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Simple Summary: Mycosis fungoides (MF) is the most common variety of cutaneous T-cell lym-
phoma. Our previous studies showed that the epithelial–mesenchymal transition (EMT) transcription
factors (TFs) Twist1 and Zeb1 have prognostic value in MF. The main objective of the present study
was to gain better knowledge about the biological mechanisms behind this phenomenon. The RNA
of 40 skin tumor biopsies (from 40 patients) was sequenced and analyzed. Twist1 protein expression
seemed to classify MF cases into different groups based on their global RNA expression. Additionally,
high Twist1 protein expression was associated with several genes and pathways known to have roles
in aggressive tumor biology. For Zeb1, similar results were not found. Our results suggest Twist1
to be a central transcription factor and pathway regulator in the disease progression of MF. Twist1
might be an interesting object for developing targeted therapies for MF.

Abstract: The purpose of this RNA sequencing study was to investigate the biological mechanism
underlying how the transcription factors (TFs) Twist1 and Zeb1 influence the prognosis of mycosis
fungoides (MF). We used laser-captured microdissection to dissect malignant T-cells obtained from
40 skin biopsies from 40 MF patients with stage I–IV disease. Immunohistochemistry (IHC) was used
to determinate the protein expression levels of Twist1 and Zeb1. Based on RNA sequencing, principal
component analysis (PCA), differential expression (DE) analysis, ingenuity pathway analysis (IPA),
and hub gene analysis were performed between the high and low Twist1 IHC expression cases.
The DNA from 28 samples was used to analyze the TWIST1 promoter methylation level. In the
PCA, Twist1 IHC expression seemed to classify cases into different groups. The DE analysis yielded
321 significant genes. In the IPA, 228 significant upstream regulators and 177 significant master
regulators/causal networks were identified. In the hub gene analysis, 28 hub genes were found.
The methylation level of TWIST1 promoter regions did not correlate with Twist1 protein expression.
Zeb1 protein expression did not show any major correlation with global RNA expression in the PCA.
Many of the observed genes and pathways associated with high Twist1 expression are known to
be involved in immunoregulation, lymphocyte differentiation, and aggressive tumor biology. In
conclusion, Twist1 might be an important regulator in the disease progression of MF.

Keywords: cutaneous T-cell lymphoma; mycosis fungoides; Twist1; Zeb1; RNA sequencing; DNA
methylation; laser capture microdissection
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1. Introduction

Primary cutaneous T-cell lymphomas (CTCLs) are a heterogeneous group of non-
Hodgkin’s lymphomas with no evidence of extracutaneous spread at the time of diagnosis.
Mycosis fungoides (MF) is the most common CTCL, accounting for about 60% of all CTCL
cases [1]. Usually, patients are adults, and most of the patients are males. Sézary syndrome
(SS) is a leukemic variant of CTCL.

The clinical course of MF is variable. The disease starts with localized or dissemi-
nated patches or plaques that can remain skin-limited for years. However, in a subset of
patients (10–20%) [2] the disease evolves into the tumor or erythroderma stages, including
extracutaneous spread with poor prognosis. Although the treatment modalities for MF
have developed over the years, the disease remains still incurable, indicating the need to
understand the biology of this disease better.

Epithelial-to-mesenchymal transition (EMT) is an essential process in embryonic
development and common in cancer progression [3–5]. During EMT, the epithelial cells
obtain the mesenchymal phenotype and convert to a more invasive, motile phenotype
and acquire resistance to apoptosis. The role of EMT in cancer progression, dissemination,
and therapy resistance has been well recognized in epithelial tumors, but in the case
of hematopoietic malignancies, the significance of EMT is less well studied. One basic
difference is that the cells of hematological malignancies already have a mesenchymal
phenotype since they arrive from blood cells derived from the embryonic mesoderm.
However, some of the EMT-controlling transcription factors (EMT–TFs), including Twist1
and Zeb1, control the differentiation of hematopoietic cells and have been associated
with the progression of hematological malignancies [6]. Twist1 is a T-cell oncoprotein
that belongs to the basic helix–loop–helix (bHLH) protein family. Twist1 regulates the
inflammatory processes and is involved in lymphocyte function and maturation, working
as a key regulator of immune cells, especially T helper (Th) cell activation [7,8]. Zeb1 is
a protein-coding gene that suppresses hematopoiesis and downregulates the expression
of CD4 during T-cell maturation [9]. In the study of vanDoorn et al. (2004) [10], Twist1
was highly overexpressed among SS patients. Goswami et al. (2012) [11] showed that
Twist1 expression was correlated with MF and SS stages. They also observed an association
between increased Twist1 and c-Myc expression and abnormal p53 expression.

Our earlier studies showed that IHC Twist1+ is associated with worse prognosis
and Zeb1+ with better prognosis in patients with MF [12]. In this study, our aim was to
investigate both the up- and downstream regulation of Twist1 and Zeb1 to understand
the biology behind their prognostic value. Our methods included Twist1 and Zeb1 IHC
and RNA sequencing from 40 MF cases. The methylation level of the Twist1 promoter was
analyzed from 28 MF samples.

2. Materials and Methods
2.1. Patient Material

The retrospective patient material consisted of 40 biopsies from 40 MF patients with
stage I–IV disease from the Helsinki University Hospital obtained during the years 2015–
2019. 21 formalin-fixed and paraffin-embedded (FFPE) samples were taken at the time of
the diagnosis and 19 from patients with relapsed disease.

Patient data were collected from hospital records. These clinical variables included
gender, age, WHO-EORTC stage, plasma lactate dehydrogenase (LDH) level, treatments,
data on follow-up or relapses, progression, and mortality.

2.2. Immunohistochemical Staining, Analysis, and Correlation with Disease Presentation and
Outcome

Twist1 and Zeb1 immunohistochemical staining was performed as previously de-
scribed in Lemma et al. (2013) [13]. In the IHC analysis, the cut-off point for low and high
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expression of Twist1 was 17.6% and that for Zeb1 was 37%, defined by using a receiver op-
erating characteristic (ROC) curve. Morphologically assessed neoplastic cells were counted
as positive in the IHC analysis.

Tumor cell count was estimated from the hematoxylin–eosin-stained samples identify-
ing the hyperchromatic small to medium-sized haloed lymphocytes with hyperconvoluted
nuclei as a percentage of the surrounding reactive lymphocytic cell infiltrate. The tumor cell
count was estimated by an experienced hematopathologist. Additionally, the proportion of
the entire lymphocytic infiltrate was estimated from the sample area.

The time from diagnosis to the initiation of systemic therapy or to the last follow-up
date (TTST) was calculated and used to perform a Kaplan–Meier analysis. A chi-squared
test was used as a statistical method, and statistical significance was evaluated with the
log rank. p-values < 0.05 were considered statistically significant. IBM SPSS Statistics
for Macintosh, Version 28.0. (Armonk, NY: IBM Corp.) was used for ROC curves and
Kaplan–Meier analysis.

2.3. Microdissection and RNA Extraction

In total, 8–13 sequential paraffin-embedded slide sections with a thickness of 5 µm
were prepared and mounted on pet (polyethylene terephthalate) slides (Leica AS LMD;
Leica Microsystems Ltd., Wetzlar, Germany). Paraffin was removed by soaking in xylene
twice for 10 min, and sections were stained with hematoxylin. One section was stained
with CD3 antibody (NCL-L-CD3-565), which was used as a guide to differentiate between
lymphocytic and epithelial cells (Supplementary Figure S1). Laser capture microdissection
(LCM) was performed using a ZEISS PALM MicroBeam Microsdissection system (Carl
Zeiss Microscopy GmbH, Oberkochen, Germany) and adhesive collection caps.

After microdissection, the samples were placed into collection vessels containing ap-
propriate volumes of Depaffinization Solution (#19093, Qiagen GmbH, Hilden, Germany),
and RNA was extracted using an MiRNeasy FFPE extraction kit (#217504, Qiagen GmbH,
Hilden, Germany) generally according to the manufacturer’s instructions. However, after
adding proteinase K solution, the samples were incubated overnight at 56 ◦C with gentle
shaking for a better yield.

