation Correlates with the Clinical Progression of the Disease 

	Discussion 
	Materials and Methods 
	Patients and Healthy Donors 
	Selection of Reference Genes Panel 
	Cell Lines 
	In Vivo CMCs Enrichment 
	Optimization and Validation of the qRT-PCR Assay for the EMT Profile of Enriched CMCs 
	Statistical Analysis 

	Conclusions 
	References

