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Abstract: MCF7 is a commonly used luminal type A non-invasive/poor-invasive human breast cancer cell line that
does not usually migrate or invade compared with MDA-MB-231 highly metastatic cells, which emphasize an inva-
sive and migratory behavior. Under special conditions, MCF7 cells might acquire invasive features. The aberration in
expression and biological functions of the jumping translocation breackpoint (JTB) protein is associated with malig-
nant transformation of cells, based on mitochondrial dysfunction, inhibition of tumor suppressive function of TGF-(3,
and involvement in cancer cell cycle. To investigate new putative functions of JTB by cellular proteomics, we ana-
lyzed the biological processes and pathways that are associated with the JTB protein downregulation. The results
demonstrated that MCF7 cell line developed a more “aggressive” phenotype and behavior. Most of the proteins that
were overexpressed in this experiment promoted the actin cytoskeleton reorganization that is involved in growth and
metastatic dissemination of cancer cells. Some of these proteins are involved in the epithelial-mesenchymal transi-
tion (EMT) process (ACTBL2, TUBA4A, MYH14, CSPG5, PKM, UGDH, HSPO0OAA2, and MIF), in correlation with the
energy metabolism reprogramming (PKM, UGDH), stress-response (HSP10, HSP70A1A, HSP90OAA2), and immune
and inflammatory response (MIF and ERp57-TAPBP). Almost all upregulated proteins in JTB downregulated condi-
tion promote viability, motility, proliferation, invasion, survival into a hostile microenvironment, metabolic reprogram-
ming, and escaping of tumor cells from host immune control, leading to a more invasive phenotype for MCF7 cell
line. Due to their downregulated condition, four proteins, such as CREBZF, KMT2B, SELENOS and CACNA1l are also
involved in maintenance of the invasive phenotype of cancer cells, promoting cell proliferation, migration, invasion
and tumorigenesis. Other downregulated proteins, such as MAZ, PLEKHG2, ENO1, TPI2, TOR2A, and CNNM1, may
promote suppression of cancer cell growth, invasion, EMT, tumorigenic abilities, interacting with glucose and lipid
metabolism, disrupting nuclear envelope stability, or suppressing apoptosis and developing anti-angiogenetic ac-
tivities. Therefore, the main biological processes and pathways that may increase the tumorigenic potential of the
MCEF7 cells in JTB downregulated condition are related to the actin cytoskeleton organization, EMT, mitotic cell cycle,
glycolysis and fatty acid metabolism, inflammatory response and macrophage activation, chemotaxis and migration,
cellular response to stress condition (oxidative stress and hypoxia), transcription control, histone modification and
ion transport.
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Introduction ated with malignant transformation of cells [1].

The main reported mechanisms involved in
The aberration in structure, expression and bio- neoplastic changes of cells associated with JTB
logical functions of the jumping translocation expression are diverse: mitochondrial dysfunc-
breakpoint (JTB) protein, an orphan transmem- tion, structurally sustained by the perinuclear
brane protein, also known as prostate andro- clustering and swelling of mitochondrion into

gen regulated (PAR) protein, has been associ- a functional context designed by a significant
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reduction of the membrane potential of mito-
chondria [1]; development of resistance to
transforming growth factor (TGF)-B1-growth
suppressive/cytostatic effects and TGF-B1-
induced apoptosis [1], leading to a hyperprolif-
erative, invasive and metastatic behavior of
tumor cells associated with a local immunosup-
pressive and proangiogenic tumor microenvi-
ronment (TME), all of which promoting cancer
progression and metastasis to specific distant
organs [2], as well as involvement in the cell
cycle, promoting genomic instability and tu-
morigenesis [3]. Our previous results demon-
strated four significantly enriched upregulated
pathways in overexpressed JTB condition: mi-
totic spindle assembly, estrogen response late,
epithelial-mesenchymal transition (EMT) and
estrogen response early. The overexpressed
proteins were related to dysregulation of cy-
toskeleton and mitotic spindle organization,
extracellular matrix (ECM) remodeling, cellular
response to estrogen, proliferation, migration,
metastasis, increased lipid biogenesis, endo-
crine therapy resistance, and anti-apoptosis
[4].

JTB was found to be highly overexpressed in
diverse type of cancers [5], such as malignant
liver tissues, while many other types of cancer
suppress JTB expression [6]. The PAR expres-
sion was reported as upregulated in MCF7 and
T47D breast cancer cell lines, as well as in all
primary breast tumors compared to their ex-
pression in their normal tissue counterparts
[7]. Downregulation of PAR expression in DU-
145 human prostate cancer cell line induced
defects in chromosome segregation and align-
ment, failed cytokinesis and in increased nu-
mber of apoptotic cells, aberrant mitosis and
polyploidy [3]. The decreased PAR levels in
human prostate cancer PC3 cells resulted in
the increased number of apoptotic cells posi-
tively associated with the Bcl-2/Bax ratio [8].
However, silencing of JTB expression in HepG2-
HBs cell lines promoted cancer cell motility and
reduced cell apoptosis, suggesting that JTB
acts as a tumor suppressor in and plays a role
in hepatocellular carcinoma (HCC) progression
[6].

In different experimental conditions, it is po-
ssible to generate MCF7 breast cancer cell
lines with an “aggressive” metastatic potential,
such as MCF7-EMT line, which is significantly
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more invasive in vitro as compared to wild
type cells [9], the epithelial-mesenchymal tran-
sition (EMT) being correlated with acquisition
of metastatic potential and the resistance of
tumor cells to treatment [10]. It is well known
that the transforming growth factor-beta (TGF-
B) signaling pathway has a tumor suppressor
function in healthy cells and early-stage cancer
cells, when it inhibits proliferation and indu-
ces apoptosis, while it promotes tumorigene-
sis, metastasis and chemoresistance in late-
stage cancer cells, acting as a tumor promoter
[11]. TGF-B signaling has been shown to play
an important role in EMT [12], that was often
related with acquisition of stem cells propri-
eties [13]. JTB interferes with the tumor sup-
pressor function of TGF-beta signaling pathway,
retarding the growth of the cells and confer-
ring resistance to TGF-B1 induced apoptosis
[1]. The EMT pathway was found as upregulated
in both JTB overexpressed [4] and downre-
gulated conditions. Due to the dual action
of TGF-B in cancer [11], it seems possible that
JTB overexpression/downregulation inhibits the
tumor-suppressor function or stimulates the
tumor-promoter function of TGF- pathway and
induces EMT and migratory behavior of MCF7
breast cancer cell line. Moreover, coinciding
with JTB inhibitory action on the tumor sup-
pressor function of the TGF- in cancer cells,
changes in mitochondria previously described
by Kanome, 2007, activate the EMT genes
signature, the mitochondrial dysfunction and
EMT being interconnected [14]. Also, EMT is
targeted by metabolic regulation, EMT rewiring
metabolic program to adapt cellular changes
during EMT [15]. Consequently, several pro-
teins involved in metabolic reprogramming ha-
ve been shown as deregulated in JTB overex-
pressed and also in downregulated conditions.

Materials and methods
Cell culture

As stated in [4], MCF7 cell lines were purch-
ased from the American Type Culture Colle-
ction (HTB-22 ATCC) and grown in RPMI medi-
um supplemented with FBS, Gentamicin, Peni-
cillin-streptomycin and Amphotericin (growth
media) at 37°C. The cells were grown until they
reached 70-80% confluency and were tran-
siently transfected with JTB shRNA plasmid for
downregulation.
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Figure 1. Plasmid for downregulation from Creative Biogene.