2.4. The TWIST1 Promoter Methylation Analysis

After LCM, DNA was isolated using a QIAamp DNA FFPE tissue kit (Qiagen, Hilden,
Germany). DNA concentrations were measured using a Qubit 4 fluorometer, and bisulfite
treatment was carried out using an EpiTect Fast DNA Bisulfite kit (Cat. No. 59824, Qiagen).
The promoter area of the TWIST1 gene (Entrez Gene ID: 7291) was then amplified using
a PyroMark CpG Assay (GeneGlobe Cat. no: PM00030121), PyroMark PCR kit, and
RotorGeneQ device (Qiagen). The specificity of biotin-labeled amplification products was
confirmed on agarose gel and purified for pyrosequencing with Streptavidin Sepharose
beads (Cytiva) using a PyroMark Q24 Vacuum Workstation. Single-stranded DNA on a
sequencing plate was annealed with the sequencing primer at 80 ºC (2 min) and cooled
at room temperature (15 min). Then, the plate was processed using the PyroMark Q24
Instrument with compatible Gold Q24 reagents. Finally, the sequencing run was analyzed
via the PyroMark Q24 software version 2.0.6. (Qiagen, Hilden, Germany).

2.5. RNA Sequencing Data Analysis

The quality and quantity of the extracted RNA samples were analyzed with a LabChip
GX Touch HT RNA Assay Reagent Kit (PerkinElmer, Waltham, MA, USA) and Qubit RNA
BR kit (Thermo Fisher Scientific, Waltham, MA, USA). For genomic DNA contamination
measurement, a Qubit DNA BR kit (Thermo Fisher Scientific, Waltham, MA, USA) was used.
Dual-indexed mRNA libraries were prepared from 150 ng of total RNA with a QuantSeq
3′ mRNA–Seq Library Prep Kit FWD (Lexogen Gmbh, Vienna, Austria) according to user
guide version 015UG009V0251. During second strand synthesis, 6 bp Unique Molecular
Identifiers (UMIs) were introduced with the UMI Second Strand Synthesis Module (Lexogen
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Gmbh, Vienna, Austria) for detection and removal of PCR duplicates. The quality of the
libraries was measured with a LabChip GX Touch HT DNA High Sensitivity Reagent
Kit (PerkinElmer, Waltham, MA, USA). Sequencing was performed with a NovaSeq 6000
System (Illumina, San Diego, CA, USA) with read length of 2 × 101 bp and target coverage
of 10 M reads for each library. QuantSeq 3′ mRNA–Seq Integrated Data Analysis Pipeline
version 2.3.1 FWD UMI (Lexogen Gmbh, Vienna, Austria) on Bluebee® Genomics Platform
was used for primary quality evaluation of the RNA sequencing data.

2.6. Read Counts and Principal Component Analysis

For visual exploration of the data, the read counts were normalized using the variance
stabilizing transformation (VST) method implemented in the DESeq2 (version 1.30.1)
package [14] in R (version 4.0.3) [15], which transforms the count data in a way that
minimizes differences between samples for rows with small counts and normalizes the data
with respect to library size, with large values approximating a log2 scale. Visual inspection
of the samples was performed using principal component analysis (PCA) implemented
in the ‘prcomp’ function in R, applied to the normalized read counts of the top 500 genes
according to variance. Additionally, the same data were used to generate a Pearson’s
correlation heat map from all pairwise comparisons of samples, using the ‘pheatmap’
package (version 1.0.12) [16] in R.

2.7. Differential Expression Analyses

Data normalization and differential expression (DE) analysis were performed using the
DESeq2 package [14] in R. Genes with an absolute log2 fold change > 0.58 (absolute fold
change of 1.5) and an adjusted p value < 0.05 (adjusted for multiple testing using the Benjamini–
Hochberg procedure [17]) were considered to be significantly differentially expressed.

Initially, two contrasts were made using only diagnostic samples: first, high-Twist1-
expression (Twist+) samples against low-Twist1-expression (Twist1-) samples, followed by
high-Zeb1-expression (Zeb1+) samples against low-Zeb1-expression (Zeb1-) samples. A
second round of DE analysis was performed between Twist1+ and Twist1- samples, this
time including both diagnostic and follow-up samples. The results of the two sets of Twist1
expression contrasts were compared using Pearson’s correlations.

2.8. Ingenuity Pathway Analysis

The full results table from the DESeq2 analysis of Twist1+ versus Twist1-, using both
diagnostic and follow-up samples, was read into the Ingenuity Pathway Analysis (IPA)
software [18]. Then an IPA core analysis was run with the following analysis settings:
the reference was set to ‘User Dataset’, the confidence level was set to ‘Experimentally
Observed’, the species was set to ‘Human’, the log2 fold-change filter was set to <−0.58
and >0.58, and the adjusted p value filter was set to <0.05. The significance threshold for
the identified pathways and regulators was also set to an adjusted p value of 0.05.

2.9. Hub Gene Analysis

To identify hub genes, a protein–protein interaction (PPI) network was constructed
from the genes that were significantly differentially expressed between high and low Twist1
expression groups (all samples) using the STRING database [19] through the StringApp [20]
within Cytoscape [21]. The connectivity of the nodes in the network was assessed using the
cytoHubba plugin [22] and nodes with a degree of connectivity of 10 or more were said to
be hub genes.

3. Results
3.1. Patients

Patient demographics are presented in Table 1. The median age was 63 years (range
19–86 years), and most of the patients were male (70%). The median follow-up time was
32.2 months (range: 6.28–203 months).
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Table 1. Patient demographics: The median follow-up time was 32.2 months (range: 6.28–203 months).
6 duplicated patient samples were removed.

Diagnostic Samples,
n (%)

Follow-up Samples,
n (%) All Samples, n (%)

Number of cases 21 19 40

Male 16/21 (76%) 12/19 (63%) 28/40 (70%)

Age 60 years or older 16/21 (76%) 11/19 (58%) 27/40 (68%) (median
63 years, range 19–86)

Stage I–IIA 16/21 (76%) 13/19 (68%) 29/40 (73%)

Stage IIB–IV 5/21 (24%) 6/19 (32%) 11/40 (28%)

Elevated LDH 7/21 (33%) 7/19 (37%) 14/40 (35%)

Presenting lesions

Solitary 1/21 (5%) 0/19 (0%) 1/40 (3%)

Multiple 16/21 (76%) 15/19 (79%) 31/40 (78%)

Erythrodermic 4/21 (19%) 4/19 (21%) 8/40 (20%)
LDH, Lactate dehydrogenase.

3.2. Immunohistochemistry of Twist1 and Zeb1, Correlation with Histomorphology, Disease
Presentation and Outcome

For Twist1, there were 20 high expression and 20 low expression cases. For Zeb1, there
were 4 high expression and 36 low expression cases. Twist1 expression was not associated
with tumor cell percentage or lymphocyte cell proportion, or with the clinical stage.

There were no significant correlations between the collected clinical variables and
Twist1 protein expression. However, among the patients with diagnostic samples, there
was a trend for the cases with high Twist1 protein expression to require systemic therapy
sooner than the cases with low expression (p value = 0.133, Figure 1).

Figure 1. Time to systemic therapy (TTST) based on Twist1 nuclear expression in MF patient samples.
TTST was evaluated from confirmed diagnosis date to beginning of systemic therapy or last follow-
up date. The cut-off value for Twist1 was 17.6% and cases were divided into two groups based on
expression results: Twist1 low <17.6% (n = 10) and Twist1 high ≥17.6% (n = 11). Patients with high
nuclear Twist1 expression were associated with shorter TTST and required systemic treatments earlier
(p value = 0.133).
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3.3. The Analysis of TWIST1 Promoter Methylation

The methylation levels of four CpG islands of 28 cases were analyzed: CpG1, CpG2,
CpG3, and CpG4. The means and standard deviations for GpG islands 1, 2, 3, and 4 were
M1 = 3.96 (SD1 = 2.25), M2 = 3.36 (SD2 = 2.22), M3 = 12.31 (SD3 = 3.76), and M4 = 1.58
(SD4 = 0.902), respectively. For the total methylation level, the mean was 20.95 and SD was
6.88. The methylation levels did not correlate with the IHC or RNA expression of Twist1.

3.4. The Association between Twist1 and Zeb1 Protein Levels and RNA Levels

To see how well the RNA expression for Twist1 and Zeb1 corresponded to high/low
classification based on IHC expression, the normalized expression for each gene in each
sample was plotted on a heat map (Figure 2). Generally, Twist1 RNA expression agreed with
the high/low IHC expression classification of the samples, while Zeb1 RNA expression did
not correlate well with the classification. A Pearson correlation coefficient was conducted to
examine these correlations. Twist1 RNA expression correlated positively to IHC expression
(r (38) = 0.46, p value < 0.01), while no correlation could be seen between Zeb1 RNA and
protein expression (r (38) = −0.070, p value = 0.67). For Twist1, there were also cases that
did not correlate; for example, the case of MH37 had high Twist1 protein expression but
the lowest RNA expression of the whole series.

