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1. Introduction

Copyright © 2022 Theja Bhamidipati et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Each cell in the body contains an intricate regulation for the expression of its relevant DNA. While every cell in a multicellular
organism contains identical DNA, each tissue-specific cell expresses a different set of active genes. This organizational property
exists in a paradigm that is largely controlled by forces external to the DNA sequence via epigenetic regulation. DNA
methylation and chromatin modifications represent some of the classical epigenetic modifications that control gene expression.
Complex tissues like skin consist of heterogeneous cell types that are spatially distributed and mixed. Furthermore, each
individual skin cell has a unique response to physiological and pathological cues. As such, it is difficult to classify skin tissue as
homogenous across all cell types and across different environmental exposures. Therefore, it would be prudent to isolate
targeted tissue elements prior to any molecular analysis to avoid a possibility of confounding the sample with unwanted cell
types. Laser capture microdissection (LCM) is a powerful technique used to isolate a targeted cell group with extreme
microscopic precision. LCM presents itself as a solution to tackling the problem of tissue heterogeneity in molecular analysis.
This review will cover an overview of LCM technology, the principals surrounding its application, and benefits of its
application to the newly defined field of epigenomics, in particular of cutaneous pathology. This presents a comprehensive
review about LCM and its use in the spatial analysis of skin epigenetics. Within the realm of skin pathology, this ability to
isolate tissues under specific environmental stresses, such as oxidative stress, allows a far more focused investigation.

tial nature, and their interrelation [3]. Epigenetic modifica-
tion, in particular, must use downstream cascades in order

The premise behind cellular analysis rests largely on the
assumption that tissue samples consist of homogenous cells.
Historically, this process has disregarded the spatial aspect of
the tissue in question. More so, the assumption of tissue
homogeneity ignores the fact that identical biologic stressors
can cause different reactions in different cell types [1]. Thus,
having the ability to specify both spatial and cellular criteria,
such as in a biopsy of a suspicious lesion, can allow the
identification of molecular pathways that can distinguish
between a metastatic process and a more benign etiology
[2]. The current dogma behind these molecular pathways
is that they rely heavily on heterogeneous cell populations
due to their reliance on low abundance molecules, their spa-

to properly affect gene transcription simply due to the extra-
cellular nature of the modification. Of note, these down-
stream cascades are highly variable among different tissue
types and even among similar tissues that exist in different
environments. When focusing on epigenetic analysis, pro-
cesses such as CpG methylation are extremely specific to
parts of the DNA sequence. Properly isolating target cells
and tissue would thus be even more important in the analy-
sis of epigenomics when compared to more standard ana-
Iytic tools that analyze protein structure or RNA content.
The applications of this “microdissection” can be applied
to nearly every field for molecular investigation including
proteomics and transcriptomics [4] (Figure 1).
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FIGURE 1: Many downstream analysis relies on the fundamental principle behind microdissection. An inappropriate tissue dissection would
then be implicated in lower yield results and contamination. Reproduced under the terms of the Creative Commons CC BY license
published by John Wiley and sons. The following original report is credited: von Eggeling and Hoffmann [4].

As the DNA sequence has become more understood
with the completion of the Human Genome Project in
2003, there has been a shifting focus from solely identifying
the genetic component of many diseases to detecting the
progression of these same diseases [5-7]. High-risk cancer-
ous tissue, for example, can be analyzed for certain epige-
netic modifications which can be used as a proxy for
potential malignant transformation [8]. The ability to iden-
tify potential malignancy offers avenues for early interven-
tion to prevent morbidity and mortality. The analysis of
these types of tissue has historically been done using tech-
niques such as Southern blot analysis and polymerase chain
reaction. However, there is a growing need for a new gener-
ation of sequencing techniques that can fine-tune the selec-
tion of tissue in regard to spatial location and pathological
stresses.