Plasmids

Four plasmids were custom made by Creative
Biogene. Three shRNA plasmids containing GC-
TTTGATGGAACAACGCTTA sequence, with for-
ward sequencing primer of 5-CCGACAACCACT-
ACCTGA-3’ and reverse primer of 5-CTCTAC-
AAATGTGGTATGGC-3’, GCAAATCGAGTCCATATA-
GCT sequence, with forward primer 5’-CCGAC-
AACCACTACCTGA-3’ and reverse primer of
5-CTCTACAAATGTGGTATGGC-3’, and GTGCAG-
GAAGAGAAGCTGTCA sequence with 5-CCGAC-
AACCACTACCTGA-3’ and reverse primer of
5-CTCTACAAATGTGGTATGGC-3’, all targeting
the hJTB mRNA respectively. The fourth plas-
mid was a control plasmid with a scramble
sequence GCTTCGCGCCGTAGTCTTA with for-
ward primer 5-CCGACAACCACTACCTGA-3’ and
reverse primer of 5-CTCTACAAATGTGGTATG-
GC-3’ (Figure 1). These plasmids were further
customized to have an eGFP tag with puromic-
in antibiotic resistance gene. The cellular pro-
teomic work flow used in this experiment is pre-
sented in Figure 2.

Transfection into MCF7 cells

As stated in [4], Lipofectamine™ 3000/DNA
and DNA/Plasmid (10 pg/ul) complexes were
prepared in Opti-MEM Reduced Serum Media
(Invitrogen) for each condition and added di-
rectly to the cells in culture medium. Cells were
allowed to grow for 48-72 hours after which
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they were collected. Trans-
fection efficiency was con-
firmed by visualizing the green
fluorescence emitted by the
eGFP using a confocal micro-
scope (Figure 3).

SV40 promoter Western blot analysis

As mentioned in [4], cell ly-
sates from both control and
downregulated JTB condition
were collected using a lysis
buffer. The lysates were th-
en incubated on ice for 30
minutes and centrifuged at
14000 rpm for 20 minutes.
The protein samples were qu-
antified using Bradford As-
say. Lysates containing 20 ug
of proteins were run in a 14%
SDS-polyacrylamide gels and
transferred to nitrocellulose membranes. The
blots were incubated with blocking buffer con-
taining 5% milk and 0.1% tween-20 overnight at
4°C with shaking. Primary antibody (JTB Poly-
clonal Antibody-PA5-52307, Invitrogen) was
added and incubated for 1 h with constant
shaking. Secondary antibody (mouse anti-rab-
bit IgG-HRP sc-2357, Santa Cruz Biotechnology,
Inc.) was added and incubated for 1 h with
constant shaking. After each incubation, the
blots were washed thrice with TBS-T (1X TBS
buffer, containing 0.05% tween-20) for 10 min-
utes each with constant shaking. Finally, the
enhanced chemiluminescence substrate (Pier-
ce™ ECL Western Blotting Substrate-32106,
ThermoFisher) was added and the blot was
analyzed using a CCD Imager. For normali-
zation, Mouse GAPDH monoclonal antibody
(51332, cell-signaling technology) was added
and incubated for 1 h, followed by the addition
of goat anti-mouse IgG-HRP (sc-2005, Santa
Cruz Biotechnology) and the addition of ECL
substrate. Image J software was used for the
detection and comparison of the intensity of
the bands (Figure 4).

Proteomic analysis

As stated in [4], the proteins were fractionated
on a large format using a 12% SDS-PAGE. Three
biological replicates of control and downregu-
lated JTB samples containing 200 ug of pro-
teins were loaded on to the gel and run on a
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Figure 2. Workflow for cellular proteomics from 1D-SDS PAGE and in gel-trypsin digestion.
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Brightfield

GFP mode Merge

Figure 3. Confocal microscope images showing conformation of stable transfection for control (A) and JTB down-
regulated condition (B). Left panel is the BF mode, middle panel is the GFP mode and the right panel is a merge

between BF and GFP modes.

A hJTB Invitrogen (commercial antibody)
W e - 51Da

Control sh_JTB
B GAPDH = Loading control
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-— w370,

20pg of protein samples were used in all the blots

Figure 4. Downregulation confirmation of hJTB com-
pared to control samples with (A) showing the overex-
pression at ~45 kDa in upregulated MCF7 cell lysate
compared to control using commercially available
full length hJTB antibody from Invitrogen; (B) shows
GAPDH used as the loading control at 37 kDa.

1D-PAGE (Figure 5). The gel wasstained with
Coomassie brilliant blue stain and destained
with acetic acid. The six lanes were divided into
individual gel pieces and digested with trypsin
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and run in the NanoAcquity UPLC (Waters) cou-
pled to a QTOF Xevo G2 MS (Waters) [16-18].
Data Processing and Protein identification was
done using the same parameters as stated in
[4].

Data processing and protein identification

The raw data were converted into peak list (pkl)
files using ProteinLynx Global Server (PLGS,
version 2.4) software. The following parameters
were used: polynomial order five-background
subtraction with a threshold of 30%, two
smoothing with a window of three chan-
nels in Savitzy-Golay mode and centroid calcu-
lation of top 80% of peaks based on a mini-
mum peak width of four channels at half height
[19]. The pkl files were submitted to the in-
house Mascot server (www.matrixscience.com.
Matrix science, London, UK, version 2.5.1) for
data database search using the following
parameters: human databases from NCBI, 0.5
parent mass error of Da, 0.8 product ion er-
ror of Da, enzyme used: trypsin with three
missed cleavages and carbamidomethyl cyste-
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acid metabolism, were found
to be upregulated. Epithelial-
mesenchymal transition path-
way was also found to be sta-
tistically significant, with an
FDR value of 0.058. Three
pathways, MTORC1, Glycolysis
and Hypoxia, were found to be
downregulated however, even
they were not found to be sta-
tistically significant.

Results

Upregulated proteins for
downregulated JTB condition

Figure 5. 12% SDS-PAGE gel with 200 pg protein from Control and Down

(downregulated hJTB) from MCF7 cell lysate cut into individual gel bands

from each lane.

ine, methionine oxidized and propionamide cys-
teine as variable modifications. A list of proteins
for each gel band was obtained from Mascot
searches. These data files were then uploaded
into Scaffold version 4.2.1 software (Proteome
software, Inc., Portland, OR, USA) for quantita-
tive analysis.

Data sharing

Raw data from Masslynx, HTML files from
Mascot and Scaffold files will be provided upon
request, according to Clarkson University Ma-
terial Transfer Agreement.

Statistical analysis

Data are presented as Mean + S.E.M. Statisti-
cal comparisons of three means were made
using paired Student’s t-test where appropri-
ate. P<0.05 was considered as statistically sig-
nificant (*).

Gene et enrichment analysis

Gene Set Enrichment Analysis (GSEA, https://
www.gsea-msigdb.org/) was conducted to stu-
dy hJTB related pathways and biological pro-
cesses associated with the protein based
on the protein dysregulations in control and
downregulated JTB conditions in MCF7 cells.
Forty-nine genes of the dysregulated proteins
from the control and downregulated JTB
samples were run through the Hallmark da-
taset (h.all.v.7.4.symbols.gmt). Two pathways,
Epithelial-mesenchymal transition and Fatty

4378

GSEA algorithm was per-
formed to investigate the
main pathways that are asso-
ciated with the JTB protein downregulation. The
gene signatures corresponding to the dysregu-
lated proteins and their respective fold change
in control vs downregulated JTB sample was
used for the Hallmark enrichment analysis. 49
genes were run through the GSEA Hallmark
dataset. The result demonstrated two signifi-
cantly en-riched gene sets (Table 1), from the
following significantly upregulated pathways:
HALLMARK_EPITHELIAL_MESENCHYMAL_
TRANSITION, with an NES score of 1.64, and
HALLMARK_FATTY_ACID_METABOLISM,  with
an NES score of 0.87. HALLMARK_MTORC1_
SIGNALING, HALLMARK_GLYCOLYSIS AND HA-
LLMARK_HYPOXIA pathways were found to be
downregulated, but they were not found to be
statistically significant.