Figure 2. Comparison of immunohistochemical and RNA levels of Twist1 and Zeb1 in analyzed
samples. First three rows indicate diagnostic and follow-up samples, Twist+ and Twist- and Zeb+
and Zeb- immunohistochemistry. Heat map of normalized read counts (normalized with the VST
method in DESeq2) for all analyzed samples for TWIST1 and ZEB1 RNA. The rows are scaled so that
blue indicates below-average expression for the gene, and red indicates above-average expression.

3.5. The Principal Component Analysis (PCA)

To investigate whether the samples clustered according to their Twist1 and Zeb1
expression, we performed PCAs on the normalized read counts both for all samples
combined and diagnostic samples individually (see Methods).

The samples were observed to separate along PC1 according to their Twist1 expression
category in both analyses. PC1 explained 26% of the variation for all samples (Figure 3a)
and 32% of the variation for diagnostic samples (Figure 3b). A similar pattern was not seen
for Zeb1 expression categories. Furthermore, there appeared to be no separation between
the diagnostic and follow-up samples (Supplementary Figure S2).
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Figure 3. First two principal components of the PCA, with Twist1 (a) and Zeb1 (b) expression cate-
gories for all samples (n = 40) and diagnostic samples only (n = 21). Blue indicates low Twist1/Zeb1
expression, and red indicates high Twist1/Zeb1 expression.

3.6. High vs. Low Twist1 and Zeb1—Differential Expression Analysis

Differential expression (DE) analysis between Twist1+ and Twist1- diagnostic samples
only returned 11 significantly (adjusted p value <= 0.05, absolute log2 fold change > = 0.58)
differentially expressed genes: OAS2, ENSG00000201329, FCER1G, LGALS9, LYZ, LITAF,
HLA-DRA, HLA-A, IGHM, NDUFA4 and RPGR (Figure 4). The corresponding analysis for
Zeb1 expression yielded no significant genes.

Considering the low statistical power when analyzing only diagnostic samples and
given that there seemed to be little separation between diagnostic and follow-up samples
in terms of gene expression (Supplementary Material, Figure S2), the DE analysis between
Twist1+ and Twist1- samples was repeated for the diagnostic and follow-up samples
combined.

This analysis yielded 321 significant genes (adjusted p value < = 0.05, absolute log2
fold change > = 0.58). Expression of the top 100 significant genes (according to the adjusted
p value) is visualized in the heatmap in Figure 5, where the samples are clustered largely
by their Twist1 categories. The top genes generally have higher expression in the Twist1+
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samples than in the Twist1- samples. Furthermore, diagnostic and follow-up samples
appeared to be intermixed, irrespective of the clinical staging.

Figure 4. Heatmap of normalized read counts (with the VST method in DESeq2) for the nine genes
according to adjusted p value, for diagnostic samples in the DE analysis. The rows are scaled so that
blue indicates below-average expression for the gene, and red indicates above-average expression.
IGHM, Immunoglobulin heavy constant; Mu OAS2, 2′-5′-oligoadenylate synthetase; NDUFA4,
NDUFA4 Mitochondrial complex associated; LGALS9, Galectin 9; LITAF, Lipopolysaccharide induced
TNF factor; LYZ, Lysozyme; HLA-A, Major histocompatibility complex, class I; FCER1G, Fc epsilon
receptor Ig; HLA-DRA, Major histocompatibility complex, class II, DR Alpha; RPGR, Retinitis
pigmentosa GTPase regulator.

The results of the DE analysis with all samples combined correlated well with those
from the analysis using only diagnostic samples for both the adjusted p value (Pearson’s r =
0.63, p << 0.01, Figure 6a) and the log2 fold change (Pearson’s r = 0.85, p << 0.01, Figure 6b).
Seven of the significant genes from the first analysis were also identified in the second
analysis (OAS2, ENSG00000201329, LGALS9, LITAF, HLA-DRA, IGHM and NDUFA4).

3.7. High vs. Low Twist1—Ingenuity Pathway Analysis

The results of the differential expression analysis were used as input for Ingenuity Path-
way Analysis (IPA). This resulted in three significant pathways (adjusted p value < 0.05):
the ‘GP6 Signaling Pathway’, ‘Hepatic Fibrosis/Hepatic Stellate Cell Activation’, and ‘B Cell
Development’. Prior to correcting for multiple testing, there were 35 significant pathways
(p value < 0.05), as shown in Supplementary Figure S3. The IPA core analysis also identified
228 significant upstream regulators (adjusted p value < 0.05) and 177 significant master
regulators/causal networks (adjusted p value < 0.05) (Supplementary Tables S1 and S2).

3.8. Hub Gene Analysis

Analysis of the protein–protein interaction network constructed from the results of
the Twist1 differential expression analysis resulted in 28 identified hub genes (connectivity
degree >= 10), as shown in Figure 7.
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Figure 5. Heatmap of normalized read counts (with the VST method in DESeq2) for the top 100 genes
according to adjusted p value, for all samples in the differential expression analysis. The rows
are scaled so that blue indicates below-average expression for the gene, and red indicates above-
average expression.
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Figure 6. Comparison of the results of the DE analysis run on diagnostic samples and all samples
combined, showing the relationship between the two models’ adjusted p values (a) and predicted
log2 fold changes (b).

Figure 7. Interaction network of the 28 identified hub genes. The fill color corresponds to log2 fold
change estimated by DESeq2, with blue indicating negative changes and red indicating positive
changes in the high-Twist1-expression group relative to the low-expression group (created using the
Cytoscape software). CCL2, C–C motif chemokine ligand2; CD, cluster of differentiation; COL5A2,
collagen type V alpha 2 chain; CXCR5, C–X–C chemokine receptor type 5; DCN, decorin; FBN1,
fibrillin 1; GJA1, gap junction alpha–1 protein; ITGAX, integrin subunit alpha X; ITGA1, integrin
subunit alpha 1; LAMA2, laminin subunit alpha 2; LAMA3, laminin subunit alpha 3; LAMB1, laminin
subunit beta 2; LAMC1, laminin subunit gamma 1; LOX, lysyl oxidase; MS4A1, membrane spanning
4-domains A1; NT5E, 5′-nucleotidase ecto; PAX5, paired box 5; SELL, selectin L; TAGLN, transgelin;
TJP1, tight junction protein 1; TNFSF13B; TNF superfamily member 13b, NID, Nidogen 1.
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4. Discussion

In previous studies, the protein expression of the EMT TFs Twist1 and Zeb1 was
shown to have prognostic relevance in MF [12]. Here, we sought to explore the biology
of these differences more deeply. Through RNA sequencing, we found that most of the
regulation of Twist1 expression occurs at the translational level, while no correlations were
found between Zeb1 protein and the mRNA level. In the PCA, Twist1 expression was
found to classify MF cases into different clusters according to their global RNA expression.
Several genes and pathways known to be associated with aggressive tumor biology were
found to be overexpressed among high Twist1 cases. For Zeb1, similar associations were
not observed.

MF is the most frequent cutaneous T-cell lymphoma, originating from the periph-
eral epidermotropic T-cells. Despite the many available treatment options, MF is still
considered incurable, except for allogenic stem cell transplantation. The intricate molec-
ular mechanisms behind the MF transition from an indolent to a progressive disease are
not completely understood. Currently, it is anticipated that alterations in defined signal-
ing networks promote the proliferation, survival, and migration of malignant T-cells, as
well as the suppression of their immune regulation, resulting in changes to the tumor
microenvironment that enables disease progression [23].

In our previous study [12], we found that the IHC detection of Twist1 and Zeb1 have
prognostic value in MF: Twist1+ and Zeb1- identified patients with a worse prognosis. The
results of the IHC analysis of the present study were in line with previous results, but
statistical significance could not be shown, likely due to the limited sample size. Other
studies have also proposed that Twist1 protein may be one of the key regulators in MF
progression. Dobos et al. [24] studied the prognostic value of the expression levels of
several proteins of peripheral blood leukocytes in MF and SS using the multiomics method.
The authors found T-plastin, Twist1, and KIR3DL2 to bear the highest prognostic relevance.
On the other hand, Song et al. [25] demonstrated core oncogenic processes behind large
cell transformation of MF. These processes included metabolic reprogramming, cellular
plasticity, upregulation of myelocytomatosis oncogene (MYC) and E2 promoter binding
factor (E2F) activities, and downregulation of major histocompatibility complex 1 (MHC1).
One of the key elements in cellular plasticity is the upregulation of Twist1 protein expression
through gene amplification [25].

The regulation of Twist1 expression in cancer is a complicated process including
modulation at many levels and depending on the cancer type and tissue context [26]. Tran-
scriptionally, Twist1 can be upregulated via multiple signal transduction pathways such as
the tumor necrosis factor receptor (TNFR), receptor tyrosine kinase (RTK), frizzled (FZD),
tumor growth factor beta (TGFß), NOTCH, and epidermal growth factor receptor (EGFR)
pathways [26]. The most important intracellular regulators include mitogen activated
protein kinase (MAPK), protein kinase B (Akt), nuclear factor-κB (NF-κB), muscle segment
homeobox 2 (MSX2), ß-catenin, Fibulin 5 (FBLN5), mothers against decapentaplegic ho-
molog 2 (Smad), high-mobility group AT-hook 2 (HMGA2), signal transducer and activator
of transcription 3 (STAT3), and hypoxia inducible factor-1 (HIF-1α) [26]. MAPK, Akt, and
casein kinase (CK2) are important Twist1 phosphorylating kinases that participate in the
post-translational regulation of Twist1 [21].

We found an association between Twist1 protein and RNA expression levels. In con-
trast to a study by Galvan et al. [27], we did not detect a clear connection between promoter
methylation and the RNA levels of TWIST1/Twist1, indicating that this is likely not a
major reason for TWIST1 overexpression in MF. We also did not observe overexpression of
other known positive TWIST1 regulators, thereby leaving TWIST1 overexpression largely
unexplained. Despite a robust correlation between TWIST1 mRNA and protein levels,
there were also cases with deviant results, indicating that translational/posttranslational
regulation also plays a role. For example, beta-transducing repeat containing protein (β-
TRCP) was shown to play a role in Twist1 degradation [28]. For Zeb1, the protein and RNA
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amounts did not correlate with each other, suggesting that most regulation takes place in
the posttranscriptional level.

In the PCA, Twist1 expression partly explained the clustering of the MF cases along
the first principal component. This result illustrates that Twist1 is an important modulator
of MF biology. This implication seems reasonable considering Twist1’s integral role in
T-cell differentiation. However, in this study setting, we were only able to demonstrate
association between these two factors, which does not always imply causality. For Zeb1,
the PCA did not reveal any grouping of samples according to their Zeb1 expression. The
small number of cases with high Zeb1 expression might explain why we could not detect a
function of Zeb1 in MF.

Differential expression analysis between Twist1+ and Twist1- diagnostic MF samples
revealed 11 significantly differentially expressed genes; OAS2, ENSG00000201329, FCER1G,
LGALS9, LYZ, LITAF, HLA-DRA, HLA-A, IGHM, NDUFA4 and RPGR. High Twist1 protein
expression was associated with overexpression of RPGR and ENSG0000020132. The rest of
the genes were downregulated when Twist1 protein expression was high. Most of these
genes are associated with adverse biological features in different malignancies. High OAS2
expression was shown to associate with better prognosis in breast [29], bladder [30] and
colorectal cancer [31]. In acute myeloid leukemia (AML), OAS2 expression was shown to
induce chemoresistance [32]. Galectin-9 was previously shown to correlate with disease
severity and decreased CD8 cell infiltration in CTCL [33]. Moreover, anti-Gal-9 therapy
selectively expands intratumoral T-cell immunoglobulin and mucin-domain containing-3
positive (TIM-3+) cytotoxic CD8 T-cells, as well as immunosuppressive regulatory cells [34].
Previous studies have confirmed the role of FCER1G in several cancers [35]. FCER1G
takes part in promoting squamous carcinogenesis (SCC) progression [36], and predicts
poor prognosis in gliomas and clear cell renal cell carcinomas (RCC) [37,38]. In multiple
myeloma, FCER1G predicts better prognosis [39,40]. According to the previous research,
LITAF may be considered as a tumor suppressor [41,42]. In AML, LITAF was shown to
increase cell apoptosis and differentiation [43]. In colorectal cancer, HLA-A is associated
with a favorable prognosis [44]. The downregulation of NDUFA4 was detected in RCC [45].

The ingenuity pathway analysis of Twist1 overexpression resulted in 35 pathways
before correcting for multiple testing. When Twist1 was overexpressed, the glycol protein VI
(GP6) signaling pathway was one of the most strongly upregulated pathways. GP6 is part
of the immunoglobulin superfamily and is expressed in the platelets and megakaryocytes
taking part in their activation. Along with their coagulative functions, platelets have an
active role in regulating immune phenomena and in tumor cells immune escape. On the
other hand, platelets also induce EMT in tumor cells. It was proposed that platelets play a
role in tumor progression and metastasis by reducing natural killer (NK) cell antitumor
activity. Kopp et al. [46] showed that when coating tumor cells with platelet-derived soluble
factors from stimulated platelets, the functions of NK cells were impaired. Additionally, the
platelet coat might protect tumor cells from immunosurveillance [28]. In a study by Yavadav
et al. [47], the GP6 signaling pathway was associated with endometrial cancer progression.

The other upregulated pathways included “regulation of the EMT in development
pathway”, “actin cytoskeleton signaling”, “pulmonary fibrosis idiopathic signaling path-
way”, and “integrin linked kinase (ILK) signaling”. Since Twist1 functions as an EMT
inducer, it is a logical consequence that this pathway is upregulated. Actin filament mod-
ulation has also been closely associated with EMT [48] and the actin cytoskeleton has a
vital role in completing EMT-induced alterations in the cells [49,50]. The transformations
in the cell cytoskeleton are significant in several cancers. For example, changes to the
actin cytoskeleton can promote metastasis [50]. Twist1 was shown to modulate the actin
cytoskeleton in human glioblastoma [51]. Upregulation of the pulmonary fibrosis pathway
seems reasonable since EMT also plays a role in pulmonary fibrosis [52]. ILK participates
in many cell functions such as cell-extracellular matrix interactions, cell cycle, apoptosis,
cell proliferation, and cell motility. ILK also has multiple functions in different cancers,
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such as inducing EMT [53,54]. Twist was proven to activate ILK, while in phyllodes breast
tumors, ILK was shown to transmit its effects via the Twist pathway [35].

‘Hub genes’ are genes with a high degree of connectivity in the protein–protein in-
teraction network that are significantly enriched in transcriptional regulation. From our
differential expression analysis, we were able to highlight 28 genes that share a known
protein to protein interaction. In “high Twist1”- samples, the transcriptionally downreg-
ulated molecules included the B-cell lineage markers PAX5, CD19, CD22, CD20 (MS4A1)
CD79a, B-cell activator cytokine TNFSF13B, and the antigen presentation marker CD40,
whereas transcriptionally upregulated molecules included cell–cell interaction molecules
tight junction protein 1 (TJP1) and gap junction alpha-1 protein (GJA1), cell–matrix in-
teraction molecule integrin alpha 1 (ITGA1) with multiple extracellular matrix proteins
collagen type V alpha 2 (COL5A2), decorin (DCN), fibrillin (FBN1), transgelin (TAGLN),
basement membrane protein laminins (LAMA, LAMB, LAMC), and extracellular matrix
cross linker lysyl oxidase (LOX). Very few studies are available about cell interaction and
matrix molecules in mycosis fungoides [55–57].

The observed downregulation of B-cell markers contrasts with previous papers re-
porting a trend towards worse prognosis in the presence of over 50% of CD20 positive
cells [58] and upregulation of the CD20 gene (MS4A1) in MF disease progression [59]. The
downregulation of B-cell markers could result from a paucity of reactive intratumoral
B-lymphocytes or true gene expression downregulation in such cells.

One of the most interesting, downregulated pathways was the “Th 1 pathway”. Dur-
ing MF progression, the amount of Th1 cells decreases while the amount of Th2 cells
increases [23,60,61]. This change in the predominance between Th1 and Th2 cells also
changes the cytokine milieu of the tumor. Malignant T-cells produce immunoregulatory
cytokines that repress Th1 responses and activate signaling pathways related to altered
immune responses in the tumor microenvironment, further enhancing disease progres-
sion [17]. Based on hub gene analysis, one of the most strongly upregulated genes in the
Twist1 high group is CD73 (NT5E), which is an integral protein in immune suppression [62].
The expression of CD22, a molecule that prevents autoimmune reactions, was reported to
be expressed in MF [63] but our results were different.