Actin cytoskeleton reorganization and the epi-
thelial-mesenchymal transition pathway

Cancer progression intrinsically involves the
reorganization of the intracellular cytoskeleton
[20] and a dysregulation of the extracellular
matrix (ECM) [21] that are essentially involved
in the epithelial-mesenchymal transition (EMT)
complex process, which plays an important
role in invasion and metastasis of the breast
carcinoma, among other cancers [22]. EMT is
highly dysregulated during tumor progression
[23]. Altered organization of the actin cytoskel-
eton is a key mechanism of cancer develop-
ment that is correlated with cancer cell growth
and metastatic dissemination of tumor cells
[24]. In carcinogenesis, multiple connections

Am J Cancer Res 2022;12(9):4373-4398
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Table 1. Upregulated proteins for JTB downregulated condition

Activity of
Proteins Symbol BC/other malignancies GO: BP, MF proteins in their
upregulated state

EMT pathway-cytoskeletal reorganization

Beta-actin-like protein ACTBL2 overexpressed in TNBC [33], EOC [32], melanoma GOBP_ACTIN_FILAMENT_BASED_PROCESS, GOBP_CYTOSKELETON_ORGA- protumorigenic
cells [31] NIZATION, tumorigenic activity, cell viability, motility and invasion [31], prolif-
eration and migration [32], actin cytoskeleton organization, focal adhesion
formation [31]

Tubulin alpha-4A TUBA4A overexpressed in BC with brain specific metastasis HALLMARK_MITOTIC_SPINDLE, GOBP_MITOTIC_CELL_CYCLE and GOBP_CY- protumorigenic
[37] TOSKELETON_ORGANIZATION, cell movement and development [35], micro-
tentacles formation and metastatic dissemination [36]
Chaperonin-containing TCP1/CCT overexpressed in BC [42] cell proteostasis, cell cycle progression and regulation, cytoskeletal organiza- protumorigenic
TCP-1/chaperonin-containing tion [39], cell proliferation and tumorigenesis
tailless complex polypeptide 1
Myosin-14 MYH14 overexpressed in pancreatic ductal adenocarcinoma  cytoskeletal protein binding, directional cell deformation and migration, EMT, protumorigenic
[47] cell invasion, metastasis [45], lamellipodia formation in MCF7 BC cell line for
cell locomotion [48]
Eukaryotic translation elon- eEF1A1 overexpressed in some human tumors [54], downreg- cytoskeleton modulation/reorganization [54], cell proliferation, oncogenic controversial
gation factor 1-alpha 1 ulated in invasive BC [53] transformation [192], HelLa cells growth via intracellular alkalinization [192],
inhibition of p53, p73, apoptosis, chemoresistance [193]
Clathrin heavy-chain CLTC overexpressed in HCC, human and mouse hepatocyte clathrin mediated endocytosis (CME) and maintenance of the cancer cell protumorigenic
cultures [64], potential oncogene in hBC [69] stemness [60], actin cytoskeleton reorganization and formation of invadopo-

dia [63], tumor growth and angiogenesis [66], cell proliferation, differentiation,
apoptosis, migration, invasion and cancer metastasis [67]
Chondroitin sulfate proteo- CSPG5/NGC/  overexpressed tumor-associated glycans promote differentiation process [70], regulator actin cytoskeleton dynamics [76], cell protumorigenic
glycan 5 CALEB aggressive and metastatic behavior of tumor cells, proliferation [77], tumor growth, cell migration, invasion and metastatic poten-
cell adhesion and migration; CSPG4 is overexpressed tial [78], upregulated in tumor-hypoxia [74]
in aggressive BC cell lines [71]

Metabolism-related proteins

Pyruvate kinase M PKM overexpressed in cancer cells [80] HALLMARK_GLYCOLYSIS, metabolic reprogramming and cancer cell prolifera- protumorigenic
tion [81], oxidative stress adaptation and apoptosis [82]

UDP-glucose 6-dehydro- UGDH overexpressed in invasive and metastatic BC [79] HALLMARK_FATTY_ACID_METABOLISM, hyaluronic acid production, promotes protumorigenic
genase BC progression [79], TNBC cell growth [83]
Stress-responsive proteins

Chaperonin 10 CPN10/HSP10 overexpressed in tumor cells, including BC [91] anti-apoptosis [87], oncotransformation and cancer development [93] protumorigenic

Heat shock protein 70 HSP70A1A overexpressed in BC folding and trafficking of cancer-associated proteins [90], tumorigenesis, protumorigenic
kDa-1A maintenance of cancer cell stemness [93]

Heat shock protein 90 kDa- HSP90AA2 overexpressed by MDA-MB-231 BC cell line [97] promotes EMT, invasiveness and migration by activation of HIF-1a and NF-kB, protumorigenic
alpha A2 metastasis [98]
Transcriptional control

Zinc finger and BTB/POZ ZBTB4 downregulated in advanced stages of multiple hu- whereas overexpressed, inhibits growth and invasion of BC cells, suggesting tumor suppressor
domain-containing protein 4 man solid tumors [102], including BC [103] that ZBTB4 functions as a novel tumor suppressor gene [105]
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Inflammatory and immune response

Macrophage migration MIF overexpressed in solid tumors [106], including BC HALLMARK_HYPOXIA, GOBP_MACROPHAGE_ACTIVATION, GOPB_MACRO- protumorigenic
inhibitory factor [107, 111] PHAGE_CHEMOTAXIS, GOBP_MACROPHAGE_MIGRATION, GOBP_INFLAMMA-
TORY_RESPONSE, induces EMT and enhances tumor aggressiveness [112],
metastasis formation, angiogenesis induction, and dysregulation of the cell
cycle [106], immune responses [109] and tissue hypoxia [110], worse BC
patient survival [108]
ER protein 57-tapasin ERp57-TAPBP  ERp57 is overexpressed in various cancers, including regulates immune responses, immunogenic cell death, UPR, participates in protumorigenic
invasive BC [117] DNA repair and membrane-initiated signaling pathways, cytoskeletal remodel-
ling, cancer initiation, growth, progression and chemoresistance [117]

BC-breast cancer; EOC-epithelial ovarian cancer; HCC-hepatocellular carcinoma; TNBC-triple negative breast cancer.
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between EMT and metabolic reprogramming
[25], DNA methylation and histone modification
have been studied [26]. The dynamic actin
remodeling is an upstream regulator of the EMT
in metastatic cancer cells [27], whereas the
altered expression of tubulin isoforms is also
recognized as a hallmark in many cancers [20].
The reorganization of actin cytoskeletal struc-
ture is mediated by regulatory proteins, such
as myosins [28] as actin-based motor proteins
[29]. It is also known that the actin and actin-
associated proteins when accumulate in the
nucleus of tumor cells may affect the cancer
progression via modulation of transcription
[30] or by regulation of gene expression [28], as
in case of “chromomyosin” [29] and actin that
regulates chromatin as part of ATP-dependent
chromatin remodeling complexes [30]. EMT
also requires multiple regulatory pathways,
including cell signaling, epigenetic modifica-
tion, transcriptional control, and post-transla-
tional modifications (PTMs) [26].

For JTB downregulated condition of this experi-
ment, beta-actin-like protein 2 (ACTBL2) was
upregulated. ACTBL2 is considered the seventh
actin isoform that is essential for cellular motil-
ity, invasion [31], and proliferation [32]. ACTBL2
promotes tumorigenic activity of cancer cells,
emphasizing a modest overexpression in triple-
negative breast cancer (TNBC) compared with
luminal tumors [33]. This is a novel described
actin isoform that was found to be highly over-
expressed in colorectal tumor samples [34]
and that was associated with a negative prog-
nostic for overall survival of epithelial ovarian
cancer (EOC) patients [32]. ACTBL2 expression
was associated with actin cytoskeleton organi-
zation, migration, invasion, and focal adhesion
formation, its overexpression being also associ-
ated with a subset of human melanoma cells
[31]. According to GSEA analysis, ACTBL2 is
involved in GOBP_ACTIN_FILAMENT_BASED_
PROCESS and GOBP_CYTOSKELETON_ORGA-
NIZATION.