Surprisingly, the extracellular-signal-regulated kinase (ERK)/MAPK signaling path-
way was downregulated when Twist1 expression was high. Hyperactivation of this sig-
naling pathway was detected in cancer development and progression [64]. Previously, the
upregulation of MAPKs was associated with Twist1 overexpression in breast cancer [65]
and melanoma [66]. The hub gene analysis highlighted the upregulation of gap-junction
protein (GJA1), which is a limiting factor in MAPK/ERK signaling [55]. In MF, malignant
cells form gap junctions with Langerhans cells [67].

Other downregulated pathways included “phosphoinositide 3–kinase (PI3K) signaling
in B-lymphocytes”, “ribosomal protein S6 kinase beta 1 (p70S6K) signaling”, and “triggering
receptor expressed on myeloid cells 1 (TREM1) signaling systemic lupus erythematosus in
B-cell-signaling pathway”. The PI3K–Akt pathway is an intracellular signal transduction
pathway that promotes metabolism, proliferation, cell survival, growth, and angiogenesis
in response to extracellular signals. The PI3K/Akt signaling pathway has a connection
with EMT, having the ability to influence tumor aggressiveness by affecting EMT [68].
Indeed, the hub gene analysis highlighted differentially expressed EMT related adhesion
and matrix proteins, which is no surprise as the DE analysis was set against high and low
expression of EMT transcription factor Twist1, and additionally, they are essential to the
microdissected area.

5. Conclusions

In conclusion, Twist1 overexpression seems to be associated with several proteins and
pathways involved in immunoregulation and lymphocyte differentiation. Zeb1 protein
expression did not show any major correlation with global RNA expression in the PCA.
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However, there were only four cases with strong Zeb1 protein expression, a fact that
precludes drawing any firm conclusions from these data.

One limitation of our study is that we used both diagnostic and follow-up samples.
However, these two groups did not considerably differ in terms of their gene expression. In
addition, the results of the DE analysis with all samples combined correlated well with those
from the analysis using only diagnostic samples, thus indicating that this limitation likely
did not have a major impact on the results. Additionally, the number of cases was limited;
especially regarding the analyses of Zeb1 expression, limited number of cases may have
hindered the detection of some existing biological differences. Additionally, using paraffin-
embedded tissue may have interfered with the sensitivity of the method. The strength
of our study is in the high standard data analyses as well as the use of laser-captured
microdissected samples, which decreased the bias caused by non-malignant stromal and
epithelial cells. However, we were not able to fully rule out the impact of dilution of genes
of interest. Could there, with this approach, be a dilution of genes of interest in early-stage
disease as the microdissected area represents a much larger percentage of stromal and non-
neoplastic T-cells compared to MF in advanced-stage disease? We find this unlikely, since
Twist1 expression did not correlate with MF staging or tumor cell density or percentage
of reactive lymphocyte. Although we microdissected CD3–positive cells from the FFPE
sections, cell populations with different backgrounds were inevitably collected during
RNA extraction.

Considering the present results compared to recent literature, we anticipate Twist1 to
be a central transcription factor and pathway regulator in the disease progression of MF.
Naturally, in this kind of experiment setting, we were not able to confirm causality, and
our results still need to be validated in cell culture or animal models with Twist1 knockout.
Nevertheless, these results suggest that Twist1 is an interesting object for developing
targeted therapies for MF.
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Akt Protein kinase B
AML Acute myeloid leukemia
bHLH Basic helix-loop-helix
CCL2 C-C motif chemokine ligand2
CD Cluster of differentiation
CDK5 Cyclin-dependent kinase 5
CK2 Casein kinase 2
COL5A2 Collagen type V alpha 2 chain
CTCL Primary cutaneous T-cell lymphoma
CXCR5 C-X-C chemokine receptor type 5
DCN Decorin
DE Differential expression
EGFR Epidermal growth factor receptor
eIF4 Eukaryotic translation initiation factor 4E
EMT Epithelia-mesenchymal transition
ERK Extracellular signal-regulated kinase
FBLN5 Fibulin 5
FBN1 Fibrillin 1
FCER1G Fc epsilon receptor Ig
FFPE Formalin-fixed, paraffin-embedded
FZD Frizzled
GJA1 Gap junction alpha-1 protein
GP6 Glycoprotein VI
HGF Hepatocyte growth factor
HIF-1 Hypoxia inducible factor-1
HLA-A Major histocompatibility complex, class I, A
HLA-DRA Major histocompatibility complex, class II, DR Alpha
HMGA2 High-mobility group AT-hook 2
IGHM Immunoglobulin heavy constant
IHC Immunohistochemistry
ILK Integrin-linked kinase
IL-7 Interleukin 7
ITGA1 Integrin alpha 1
ITGAX Integrin subunit alpha X
LAMA Laminin subunit alpha 1
LAMB Laminin subunit beeta
LAMC Laminin subunit gamma
LCM Laser capture microdissection
LDH Lactate dehydrogenase
LGALS9 Galectin 9
LITAF Lipopolysaccharide induced TNF factor
LOX Lysyl oxidase
LYZ Lysozyme
MAPK Mitogen activated protein kinase
MF Mycosis fungoides
MSX2 Muscle segment homeobox 2
MS4A1 Membrane Spanning 4-Domains A1
NDUFA4 NDUFA4 Mitochondrial Complex Associated
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NF-kB Nuclear factor-κB
NK cell Natural killer cell
NT5E 5′-Nucleotidase Ecto
OAS2 2′-5′-oligoadenylate synthetase
PAX5 Paired box 5
PCA Principal component analysis
Pet Polyethylene terephthalate
PI3K Phosphoinositide 3-kinase
p70S6K Ribosomal protein S6 kinase beta 1
RCC Clear cell renal cell carcinomas
RTK Receptor tyrosine kinase
RPGR Retinitis pigmentosa GTPase regulator
SCC Squamous carcinogenesis
SELL Selectin L
Smad Mothers against decapentaplegic homolog 2
SS Sézary syndroma
STAT3 Signal transducer and activator of transcription 3
SRC-1 Steroid receptor coactivator
TAGLN Transgelin
TF Transcription factor
TGFß Tumor growth factor beta
Th T helper
TIM-3+ T-cell immunoglobulin and mucin-domain containing-3
TJP1 Tight junction protein 1
TNFR Tumor necrosis factor receptor
TNFSF13B TNF superfamily member 13b
TTNST Time to next systemic treatment
TREM Triggering receptor expressed on myeloid cells 1
TSEB Total skin radiation therapy
TTST Time to systemic therapy
TWIST1 TWIST1 gene
Twist1 Twist1 protein
Twist1+ High Twist1 expression
Twist1- Low Twist1 expression
Zeb1+ High Zeb1 expression
Zeb1- Low Zeb1 expression
ZBTB16 Zinc finger and BTB domain containing 16
B-TRCP Beta-transducing repeat containing protein

References
1. Willemze, R.; Cerroni, L.; Kempf, W.; Berti, E.; Facchetti, F.; Swerdlow, S.H.; Jaffe, E.S. The 2018 Update of the WHO-EORTC

Classification for Primary Cutaneous Lymphomas. Blood 2019, 133, 1703–1714. [CrossRef] [PubMed]
2. Kempf, W.; Mitteldorf, C. Cutaneous T-cell Lymphomas—An Update 2021. Hematol. Oncol. 2021, 39, 46–51. [CrossRef] [PubMed]
3. Moustakas, A.; Heldin, C.H. Signaling Networks Guiding Epithelial–Mesenchymal Transitions during Embryogenesis and Cancer

Progression. Cancer Sci. 2007, 98, 1512–1520. [CrossRef] [PubMed]
4. Kalluri, R.; Weinberg, R.A. The Basics of Epithelial-Mesenchymal Transition. J. Clin. Investig. 2009, 119, 1420. [CrossRef] [PubMed]
5. Yang, J.; Weinberg, R.A. Epithelial-Mesenchymal Transition: At the Crossroads of Development and Tumor Metastasis. Dev. Cell

2008, 14, 818–829. [CrossRef]
6. Kahlert, U.D.; Joseph, J.V.; Kruyt, F.A.E.; Kruyt, F.A.E. EMT-and MET-Related Processes in Nonepithelial Tumors: Importance for

Disease Progression, Prognosis, and Therapeutic Opportunities. Mol. Oncol. 2017, 11, 860–877. [CrossRef]
7. Pei, H.; Li, Y.; Liu, M.; Chen, Y. Targeting Twist Expression with Small Molecules. Medchemcomm 2017, 8, 268–275. [CrossRef]
8. Merindol, N.; Riquet, A.; Szablewski, V.; Eliaou, J.F.; Puisieux, A.; Bonnefoy, N. The Emerging Role of Twist Proteins in

Hematopoietic Cells and Hematological Malignancies. Blood Cancer J. 2014, 4, e206. [CrossRef]
9. Vandewalle, C.; van Roy, F.; Berx, G. The Role of the ZEB Family of Transcription Factors in Development and Disease. Cell. Mol.

Life Sci. 2009, 66, 773–787. [CrossRef]
10. Van Doorn, R.; Dijkman, R.; Vermeer, M.H.; Out-Luiting, J.J.; van der Raaij-Helmer, E.M.H.; Willemze, R.; Tensen, C.P. Aberrant

Expression of the Tyrosine Kinase Receptor EphA4 and the Transcription Factor Twist in Sézary Syndrome Identified by Gene
Expression Analysis. Cancer Res. 2004, 64, 5578–5586. [CrossRef]

http://doi.org/10.1182/blood-2018-11-881268
http://www.ncbi.nlm.nih.gov/pubmed/30635287
http://doi.org/10.1002/hon.2850
http://www.ncbi.nlm.nih.gov/pubmed/34105822
http://doi.org/10.1111/j.1349-7006.2007.00550.x
http://www.ncbi.nlm.nih.gov/pubmed/17645776
http://doi.org/10.1172/JCI39104
http://www.ncbi.nlm.nih.gov/pubmed/19487818
http://doi.org/10.1016/j.devcel.2008.05.009
http://doi.org/10.1002/1878-0261.12085
http://doi.org/10.1039/C6MD00561F
http://doi.org/10.1038/bcj.2014.22
http://doi.org/10.1007/s00018-008-8465-8
http://doi.org/10.1158/0008-5472.CAN-04-1253


Cancers 2023, 15, 1527 17 of 19

11. Goswami, M.; Duvic, M.; Dougherty, A.; Ni, X. Increased Twist Expression in Advanced Stage of Mycosis Fungoides and Sézary
Syndrome. J. Cutan. Pathol. 2012, 39, 500. [CrossRef] [PubMed]

12. Häyrinen, M.J.; Uotila, P.M.; Sahi, H.; Haapasaari, K.-M.; Teppo, H.-R.; Soini, Y.; Lapela, M.; Vasala, K.; Turpeenniemi-Hujanen, T.;
Ranki, A.; et al. Twist and Zeb1 Expression Identify Mycosis Fungoides Patients with Low Risk of Disease Progression. J. Eur.
Acad. Dermatol. Venereol. 2020, 34, e95–e98. [CrossRef]

13. Lemma, S.; Karihtala, P.; Haapasaari, K.M.; Jantunen, E.; Soini, Y.; Bloigu, R.; Pasanen, A.K.; Turpeenniemi-Hujanen, T.; Kuittinen,
O. Biological Roles and Prognostic Values of the Epithelial–Mesenchymal Transition-Mediating Transcription Factors Twist, ZEB1
and Slug in Diffuse Large B-Cell Lymphoma. Histopathology 2013, 62, 326–333. [CrossRef] [PubMed]

14. Love, M.I.; Huber, W.; Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef] [PubMed]

15. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2021.

16. Kolde, R. Pheatmap: Pretty Heatmaps; R Foundation for Statistical Computing: Vienna, Austria, 2019.
17. Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R.

Stat. Soc. Ser. B Methodol. 1995, 57, 289–300. [CrossRef]
18. Krämer, A.; Green, J.; Pollard, J.; Tugendreich, S. Causal Analysis Approaches in Ingenuity Pathway Analysis. Bioinformatics 2014,

30, 523–530. [CrossRef]
19. Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.T.; Morris, J.H.; Bork,

P.; et al. STRING V11: Protein-Protein Association Networks with Increased Coverage, Supporting Functional Discovery in
Genome-Wide Experimental Datasets. Nucleic Acids Res. 2019, 47, D607–D613. [CrossRef]

20. Doncheva, N.T.; Morris, J.H.; Gorodkin, J.; Jensen, L.J. Cytoscape StringApp: Network Analysis and Visualization of Proteomics
Data. J. Proteome Res. 2019, 18, 623–632. [CrossRef]

21. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
Software Environment for Integrated Models of Biomolecular Interaction Networks. Genome Res. 2003, 13, 2498–2504. [CrossRef]

22. Chin, C.H.; Chen, S.H.; Wu, H.H.; Ho, C.W.; Ko, M.T.; Lin, C.Y. CytoHubba: Identifying Hub Objects and Sub-Networks from
Complex Interactome. BMC Syst. Biol. 2014, 8 (Suppl. 4), S11. [CrossRef]

23. Rendón-Serna, N.; Correa-Londoño, L.A.; Velásquez-Lopera, M.M.; Bermudez-Muñoz, M. Cell Signaling in Cutaneous T-Cell
Lymphoma Microenvironment: Promising Targets for Molecular-Specific Treatment. Int. J. Dermatol. 2021, 60, 1462–1480.
[CrossRef] [PubMed]

24. Dobos, G.; de Cevins, C.; Ly Ka So, S.; Jean-Louis, F.; Mathieu, S.; Ram-Wolff, C.; Resche-Rigon, M.; Bensussan, A.; Bagot, M.;
Michel, L. The Value of Five Blood Markers in Differentiating Mycosis Fungoides and Sézary Syndrome: A Validation Cohort. Br.
J. Dermatol. 2021, 185, 405–411. [CrossRef] [PubMed]

25. Song, X.; Chang, S.; Seminario-Vidal, L.; de Mingo Pulido, A.; Tordesillas, L.; Song, X.; Reed, R.A.; Harkins, A.; Whiddon, S.;
Nguyen, J.V.; et al. Genomic and Single-Cell Landscape Reveals Novel Drivers and Therapeutic Vulnerabilities of Transformed
Cutaneous T-Cell Lymphoma. Cancer Discov. 2022, 12, 1294–1313. [CrossRef] [PubMed]

26. Zhao, Z.; Rahman, M.A.; Chen, Z.G.; Shin, D.M. Multiple Biological Functions of Twist1 in Various Cancers. Oncotarget 2017, 8,
20380. [CrossRef]

27. Galván, J.A.; Helbling, M.; Koelzer, V.H.; Tschan, M.P.; Berger, M.D.; Hädrich, M.; Schnüriger, B.; Karamitopoulou, E.; Dawson,
H.; Inderbitzin, D.; et al. TWIST1 and TWIST2 Promoter Methylation and Protein Expression in Tumor Stroma Influence the
Epithelial-Mesenchymal Transition-like Tumor Budding Phenotype in Colorectal Cancer. Oncotarget 2015, 6, 874–885. [CrossRef]

28. Zhong, J.; Ogura, K.; Wang, Z.; Inuzuka, H. Degradation of the Transcription Factor Twist, an Oncoprotein That Promotes Cancer
Metastasis. Discov. Med. 2013, 15, 7.

29. Zhang, Y.; Yu, C. Prognostic Characterization of OAS1/OAS2/OAS3/OASL in Breast Cancer. BMC Cancer 2020, 20, 575.
[CrossRef]

30. Gao, L.; Ren, R.; Shen, J.; Hou, J.; Ning, J.; Feng, Y.; Wang, M.; Wu, L.; Sun, Y.; Wang, H.; et al. Values of OAS Gene Family in the
Expression Signature, Immune Cell Infiltration and Prognosis of Human Bladder Cancer. BMC Cancer 2022, 22, 1016. [CrossRef]

31. Kim, J.C.; Ha, Y.J.; Tak, K.H.; Roh, S.A.; Kwon, Y.H.; Kim, C.W.; Yoon, Y.S.; Lee, J.L.; Park, Y.; Kim, S.K.; et al. Opposite Functions
of GSN and OAS2 on Colorectal Cancer Metastasis, Mediating Perineural and Lymphovascular Invasion, Respectively. PLoS
ONE 2018, 13, e0202856. [CrossRef]

32. Zhou, H.; Jia, X.; Yang, F.; Shi, P. Long Noncoding RNA SATB1-AS1 Contributes to the Chemotherapy Resistance through the
MicroRNA-580/ 2′-5′-Oligoadenylate Synthetase 2 Axis in Acute Myeloid Leukemia. Bioengineered 2021, 12, 6403. [CrossRef]
[PubMed]

33. Nakajima, R.; Miyagaki, T.; Kamijo, H.; Oka, T.; Shishido-Takahashi, N.; Suga, H.; Sugaya, M.; Sato, S. Possible Therapeutic
Applicability of Galectin-9 in Cutaneous T-Cell Lymphoma. J. Dermatol. Sci. 2019, 96, 134–142. [CrossRef]