Significantly upregulated in migratory breast
tumor cells, tubulin alpha-4A (TUBA4A) is in-
volved in cellular movement and development
[35]. TUBA4A is a member of alpha-tubulin
family that is involved in formation of tubulin-
based microtentacles as cytoskeletal struc-
tures that sustain the metastatic dissemina-
tion, in association with EMT pathways, as well
as with the intercellular connections among
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circulating tumor cells (CTCs) and between
CTCs and blood cells [36]. According to GSEA
analysis, TUBA4A is also involved in HALLMA-
RK_MITOTIC_SPINDLE with GOBP_MITOTIC_
CELL_CYCLE and GOBP_CYTOSKELETON_ORG-
ANIZATION. TUBA4A was identified as a highly
expressed gene in primary breast tumors with
brain-specific metastasis [37]. Chaperonin-con-
taining TCP-1/chaperonin-containing tailless
complex polypeptide 1/(TCP1/CCT) is a molec-
ular chaperone involved in cellular proteosta-
sis, participating in intracellular protein folding
[38], cell cycle progression and cytoskeletal
organisation/cytoskeletal protein-binding, the
folding and interactions of native highly abun-
dant cytoskeletal proteins, such as actin and
tubulin, requiring interactions with CCT protein
[39]. Thus, CCT activity is correlated with can-
cer cell biology [40]. The expression levels of
CCT in cancer cell lines are higher than that
in normal cells, CCT chaperone promoting un-
controlled cell proliferation and tumorigenesis
[41]. Also, CCT subunits are highly expressed
in breast cancer as compared with normal tis-
sue, this protein interacting with many oncopro-
teins and mutant tumor-suppressors involved
in breast cancer growth, acting as a potential
cell cycle regulator and putative proto-onco-
gene [42]. MCF-10A cells can undergo sponta-
neous EMT transformation, the transformed
cells exhibiting higher levels of CCT2 subunit
[43]. The overexpressed CCT-B promoted EMT
in TNBC cell line MDA-MB-231 [38].

Myosins contribute to tumor genesis and me-
tastasis by effects on cell migration and inva-
sion based on their putative role as tumor sup-
pressors or enhancers of tumor progression
[44]. Myosins are overexpressed in various can-
cers, including breast cancer cells, where they
activate the main processes of tumor invasion
and metastasis that include cell migration,
adhesion, protrusion formation, loss of epi-
thelial cell polarity and suppression of apopto-
sis [29]. Myosin-14/myosin heavy chain 14
(MYH14)/myosin IIC is an isoform of non-mus-
cle myosin Il (NM-Il) heavy chains class that
links to actin filaments and is involved in cyto-
skeletal protein binding to sustain the direc-
tional cell deformation, migration and regula-
tion of cell-to-cell adhesion that represents an
important step in EMT, with consequences on
cancer cell invasion and metastasis [45].
Myosin IIC is preferentially expressed in breast
luminal cells and luminal cell lines and the EMT
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process requires a transition between myosin
[IC to myosin IIB expression that increases the
invasive behavior of mammary epithelial cells
[46]. Myosin IIC was overexpressed in pancre-
atic ductal carcinoma compared with normal
ductal epithelia and its elevated expression
persists in metastases [47]. It was demonstrat-
ed that the overexpression of NM-IIC induced
lamellipodia formation in MCF7 breast cancer
cell line [48] as transient, actin-rich membrane
protrusions that dive forces for cell locomotion
[49]. Taperin (TPRN)/CQorf75, primarily pres-
ent at the taper region of stereocilia [50] has
been cited as an actin-binding protein of the
cytoskeleton [51] that, in association with other
proteins, stabilizes the membrane-actin fila-
ment linkage [52].

Eukaryotic translation elongation factor 1-alpha
1 (eEF1A1) is a translation factor that was fo-
und to be significantly downregulated in inva-
sive breast carcinoma and other tumors [53].
eEF1A1 modulates the cytoskeleton, exhibits
chaperone-like activity, controls cell prolifera-
tion and cell death [54], being involved in tRNAs
exportation, signaling transduction, apoptosis,
heat shock response, and participation in tu-
mor progression [55]. eEF1A1 plays an actin-
bundling activity [56] and cooperates with P21
activated kinase 4 (PAK4), a binding partner
that has important roles by regulating cytoskel-
eton reorganization, and promoting migration
and invasion of gastric cancer cells [57]. eEF1-
A1 might play a pro-tumorigenic role in liver and
Kidney cancers, gliomas and glioblastomas,
although its expression can be a predictor of
good prognosis in breast cancer [53]. eEF1A1
isoform seems to play a pro-apoptotic role [54].
However, the eEF1A1 overexpression was indi-
cated in hepatocellular carcinoma (HCC) as a
prognostic biomarker and potential therapeutic
target identified as a negative regulator of p53
and p73 [55] that act as a major barrier to neo-
plastic transformation and tumor progression
[58]. Also, blocking the eEF1A1 release during
translation elongation inhibits the translation
of several genes essential for EMT [59].

Clathrin heavy-chain (CLTC) is involved in both
clathrin-mediated endocytosis (CME) pathway
that is essential for maintaining the pluripo-
tent state of embryonic stem cells in correlation
with the state of the actin cytoskeleton [60],
as well as in cell adhesion mediated by flat
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plaques, also associated with cell cortical skel-
eton [61]. In cancer cells and metastasis regu-
lation, signaling through CME is critical [62].
Proteins that participate in CME play an impor-
tant role in actin cytoskeleton reorganization
and formation of invadopodia [63]. CLTC was
recently confirmed as an overexpressed protein
in hepatocellular carcinoma (HCC), in human
and mouse hepatocyte cultures [64], as well as
a new biomarker and putative therapeutic tar-
get for patients with osteosarcoma/osteogenic
sarcoma (OGS), its downregulation inhibiting
cell proliferation, promoting apoptosis, and
blocking the cell cycle transition in osteosarco-
ma tissues [65]. Thus, CLTC is considered a
promoter of tumor growth and angiogenesis
[66]. CLTC interacts with trafficking from ER to
Golgi regulator (TFG) and activates TGF-j, also
involved in cell proliferation, differentiation,
apoptosis, and migration that promote invasion
and cancer metastasis [67]. CLTC activates the
phosphoinositide 3 kinase (PI3K)/Akt/mamma-
lian target of rapamycin (mTOR) signaling path-
way [65] that leads to cell growth, tumor prolif-
eration, even in breast cancer, playing an
important role in endocrine resistance [68]. In
breast cancer patients, CLTC was identified as
potential oncogene with impact on the growth
and proliferation of breast tumor cells [69].

Chondroitin sulfate proteoglycan 5 (CSPGD),
also known as neuroglycan C (NGC)/chicken
acidic leucine-rich EGF-like domain-containing
brain protein (CALEB), is a transmembrane pro-
tein with an epidermal growth factor module,
predominantly expressed in the brain, that has
been associated with the differentiation pro-
cess [70]. It is known that tumor-associated
glycans play a significant role in development of
aggressive and metastatic behavior of tumor
cells, being involved in cell-to-cell and cell-to-
ECM interactions that promote cell adhesion
and migration [71]. Among them, CSPG4 was
highly expressed on the aggressive breast can-
cer cell lines [71], as well as in tumor cells,
where it exhibits a role in growth and survi-
val, spreading and metastasis [72]. CSPG4 is
also known as a hypoxia-sensitive marker [73],
while CSPG5 gene was emphasized as upregu-
lated in tumor-hypoxia process [74] that leads
to advanced but dysfunctional vascularization
and acquisition of EMT behavior, increasing cell
mobility and metastatic phenotype in tumor
cells [75]. CSPG5, among other proteins, is
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known as a key regulator of actin cytoskeleton
dynamics [76]. CSPG5 can directly bind ErbB3
and transactivate ErbB2 [77] that was found
as overexpressed in several types of human
carcinomas, including breast cancer, where the
amplification of ErbB2 sustains rapid tumor
growth, cell migration, invasion and metasta-
tic potential [78]. CSPG5 was recognized as
a component of a cell-intrinsic transcriptional
pathway that promotes neuronal migration with
an additional function in neural progenitor cell
proliferation [77].

Metabolism-related proteins

Metabolic reprogramming occurs during the
EMT that promotes metastasis and cancer pro-
gression [79]. EMT induction can increase the
expression of many metabolic genes, downreg-
ulating the expression of some others, while
the role of metabolic reprogramming in sustain-
ing and completing EMT is complemented by
the role of EMT in induction of metabolic repro-
gramming [25]. Aerobic glycolysis, as the main
metabolic pathway preferred by tumor cells,
has been reported as being involved in EMT,
especially in tumor progression [26]. Pyruvate
kinase M (PKM), a metabolism-associated pro-
tein found as overexpressed in highly proliferat-
ing cancer cells that exhibit Warburg effect
[80], is involved in cancer cell proliferation by
metabolic reprogramming [81], as well as in
adaptation of cancer cells to reactive oxygen
species (ROS), by inhibition of oxidative stress-
induced apoptosis [82]. As an important rate-
limiting glycolytic enzyme, PKM converts phos-
phoenolpyruvate (PEP) to pyruvate in the last
step of glycolysis, being involved in HALLMARK _
GLYCOLYSIS pathway. It is known as a pro-
mising target that plays key role in TNBC cell
growth [83]. The PKM overexpression was re-
ported as a candidate biomarker for specific
types of cancer [81], such as poorly differenti-
ated gastric adenocarcinoma, compared with
well-differentiated gastric carcinoma, PKM iso-
enzymes being identified in tandem with tapa-
sin/ERP57 [84], also upregulated in our experi-
ment. Additionally, PKM overexpression was
correlated with tumor size, depth of invasion,
and poor prognosis of patients with gastric can-
cer [84]. Aberrant expression of PKM was posi-
tively correlated with EMT in esophageal squa-
mous cell, gallbladder and papillary thyroid can-
cers [85].
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EMT process increases production of hyaluron-
ic acid (HA) that is enabled by the reprogram-
ming of the glucose metabolism in aggressive
mesenchymal-like breast cancer cells [79].
UDP-glucose 6-dehydrogenase (UGDH) is di-
rectly related to the HA production, being over-
expressed in invasive and metastatic breast
cancer samples [79]. UGDH has been reported
as overexpressed following EMT in breast mes-
enchymal cell lines [86]. According to GSEA
analysis, UGDH is involved in HALLMARK_
FATTY_ACID_METABOLISM.

Stress-responsive proteins

Overexpression of heat shock proteins (HSPs)
was reported in various tumors [87]. They are
implicated in cancer cell proliferation, differen-
tiation, invasion, metastasis, death, and recog-
nition by the immune system [88]. Chaperonin
10 (CPN10), also known as the heat shock 10
kDa protein 1 (HSP10), was found to be overex-
pressed in tumor cells, such as hepatoma cells
[89], prostate cancer [90], oral squamous cell
carcinoma, nasopharyngeal carcinoma, astro-
cytoma [87], and breast cancer tissues [91],
following the proteolytic stress induced by
upregulation of mutated oncoproteins [92].
HSP10 overexpression also inhibits apoptosis
[87]. HSP10 expression could serve as biomo-
lecular marker in tumor grading and staging
[93]. Together with CPN60, CPN10 was consid-
ered essential for protein synthesis in mito-
chondria [89], the HSP60O/HSP10 complex and
its modifications leading to cell oncotransfor-
mation and cancer development [93]. HSP70
kDa protein 1A (HSP70A1A) molecular chaper-
one is involved in the folding and trafficking
of cancer-associated proteins [90]. A wide
range of human cancers overexpress HSP70
family members that enhance cell survival into
a hostile microenvironment, which includes
increased environmental temperature, hypoxia,
oxidative stress, acidic pH, heavy metals and
other stressors [94]. HSP70 heat shock pro-
teins are overexpressed in human breast can-
cer and they are related to tumorigenesis,
malignant phenotype, tumor immunity, resist-
ance to apoptosis and worse survival in correla-
tion with increased cell proliferation, poor dif-
ferentiation, lymph node metastasis and poor
therapeutic outcome [95]. HSP70 chaperones
maintain the cancer cell stemness [96]. Heat
shock protein HSP90-alpha A2 (HSP9O0AA2)
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was reported as a protein secreted and overex-
pressed by MDA-MB-231 breast cancer cell line
to survive a hostile hypoxic microenvironment
[97]. HSP9AO is also known as a protein that pro-
motes EMT, invasiveness and migration by acti-
vation of hypoxia-inducible factor 1-alpha (HIF-
1) and nuclear factor kappa B (NF-kB) [98],
which lead to cancer metastasis.

Transcriptional control

Zinc finger and BTB domain-containing proteins
(ZBTBs) are important transcriptional regula-
tors functioning as oncogenes and tumor sup-
pressors [99], targeting cell growth, prolifera-
tion and differentiation [100], metabolism and
autophagy [101]. For example, ZBTB16 and
ZBTB28 function as tumor suppressors that
inhibited breast cancer proliferation and metas-
tasis, induced apoptosis, and blocked the cell
cycle progression, while ZBTB27 acts as an on-
cogene [99]. Zinc finger and BTB/POZ domain-
containing protein 4 (ZBTB4) was reported as
downregulated in advanced stages of multiple
human solid tumors [102], including breast
cancer cells, where ZBTB4 levels have been
reported as suppressed [103]. The lower levels
of ZBTB4 induced the EMT by causing lower
E-cadherin levels and tumorigenic activity in
human bronchial epithelial (HBE) cell cultures
[104]. The overexpression or restauration of
ZBTB4 protein levels inhibits growth and inva-
sion of breast cancer cells, suggesting that
ZBTB4 functions as a novel tumor suppressor
gene in several human types of tumors, such as
breast cancer [105] or colorectal cancer (CRC)
[100].

Inflammatory and immune response

Macrophage migration inhibitory factor (MIF)
is a pro-inflammatory cytokine with enzymatic
activity and pro-tumorigenic effects, overex-
pressed in almost all solid tumor types [106],
including breast cancer, in correlation with
tumor aggressiveness through modulation of
the immunosuppressive TME and worse BC
patient survival [107, 108]. Thus, MIF serves as
an upstream regulator of innate and adaptive
immune responses [109], also being involved
in tissue hypoxia [110]. According to GSEA
analysis, it is involved in HALLMARK_HYPOXIA
pathway and GOBP_MACROPHAGE_ACTIVATI-
ON, GOPB_MACROPHAGE_CHEMOTAXIS, GO-
BP_MACROPHAGE_MIGRATION, and GOBP_IN-
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FLAMMATORY_RESPONSE. MIF also contrib-
utes to metastasis formation, angiogenesis
induction, and dysregulation of the cell cycle
[106]. MIF is overexpressed in breast cancer
cells due to its stabilization by HSP90 and
upregulation by HIF-1a, promoting cell survival
by PI3K/Akt activation [111]. MIF induces EMT,
enhancing tumor aggressiveness [112]. ER pro-
tein 57-tapasin is a heterodimer formed by
the ER resident protein 57 (ERp57) and tapa-
sin/TAP-associated glycoprotein (TAPBP) [113].
ERp57, tapasin, the transporter associated wi-
th antigen processing (TAP), and calreticulin
belong together to the ER-located peptide-load-
ing complex (PLC) [114]. Tapasin is a ER trans-
membrane chaperone belonging to major his-
tocompatibility complex class | (MHC ) [115]
that binds MHC | with TAP and play an impor-
tant function in MHC | assembly with high-affin-
ity peptides [114, 116]. ERp57 regulates im-
mune responses, immunogenic cell death and
UPR, participates in DNA repairand membrane-
initiated signaling pathways, and cytoskeletal
remodelling [117]. The ERp57 overexpression
has been reported in various human cancers,
including breast invasive carcinoma, in correla-
tion with cancer initiation, growth, progression
and chemoresistance [117]. Mutation at the
ERp57-tapasin protein-protein interface may
interfere with antigen presentation in cancer
cells, allowing them to escape from recognition
by human immune system [118].