34. Yang, R.; Sun, L.; Li, C.F.; Wang, Y.H.; Yao, J.; Li, H.; Yan, M.; Chang, W.C.; Hsu, J.M.; Cha, J.H.; et al. Galectin-9 Interacts with
PD-1 and TIM-3 to Regulate T Cell Death and Is a Target for Cancer Immunotherapy. Nat. Commun. 2021, 12, 832. [CrossRef]

35. Yang, R.; Chen, Z.; Liang, L.; Ao, S.; Zhang, J.; Chang, Z.; Wang, Z.; Zhou, Y.; Duan, X.; Deng, T. Fc Fragment of IgE Receptor Ig
(FCER1G) Acts as a Key Gene Involved in Cancer Immune Infiltration and Tumour Microenvironment. Immunology 2022, 168,
302–319. [CrossRef]

http://doi.org/10.1111/j.1600-0560.2012.01883.x
http://www.ncbi.nlm.nih.gov/pubmed/22515221
http://doi.org/10.1111/jdv.16009
http://doi.org/10.1111/his.12000
http://www.ncbi.nlm.nih.gov/pubmed/23190132
http://doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
http://doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://doi.org/10.1093/bioinformatics/btt703
http://doi.org/10.1093/nar/gky1131
http://doi.org/10.1021/acs.jproteome.8b00702
http://doi.org/10.1101/gr.1239303
http://doi.org/10.1186/1752-0509-8-S4-S11
http://doi.org/10.1111/ijd.15451
http://www.ncbi.nlm.nih.gov/pubmed/33835479
http://doi.org/10.1111/bjd.19719
http://www.ncbi.nlm.nih.gov/pubmed/33314029
http://doi.org/10.1158/2159-8290.CD-21-1207
http://www.ncbi.nlm.nih.gov/pubmed/35247891
http://doi.org/10.18632/oncotarget.14608
http://doi.org/10.18632/oncotarget.2716
http://doi.org/10.1186/s12885-020-07034-6
http://doi.org/10.1186/s12885-022-10102-8
http://doi.org/10.1371/journal.pone.0202856
http://doi.org/10.1080/21655979.2021.1971508
http://www.ncbi.nlm.nih.gov/pubmed/34516354
http://doi.org/10.1016/j.jdermsci.2019.09.004
http://doi.org/10.1038/s41467-021-21099-2
http://doi.org/10.1111/imm.13557


Cancers 2023, 15, 1527 18 of 19

36. Andreu, P.; Johansson, M.; Affara, N.I.; Pucci, F.; Tan, T.; Junankar, S.; Korets, L.; Lam, J.; Tawfik, D.; DeNardo, D.G.; et al.
FcRgamma Activation Regulates Inflammation-Associated Squamous Carcinogenesis. Cancer Cell 2010, 17, 121–134. [CrossRef]
[PubMed]

37. Hu, D.; Zhou, M.; Zhu, X. Deciphering Immune-Associated Genes to Predict Survival in Clear Cell Renal Cell Cancer. Biomed.
Res. Int. 2019, 2019, 2506843. [CrossRef]

38. Chen, L.; Yuan, L.; Wang, Y.; Wang, G.; Zhu, Y.; Cao, R.; Qian, G.; Xie, C.; Liu, X.; Xiao, Y.; et al. Co-Expression Network Analysis
Identified FCER1G in Association with Progression and Prognosis in Human Clear Cell Renal Cell Carcinoma. Int. J. Biol. Sci.
2017, 13, 1361–1372. [CrossRef] [PubMed]

39. Yang, Q.; Li, K.; Li, X.; Liu, J. Identification of Key Genes and Pathways in Myeloma Side Population Cells by Bioinformatics
Analysis. Int. J. Med. Sci. 2020, 17, 2063–2076. [CrossRef]

40. Fu, L.; Cheng, Z.; Dong, F.; Quan, L.; Cui, L.; Liu, Y.; Zeng, T.; Huang, W.; Chen, J.; Pang, Y.; et al. Enhanced Expression of
FCER1G Predicts Positive Prognosis in Multiple Myeloma. J. Cancer 2020, 11, 1182–1194. [CrossRef]

41. Zhou, Y.; Huang, J.; Yu, X.; Jiang, X.; Shi, Y.; Weng, Y.; Kuai, Y.; Lei, L.; Ren, G.; Feng, X.; et al. LITAF Is a Potential Tumor
Suppressor in Pancreatic Cancer. Oncotarget 2018, 9, 3131. [CrossRef] [PubMed]

42. Zhou, J.; Yang, Z.; Tsuji, T.; Gong, J.; Xie, J.; Chen, C.; Li, W.; Amar, S.; Luo, Z. LITAF and TNFSF15, Two Downstream Targets of
AMPK, Exert Inhibitory Effects on Tumor Growth. Oncogene 2011, 30, 1892–1900. [CrossRef] [PubMed]

43. Liu, J.; Xing, H.; Chen, Y.; Wang, L.; Wang, D.; Rao, Q.; Tang, K.; Tian, Z.; He, K.; Wang, M.; et al. PIG7, Transactivated by AML1,
Promotes Apoptosis and Differentiation of Leukemia Cells with AML1-ETO Fusion Gene. Leukemia 2012, 26, 117–126. [CrossRef]
[PubMed]

44. Dunne, M.R.; Phelan, J.J.; Michielsen, A.J.; Maguire, A.A.; Dunne, C.; Martin, P.; Noonan, S.; Tosetto, M.; Geraghty, R.; Fennelly,
D.; et al. Characterising the Prognostic Potential of HLA-DR during Colorectal Cancer Development. Cancer Immunol. Immunother.
2020, 69, 1577–1588. [CrossRef] [PubMed]

45. Müller, F.E.; Braun, M.; Syring, I.; Klümper, N.; Schmidt, D.; Perner, S.; Hauser, S.; Müller, S.C.; Ellinger, J. NDUFA4 Expression in
Clear Cell Renal Cell Carcinoma Is Predictive for Cancer-Specific Survival. Am. J. Cancer Res. 2015, 5, 2816. [PubMed]

46. Kopp, H.G.; Placke, T.; Salih, H.R. Platelet-Derived Transforming Growth Factor-β down-Regulates NKG2D Thereby Inhibiting
Natural Killer Cell Antitumor Reactivity. Cancer Res. 2009, 69, 7775–7783. [CrossRef] [PubMed]

47. Yadav, V.K.; Lee, T.Y.; Hsu, J.B.K.; Huang, H.D.; Yang, W.C.V.; Chang, T.H. Computational Analysis for Identification of the
Extracellular Matrix Molecules Involved in Endometrial Cancer Progression. PLoS ONE 2020, 15, e0231594. [CrossRef]

48. Shankar, J.; Messenberg, A.; Chan, J.; Underhill, T.M.; Foster, L.J.; Nabi, I.R. Pseudopodial Actin Dynamics Control Epithelial-
Mesenchymal Transition in Metastatic Cancer Cells. Cancer Res. 2010, 70, 3780–3790. [CrossRef] [PubMed]

49. Polyak, K.; Weinberg, R.A. Transitions between Epithelial and Mesenchymal States: Acquisition of Malignant and Stem Cell
Traits. Nat. Rev. Cancer 2009, 9, 265–273. [CrossRef]

50. Datta, A.; Deng, S.; Gopal, V.; Yap, K.C.H.; Halim, C.E.; Lye, M.L.; Ong, M.S.; Tan, T.Z.; Sethi, G.; Hooi, S.C.; et al. Cytoskeletal
Dynamics in Epithelial-Mesenchymal Transition: Insights into Therapeutic Targets for Cancer Metastasis. Cancers 2021, 13, 1882.
[CrossRef]

51. Mikheeva, S.A.; Mikheev, A.M.; Petit, A.; Beyer, R.; Oxford, R.G.; Khorasani, L.; Maxwell, J.P.; Glackin, C.A.; Wakimoto, H.;
González-Herrero, I.; et al. TWIST1 Promotes Invasion through Mesenchymal Change in Human Glioblastoma. Mol. Cancer 2010,
9, 1–18. [CrossRef]

52. Hardie, W.D.; Hagood, J.S.; Dave, V.; Perl, A.K.T.; Whitsett, J.A.; Korfhagen, T.R.; Glasser, S. Signaling Pathways in the Epithelial
Origins of Pulmonary Fibrosis. Cell Cycle 2010, 9, 2769. [CrossRef]