Downregulated proteins for downregulated JTB
condition (Table 2)

Transcriptional control: Many genes have both
oncogenic and tumor-suppressor functions,
most of them being transcription factors (TFs)
or kinases that exhibits dual functions [119] in
regulating the stages of cancer development
and progression [120].

Zinc finger proteins, the largest TF family in
human, are involved in development, differen-
tiation, metabolism and autophagy, also em-
phasizing a recently suggested role in cancer
progression [101]. ZNF32 promotes breast can-
cer stem cell-like proprieties [121], as well as
the upregulated ZNF367 that has been report-
ed in breast cancer tissues and cell lines in
association with increasing circulating tumor
cells (CTCs) number and as a promoter of tumor
metastasis [122]. However, some zinc finger
proteins function as tumor suppressors and
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Table 2. Downregulated proteins for JTB downregulated condition

Activity of proteins in

Proteins Symbol BC/other malignancies Hallmark, BP/MF their downregulated
state
Transcriptional control
Zinc finger and BTB/POZ domain- ZBTB2 expressed in various cancers ZBTB2 knockdown increases proliferation, migration and invasion controversial
containing protein 2 in thyroid cancer cells [130], while silencing of ZBTB2 led to sup-
pression of cell growth in GC, indicating that ZBTB2 may act as a
oncogene
MYC-associated zinc-finger protein MAZ expressed in various cancers MAZ downregulation represses the in vitro invasion and migration anti-tumorigenic

of PCa cells and in vivo bone metastasis ability [133], its depletion
inhibits EMT, migration, invasion, and the sphere-forming capacity
of PDAC cells acting as an oncogene [134]

Basic region-leucine zipper (bLZip) ~ CREBZF expressed in various cancers tumor suppressor that reduces MCF7 cell proliferation, migration, protumorigenic
domain-containing transcription factor and invasion, its knockdown facilitating BC development [135]

Pleckstrin homology and RhoGEF PLEKHG2 overexpressed in TNBC [140] GOBP_ACTIN_CYTOSKELETON_REORGANIZATION, GOBP_ACTIN_ anti-tumorigenic
domain containing G2 FILAMENT_ORGANIZATION [139]
Epitranscriptome modifications

rRNA/tRNA 2'-0O-methyltransferase FBLL1 downregulated in GBM, upregulated in PCPG [146] cellular fate and differentiation [146] controversial

fibrillarin-like protein 1

Histone modification

Histone-lysine N-methyltransferase =~ KMT2B/ downregulated in BC tissues [149] cell proliferation, differentiation, migration and invasion [148], protumorigenic
2B, isoform X2 MLL2 tumorigenesis [149]
Metabolism-related proteins
Alpha-enolase isoform 1 ENO1 overexpressed in multiple cancers [152], including BC HALLMARK_GLYCOLYSIS, when downregulated, decreases cell anti-tumorigenic
[153], downregulated in human testicular cancer [155] invasion, metastasis and tumorigenic abilities [156]
Triosephosphate isomerase 2 TPI2 overexpressed in many human cancers, such as gastric TPl knockdown suppressed proliferation, invasion and migration, anti-tumorigenic
[158] and lung [159] induced apoptosis and increased the cancer cell cycle arrest [158]

Oxidative stress

Selenoprotein S SelS/ associated with different malignancies [168] ERAD, UPR [164], downregulated SelS decreases tumor cells putative protumorigenic
SELENOS/ antioxidant potential, the exposure to oxidative stress increasing
SepS1/VIMP growth, tumorigenic and metastatic potential of MCF7 cells
Prosalusin/torsin family 2 member A TOR2A differentially expressed/overexpressed in the brain regulates protein and vesicle trafficking, cytoskeleton mainte- putative anti-tumorigenic
metastases of patients with metastatic BC as compared nance, NE dynamics; regulates cell proliferation and apoptosis
to primary tumor, as well as in primary tumors of the [177], downregulation leads to altered lipid metabolism [173],

breast when compared to normal breast tissues [175] NE defects, due to their contribution to nuclear pore complex
biogenesis [174]

lon transport

Cyclin and CBS domain divalent CNNM1 overexpressed in BC [186], PC [188], HCC [187] GOBP_ION_TRANSPORT, overexpression induces cell growth in anti-tumorigenic
metal cation transport mediator 1 HCC, downregulation was associated with anti-angiogenetic and
anti-tumorigenic activity in PC [188]
Calcium voltage-gated channel CACNA1I low expression in various cancers (brain, kidney, lung, GOBP_ION_TRANSPORT, at high expression functions as a tumor protumorigenic
subunit 11 BC) [189] suppressor, inhibits cell development, promotes apoptosis, antip-

roliferative effects in malignant cells

BC-breast cancer; GBM-glioblastoma multiforme; GC-gastric cancer; HCC-hepatocellular carcinoma; PCa-prostate cancer; PCPG-pheochromocytoma and paraganglioma; PDAC-pancreatic ductal adenocarcinoma.
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they are significantly downregulated or inacti-
vated in breast cancer cell lines and tissues.
Thus, ZNF668 acts in regulating the p53 tu-
mor suppressor stability [123], ZNF671 inhibits
EMT, migration and invasion, while ZNF471
suppresses EMT, tumor cell stemness, inhibits
serine/threonine kinase/protein kinase B (Akt)
that plays a central role in cell survival and pro-
liferation linked to tumorigenesis [124], as
well as the Wnt/B-catenin signaling [125]. The
ZNF646 gene has been reported as hypometh-
ylated in breast cancer [126].

Zinc finger and BTB/POZ domain-containing
protein 2 (ZBTB2) is a protein belonging to the
BTP/POZ zinc-finger family (ZBTBs) that are key
TFs functioning as oncogenes or tumor sup-
pressors [99], being involved in cell develop-
ment, differentiation and carcinogenesis [127].
ZBTB2 has been cited as a protein involved in
cell proliferation in human cancers and regulat-
ing DNA methylation [128]. Absence of ZBTB2
delays and ZBTB2 overexpression increases
embryonic stem cells differentiation in mouse,
including ZBTB2 in the family of the regulators
of the exit from pluripotency [129]. ZBTB2
knockdown significantly increased prolifera-
tion, migration and invasion in thyroid cancer
cells [130], while silencing of ZBTB2 led to
suppression of cell growth in gastric cancer
(GC), indicating that ZBTB2 may act as a on-
cogene [131]. In TNBC, ZBTB2 had a higher
expression that other breast cancer subtypes,
as well as in primary breast tumor tissues when
compared with non-tumor counterparts from
TNBC patients [127].

MYC-associated zinc-finger protein (MAZ) acts
as a TF, playing a role in genome organization
[132]. MAZ is known as an oncogene involved
in the progression and metastasis of multi-
ple cancers, such as prostate cancer (PCa),
where MAZ downregulation represses the in
vitro invasion and migration of PCa cells and
in vivo bone metastasis ability [133]. Dysre-
gulation of MAZ expression was associated
with the invasiveness of pancreatic ductal ade-
nocarcinoma (PDAC), MAZ being predominantly
expressed in pancreatic cancer stem cells, its
depletion inhibiting EMT, migration, invasion,
and the sphere-forming capacity of PDAC cells
[134]. However, MAZ plays a dual function in
basal-like breast cancer (BLBC), suppressing
progression and aggressiveness but promoting
proliferation [120].
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Basic region-leucine zipper (bLZip) domain-con-
taining transcription factor CREBZF/Zhangfei
(ZF) short isoform/SMILE long isoform, mem-
ber of the mammalian activating transcrip-
tion factor (ATF)/cAMP-response-element-bind-
ing protein (CREB) family, plays a regulatory
function in cell proliferation and apoptosis
[135]. Overexpression of CREBZF inhibited the
ERK1/2 and mTOR signaling pathways, also
activating the autophagy, that suggested th-
at CREBZF might play a pro-apoptotic role in
mouse ovarian granulosa cells [136]. CREBZF
was reported as suppressor of cell growth and
the unfolded protein response (UPR), an adap-
tive response induced by ER stress, in some
cancer cell lines, such as canine osteosarco-
ma [137]. It may participate in the regulation of
p53 tumor suppressor function and modulates
cell death, the partial depletion of endogenous
CREBZF diminishing p53 protein levels [138].
CREBZF could serve as a tumoral suppressor
that reduces MCF7 cell proliferation, migration,
and invasion, its knockdown facilitating breast
cancer development [135].

Pleckstrin homology and RhoGEF domain con-
taining G2 (PHLDG2/PLEKHG2) is a guanine
nucleotide exchange factor (GEF) for the small
GTPases Racl and Cdc4 that is involved in
transcriptional regulation and control of cell
morphology by mediation of signaling path-
ways such that for actin cytoskeletal reorgani-
zation [139]. PLEKHG2 contributes to onco-
genic signaling in TNBC cell line MDA-MB-231
[140]. According to GSEA analysis, PLEKHG2
is involved in GOBP_ACTIN_CYTOSKELETON_
REORGANIZATION and GOBP_ACTIN_FILAME-
NT_ORGANIZATION. Higher PLEKHG2 mRNA ex-
pression was significantly correlated with worse
outcome in advanced tumor patient [141].

Epitranscriptome modifications

RNA modifications that are present in the epi-
transcriptome (tRNA, rRNA and mRNA) are
known for their contribution to breast tumori-
genesis [142]. RNA methylation is catalyzed by
methyltransferases, this process being closely
related to cell proliferation, cellular stress, me-
tastasis, and immune response [143]. rRNA/
tRNA 2’-O-methyltransferase fibrillarin-like pro-
tein 1 (FBLL1) belongs to the RNA methyltrans-
ferases (RNMTs) family, a set of enzymes that
are deregulated in cancer, including breast can-
cer, several RNMTs being reported as signifi-
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cantly associated with breast cancer aggres-
siveness and poor prognosis [144]. FBLL1 was
cited as a gene with age-related differential
expression in breast cancer [145]. FBLL1 was
reported as downregulated in glioblastoma mu-
[tiforme (GBM) and as upregulated in pheochro-
mocytoma and paraganglioma (PCPG) [146].

Histone modification

Histone-lysine N-methyltransferase 2B, iso-
form X2, (KMT2B/MLL2) is involved in tran-
scriptional regulation through post-translation-
al modification of histones [147]. Histone lysine
methyltransferases regulate gene transcription
through the methylation of histones that affects
cell proliferation, differentiation, migration, and
invasion with multiple effects on human can-
cers [148]. KMT2B gene expression was report-
ed as significantly downregulated in breast
cancer tissue compared with marginal free
tumor samples, its dysregulation playing a role
in tumorigenesis [149]. Depletion of KMT2B
disrupts estrogen signaling, attenuates cell
proliferation, reduces colony formation and in-
duces cell cycle arrest in ERa-positive breast
cancer tissues [150].

Metabolism-related proteins

Tumors exhibit increased glycolysis among
other alterations in energy metabolism [151].
Alpha-enolase isoform 1 (ENO1), a key glyco-
lytic enzyme reported as tumor-associated an-
tigen, cancer biomarker and anti-tumoral tar-
get [152], plays an important role in tumorigen-
esis, being involved in cell growth, hypoxia tol-
erance, autoimmune activities, and increased
glycolysis pathway [153], also contributing to
cancer cell proliferation, migration, invasion,
metastasis, and resistance to chemotherapy
[152]. According to GSEA analysis is a member
of HALLMARK_GLYCOLISIS pathway. ENO1 was
reported as overexpressed in multiple cancers
[152], including breast cancer tissues com-
pared with the healthy adjacent one, its elevat-
ed expression being associated with a poor
prognosis [153]. Overexpression of ENO1 was
also associated with glioma progression, the
knockdown of ENO1 expression leading to
suppression of cell growth, migration and inva-
sion by inactivation PI3K/Akt pathway that reg-
ulates cell growth and EMT progression in glio-
ma cells [154]. ENO1 was detected as down-
regulated in the progression of human testicu-
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lar cancer cells [155]. The downregulation of
ENO1 enhanced sensitivity of HeLa and SiHa
cells to chemotherapeutic agents and decrea-
sed their invasion, metastasis and tumorigenic
abilities [156]. ENO1 was reported as glycolytic
enzyme when located in cytoplasm and as a
tumor suppressor gene when located in the
nuclei of human testicular tumor cells, where it
acts as a monomeric transcription factor known
as the tau-crystallin or MBP1 (Myc promoter-
binding protein 1), which inhibits the transcrip-
tion of c-myc, a highly reported oncogene, and
plays a role in cell cycle progression, apoptosis,
cellular transformation and hypoxia tolerance
[155]. Triosephosphate isomerase (TPI/TPIS/
TIM) is also a key glycolytic enzyme involved in
migration and invasion of cancer cells that are
characterized by an increased aerobic glycoly-
sis pathway and upregulation of the glycolytic
enzymes levels [157], being overexpressed in
many human cancers, such as gastric [158]
and lung [159]. The potential effect of TPl on
EMT activation in cancer cell metabolism was
previously emphasized in pancreatic cancer
[160]. The TPI knockdown suppressed prolifer-
ation, invasion and migration, induced apopto-
sis and increased the cancer cell cycle arrest
[158]. However, TPl was found as upregulated
in ductal carcinoma (IDC) compared to in lobu-
lar carcinoma (ILC) samples [161].

Oxidative stress

Oxidative stress is defined by high reactive oxy-
gen species (ROS) production that may lead to
tumor initiation and supporting proliferation of
cancer cells or causing cell death, cancer cells
exhibiting aberrant redox homeostasis, which
activates antioxidant transcription factors pro-
duction [162]. Also, the cancer cell proliferation
induces ER stress [163].

Selenoprotein S (SelS/SELENOS/SepS1/VIMP)
is involved in ER-associated protein degrada-
tion (ERAD) process, unfolded protein response
(UPR) [164], intracellular membrane transport
and maintenance of protein complexes by
anchoring them to the ER membrane [164],
being involved in modulation of anti-ER stress
effects [165], inflammatory response, protec-
tion against the oxidative stress [166], lipid
metabolism [167], and glucose homeostasis
[166]. Even it is predominantly found in the ER
membrane, SELENOS was confirmed as a plas-
ma membrane protein and it was also detec-
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ted in human serum [168]. SELENOS was as-
sociated with different malignancies, such as
colorectal cancer (CRC) [168] and triple nega-
tive breast cancer (TNBC) tissues and cell lines,
in this last case SelS being reported as signifi-
cantly overexpressed and correlated with poor
prognosis [165]. Selenoproteins/selenocyste-
ine-containing proteins (SePs) have been re-
ported as dysregulated in cancer cells and tis-
sues, being overexpressed or downregulated
with detrimental or favorable role in cancer
initiation and progression [165]. SePs are
known as anti-oxidant and anti-inflammatory
proteins, some of them mediating cancer cell
growth and development or progression, angio-
genesis, growth factor signaling and apoptosis,
SELENOS remaining relatively uncharacterized
in the context of tumorigenesis [169]. However,
SePs seem to develop chemopreventive and
anticancer roles, for example, in obese breast
cancer [170]. In downregulated JTB condition,
SELENOS protein was found as downregulated.
In consequence, the SELENOS downregulation
could be associated with an decreasing in
tumor cells antioxidant potential, the exposure
to oxidative stress increasing growth, tumori-
genic and metastatic potential of MCF7 cells,
according to previous published data [171].