53. Zheng, C.-C.; Hu, H.-F.; Hong, P.; Zhang, Q.-H.; Xu, W.W.; He, Q.-Y.; Li, B. Significance of Integrin-Linked Kinase (ILK) in
Tumorigenesis and Its Potential Implication as a Biomarker and Therapeutic Target for Human Cancer. Am. J. Cancer Res. 2019, 9,
186. [PubMed]

54. Shen, H.; Ma, J.L.; Zhang, Y.; Deng, G.L.; Qu, Y.L.; Wu, X.L.; He, J.X.; Zhang, S.; Zeng, S. Integrin-Linked Kinase Overexpression
Promotes Epithelial-Mesenchymal Transition via Nuclear Factor-KB Signaling in Colorectal Cancer Cells. World J. Gastroenterol.
2016, 22, 3969. [CrossRef] [PubMed]

55. Wu, L.; Wang, Z.; He, X.; Jiang, Y.; Pan, R.; Chen, S.; Chen, Y.; Han, Y.; Yu, H.; Zhang, T. GJA1 Reverses Arsenic-Induced EMT via
Modulating MAPK/ERK Signaling Pathway. Toxicol. Appl. Pharmacol. 2022, 450, 116138. [CrossRef] [PubMed]

56. Beksaç, B.; Gleason, L.; Baik, S.; Ringe, J.M.; Porcu, P.; Nikbakht, N. Dermal Fibroblasts Promote Cancer Cell Proliferation and
Exhibit Fibronectin Overexpression in Early Mycosis Fungoides. J. Dermatol. Sci. 2022, 106, 53–60. [CrossRef]

57. Jaspars, L.H.; Beljaards, R.C.; Bonnet, P.; Willemze, R.; Meijer, C.J.L.M. Distinctive Adhesion Pathways Are Involved in Epithe-
liotropic Processes at Different Sites. J. Pathol. 1996, 178, 385–392. [CrossRef]

58. Jullié, M.L.; Carlotti, M.; Vivot, A.; Beylot-Barry, M.; Ortonne, N.; Frouin, E.; Carlotti, A.; de Muret, A.; Balme, B.; Franck, F.;
et al. CD20 Antigen May Be Expressed by Reactive or Lymphomatous Cells of Transformed Mycosis Fungoides: Diagnostic and
Prognostic Impact. Am. J. Surg. Pathol. 2013, 37, 1845–1854. [CrossRef]

59. Nielsen, P.R.; Eriksen, J.O.; Sørensen, M.D.; Wehkamp, U.; Lindahl, L.M.; Bzorek, M.; Iversen, L.; Woetman, A.; Ødum, N.; Litman,
T.; et al. Role of B-Cells in Mycosis Fungoides. Acta Derm. Venereol. 2021, 101, adv00413. [CrossRef]

60. Stolearenco, V.; Namini, M.R.J.; Hasselager, S.S.; Gluud, M.; Buus, T.B.; Willerslev-Olsen, A.; Ødum, N.; Krejsgaard, T. Cellular
Interactions and Inflammation in the Pathogenesis of Cutaneous T-Cell Lymphoma. Front. Cell Dev. Biol. 2020, 8, 851. [CrossRef]

http://doi.org/10.1016/j.ccr.2009.12.019
http://www.ncbi.nlm.nih.gov/pubmed/20138013
http://doi.org/10.1155/2019/2506843
http://doi.org/10.7150/ijbs.21657
http://www.ncbi.nlm.nih.gov/pubmed/29209141
http://doi.org/10.7150/ijms.48244
http://doi.org/10.7150/jca.37313
http://doi.org/10.18632/oncotarget.23220
http://www.ncbi.nlm.nih.gov/pubmed/29423035
http://doi.org/10.1038/onc.2010.575
http://www.ncbi.nlm.nih.gov/pubmed/21217782
http://doi.org/10.1038/leu.2011.178
http://www.ncbi.nlm.nih.gov/pubmed/21836606
http://doi.org/10.1007/s00262-020-02571-2
http://www.ncbi.nlm.nih.gov/pubmed/32306077
http://www.ncbi.nlm.nih.gov/pubmed/26609487
http://doi.org/10.1158/0008-5472.CAN-09-2123
http://www.ncbi.nlm.nih.gov/pubmed/19738039
http://doi.org/10.1371/journal.pone.0231594
http://doi.org/10.1158/0008-5472.CAN-09-4439
http://www.ncbi.nlm.nih.gov/pubmed/20388789
http://doi.org/10.1038/nrc2620
http://doi.org/10.3390/cancers13081882
http://doi.org/10.1186/1476-4598-9-194
http://doi.org/10.4161/cc.9.14.12268
http://www.ncbi.nlm.nih.gov/pubmed/30755822
http://doi.org/10.3748/wjg.v22.i15.3969
http://www.ncbi.nlm.nih.gov/pubmed/27099440
http://doi.org/10.1016/j.taap.2022.116138
http://www.ncbi.nlm.nih.gov/pubmed/35750204
http://doi.org/10.1016/j.jdermsci.2022.03.005
http://doi.org/10.1002/(SICI)1096-9896(199604)178:4&lt;385::AID-PATH483&gt;3.0.CO;2-W
http://doi.org/10.1097/PAS.0000000000000091
http://doi.org/10.2340/00015555-3775
http://doi.org/10.3389/fcell.2020.00851


Cancers 2023, 15, 1527 19 of 19

61. Hahtola, S.; Tuomela, S.; Elo, L.; Häkkinen, T.; Karenko, L.; Nedoszytko, B.; Heikkilä, H.; Saarialho-Kere, U.; Roszkiewicz, J.;
Aittokallio, T.; et al. Th1 Response and Cytotoxicity Genes Are Down-Regulated in Cutaneous T-Cell Lymphoma. Clin. Cancer
Res. 2006, 12, 4812–4821. [CrossRef]

62. Beavis, P.A.; Stagg, J.; Darcy, P.K.; Smyth, M.J. CD73: A Potent Suppressor of Antitumor Immune Responses. Trends Immunol.
2012, 33, 231–237. [CrossRef]

63. Bagdonaite, I.; Wandall, H.H.; Litvinov, I.V.; Nastasi, C.; Becker, J.C.; Dabelsteen, S.; Geisler, C.; Bonefeld, C.M.; Zhang, Q.; Wasik,
M.A.; et al. Ectopic Expression of a Novel CD22 Splice-Variant Regulates Survival and Proliferation in Malignant T Cells from
Cutaneous T Cell Lymphoma (CTCL) Patients. Oncotarget 2015, 6, 14374–14384. [CrossRef] [PubMed]

64. Guo, Y.; Pan, W.; Liu, S.; Shen, Z.; Xu, Y.; Hu, L. ERK/MAPK Signalling Pathway and Tumorigenesis (Review). Exp. Ther. Med.
2020, 19, 1997–2007. [CrossRef] [PubMed]

65. Hong, J.; Zhou, J.; Fu, J.; He, T.; Qin, J.; Wang, L.; Liao, L.; Xu, J. Phosphorylation of Serine 68 of Twist1 by MAPKs Stabilizes
Twist1 Protein and Promotes Breast Cancer Cell Invasiveness. Cancer Res. 2011, 71, 3980. [CrossRef] [PubMed]

66. 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. [CrossRef] [PubMed]

67. Matejka, M.; Konrad, K. Epidermal Langerhans Cells in Mycosis Fungoides and Sézary Syndrome. Wien. Klin. Wochenschr. 1983,
95, 847–852. [PubMed]

68. Xu, W.; Yang, Z.; Lu, N. A New Role for the PI3K/Akt Signaling Pathway in the Epithelial-Mesenchymal Transition. Cell Adh.
Migr. 2015, 9, 317. [CrossRef]

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.

http://doi.org/10.1158/1078-0432.CCR-06-0532
http://doi.org/10.1016/j.it.2012.02.009
http://doi.org/10.18632/oncotarget.3720
http://www.ncbi.nlm.nih.gov/pubmed/25957418
http://doi.org/10.3892/etm.2020.8454
http://www.ncbi.nlm.nih.gov/pubmed/32104259
http://doi.org/10.1158/0008-5472.CAN-10-2914
http://www.ncbi.nlm.nih.gov/pubmed/21502402
http://doi.org/10.1158/0008-5472.CAN-12-1033
http://www.ncbi.nlm.nih.gov/pubmed/23222305
http://www.ncbi.nlm.nih.gov/pubmed/6670281
http://doi.org/10.1080/19336918.2015.1016686