Prosalusin/torsin family 2 member A (TOR2A)
isoform X3. Torsins/torsin ATPases belong to
AAA+ (ATPases associated with a variety of
cellular activities) superfamily of ATPases, are
located in the lumen of the ER or resides within
the nuclear envelope (NE) [172], and function in
protein quality control in the ER, to regulate pro-
tein and vesicle trafficking, the cytoskeleton
maintenance and nuclear envelope dynamics,
while their downregulation leads to altered lipid
metabolism [173]. Compromised torsins were
correlated with NE defects, due to their contri-
bution to nuclear pore complex biogenesis
[174]. TORA2 was reported as differentially
expressed in the brain metastases of patients
with metastatic breast cancer as compared to
primary tumors of the breast, as well as in pri-
mary tumors of the breast when compared to
normal breast tissues [175]. Salusins, endoge-
nous vasoactive peptides biosynthesized from
prosalusin precursor, regulate hemodynamics,
cell mitogenesis, and atherogenesis [176]. Th-
ey are also known to be involved in regulating
cell proliferation and apoptosis [177]. Recent
published articles showed that the knockdown
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of salusin-f3 retarded iron overload and ferro-
ptosis, antioxidant capability reduction, high
reactive oxygen species production and lipid
peroxidation in human proximal tubular (HK-2)
cultured cells [178], attenuating cardiac dys-
function, oxidative stress and inflammation in
diabetic cardiomyopathy [179]. Also, salusin-a
plays an opposite effect than salusin-B, inhi-
biting proliferation and migration of vascular
smooth muscle cells (VSMCs) by suppressing
the Akt/mTOR signaling pathway [180].

lon transport

Impaired magnesium homeostasis has been
correlated with cancer [181], high levels of this
cation being reported in cultured neoplastic
cells, where it contributes to alterations of ge-
nome and acquisition of a tumoral phenotype
[182]. Breast cancer cells increase the expres-
sion of magnesium transport channels that
rise the intracellular concentration of this min-
eral, contributing to tumor growth [183]. Cyclin
and CBS domain divalent metal cation trans-
port mediator 1 (CNNM1) is a member of the
cyclin M (CNNM) family of transmembrane
proteins that control intracellular magnesium
levels [184] by their selective binding to the
transient receptor potential melastatin mem-
ber 7 (TRPM7) channel to stimulate divalent
cation entry into cells [181] or by direct binding
of an oncogenic protein, phosphatase of re-
generating liver (PRL) that inhibits the magne-
sium-extruding function of CNNM, which drives
the malignant progression of cancers [185].
According to GSEA analysis, CNNM1 is part
of gene set GOBP_ION_TRANSPORT. CNNM1
has been also reported as a cooper storage
protein in neuronal cells, while it was associat-
ed with stemness, cell cycle and differentiation
in spermatogonial cells in mouse, also being
implicated in breast cancer, metastasis, and
age-of-onset in disease [186]. CNNM1 induces
cell growth in hepatocellular carcinoma (HCC)
[187], while its downregulation of CNNM1. level
was associated with an inhibitory effect on
angiogenesis in prostate cancer [188]. Calcium
voltage-gated channel subunit 1 | (CACNA1l) is
part of gene set GOBP_ION_TRANSPORT and,
belonging to the voltage-gated calcium chan-
nels (VGCCs) family members, is involved in
mitogenesis, cell proliferation, differentiation,
apoptosis and metastasis, exhibiting under-
expression in various types of cancers, includ-
ing breast tumors [189].
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Discussion

MCF7 is a commonly used luminal type A non-
invasive/poor-invasive human breast cancer
cell line that do not usually migrate or invade
compared with MDA-MB-231 highly metastatic
cells, which emphasize an invasive and migra-
tory behavior [190]. However, under special
conditions, MCF7 cells might acquire invasive
features [191]. In JTB downregulated condition,
many related proteins are overexpressed, pro-
moting the actin cytoskeleton reorganization
that is involved in growth and metastatic dis-
semination of cancer cells. Some of these pro-
teins are involved in EMT process (ACTBL2,
TUBA4A, MYH14, CSPG5, PKM, UGDH, HSP-
90AA2, and MIF), in correlation with a pletho-
ra of upregulated proteins that are involved
in energy metabolism reprogramming (PKM,
UGDH), stress-response (HSP10, HSP70A1A,
HSP9OAA2), and immune and inflammatory
response (MIF, ERp57-TAPBP). According to
GSEA analysis, the upregulated proteins in
JTB downregulated condition are involved in
following pathways: mitotic spindle assembly
(TUBA4A), glycolysis (PKM), fatty acid metabo-
lism (UGDH), and hypoxia (CSPG5, HSP70A1A,
HSPOOAA2, MIF). The main biological process-
es that involved these upregulated proteins
are: actin filament based process (ACTBL2),
cytoskeleton organization (ACTBL2, TUBA4A,
MYH14, TCP1/CCT, TPRN, CLTC, and eEF1A1),
mitotic cell cycle (MYH14), macrophage activa-
tion, chemotaxis, migration and inflammatory
response (MIF). Only ZBTB4, a protein involved
in transcriptional control may emphasize an
anti-oncogenic function. The upregulated pro-
teins in JTB downregulated condition promotes
viability, motility, proliferation, invasion, surviv-
al into a hostile environment, metabolic repro-
gramming, and escaping of tumor cells from
immune control, leading to a more invasive
phenotype for MCF7 BC cell line.

The downregulated proteins in JTB downregu-
lated conditions could emphasize antitumo-
rigenic effects (MAZ, PLEKHG2, ENO1, TPI2,
TOR2A, and CNNM1), as well as protumorigen-
ic activity (CREBZF, KMT2B, SELENOS, and
CACNA1l) or a controversial function (ZBTB2,
FBLL1). Due to their downregulated condition,
CREBZF, KMT2B, SELENOS and CACNA1l are
involved in maintenance of the invasive pheno-
type of cancer cells, promoting cell prolifera-
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tion, migration, invasion and tumorigenesis.
Other proteins, due to their under-expression,
may promote suppression of cancer cell growth,
invasion, EMT, tumorigenic abilities, interacting
with glucose and lipid metabolism, nuclear
envelope stability, or suppressing apoptosis
and developing anti-angiogenetic activities.
The downregulated proteins are involved in
transcriptional control (ZBTB2, MAZ, CREBZF
and PLEKHG?2), epitranscriptome modifications
(FBLL1), histone modification (KMT2B), metab-
olism (ENO1 and TPI2), oxidative stress (SEL-
ENOS and TOR2A) and ion transport (CNNM1
and CACNAL1Il). According to GSEA analysis,
PLEKHG2 and TOR2A are involved in GOBP_
ACTIN_CYTOSKELETON_REORGANIZATION and
GOBP_ACTIN_FILAMENT_ORGANIZATION,
ENO1 and TPI2 in HALLMARK_GLYCOLYSIS and
CNNM1 and CACNA1l in GOBP_ION_TRANS-
PORT.

The EMT pathway was found as upregulated
in both JTB overexpressed [4] and JTB down-
regulated conditions. Due to the dual action of
TGF-B in cancer cells [11], it seems possible
that JTB overexpression/downregulation inhib-
its the tumor-suppressor function or stimulates
the tumor-promoter function of TGF-f pathway
and induces EMT and migratory behavior of
MCF7 breast cancer cell line. In summary, the
main biological processes and pathways that
may increase the tumorigenic potential of the
MCF7 cells in JTB downregulated conditions
are related to the actin cytoskeleton organiza-
tion, EMT, mitotic cell cycle, glycolysis and fatty
acid metabolism, inflammatory response and
macrophage activation, chemotaxis and migra-
tion, cellular response to stress condition (oxi-
dative stress and hypoxia), transcription con-
trol, histone modification and ion transport.
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