When used in unison, isolation of discrete cell types/tis-
sues and new sequencing platforms can create a genome-
wide profile that has the power to unveil new information
that can challenge previous dogmas. For example, Li et al.
demonstrated the necessity for precise tissue sampling by
showing that the difference between young and old skin
did in fact have different dermal molecular expression in
the dermis [9]. This difference was previously ignored
because tissue samples rarely were separated from their epi-
dermal components. Clearly, the ability to differentiate
between seemingly insignificant parts of the same tissue
can have profound implications.

Laser microbeam microdissection (LMM) and its succes-
sor laser capture microdissection (LCM) represent the
newest technologies meant to overcome the inherent hetero-
geneity of tissue samples. By using the principles behind
ultraviolet and infrared laser, the specificity of cell samples
taken in situ is orders of magnitude greater. Thus, further

downstream analysis, such as in epigenetics, becomes far
more sensitive and specific.

2. Laser Capture Microdissection

2.1. Overview. The use of applying focused lasers to isolate
target tissues first began in the early 20™ century but has
advanced in recent years [1]. The initial need for a faster
process than manual microdissection led to the introduction
of microbeams. LMM focused primarily on using an ultravi-
olet laser on membrane-mounted sections of tissue. The
membrane offers good optical quality without interfering
with the downstream analysis. Pulses of ultraviolet lasers
cause local dissection of the membrane-tissue complex due
to photolysis [10]. The dissected tissue would then be taken
out and used for further analysis. However, while LMM
offered quality dissection with little dispersion of the tissue,
it required a great deal of dexterity and is time-consuming.
LCM was then introduced by the National Cancer Institute
of the National Institutes of Health in Bethesda as the newest
generation of laser capture technology. Within the past
decade, it has been used to isolate tumor cells, neurons,
virus-infected cells, and even specific organelles such as
nuclei [11, 12]. Figure 2 pictorially represents the ability of
LCM to isolate specific tissue elements [4].

In 1976, Isenberg et al. were the first to use this laser
technology but in surgery [13]. It required massive space
to dissect out tissue subpopulations. In response, LCM was
devised by Emmert-Buck and their team [13]. They recog-
nized a need for a system for efficient dissection of cells of
solid tumors to fully utilize analytical technologies. This pro-
cess quickly moved to a commercial platform by Arcturus
Engineering under the name Veritas Systems (Mountain
View, CA) [11, 14]. PALM Microbeam system (Carl Zeiss
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FIGURE 2: Inverted microscope used in laser microbeam (LMM) and laser capture microdissection (LCM) deploying ultraviolet or infrared
laser pulses to target specific tissue sections. The laser-based microdissection is performed in three steps. (a) The laser coupled in the
objective separated the desired area from the surrounding tissue. (b) The capture of the marked sample is then initiated using a single
laser pulse. (c) The marked sample is then transferred to the desired capture device for downstream analyses. Reproduced under the
terms of the Creative Commons CC BY license published by John Wiley and sons. The following original report is credited: von

Eggeling and Hoffmann [4].

Microlmaging GmbH, Bernried, Germany) and the Leica
LMD6000 (Leica Microsystems Inc., Bannockburn, IL,
USA) further commercialized the technology making its
use ubiquitous in researchers’ labs across the world.

2.2. Components of LCM. The components for a LCM are (i)
visualization of target cells using traditional microscopy, (ii)
having the ability to transfer photoenergy to either a
polymer-cell composite or directly to photolyze tissue, and
(iii) being able to isolate and remove the target sample. This
is done with the use of an inverted microscope, an infrared
laser, control unit for the laser, a control mechanism for
the microscope stage, a digital camera, and a monitor for
target visualization [14]. A prototypical setup for large-
scale microdissection is shown is Figure 3. Two large classes
of LCM that exist are infrared and ultraviolet. Infrared LCM
(IR-LCM) primarily uses large wavelength light at approxi-
mately 810nm while ultraviolet LCM (UV-LCM) uses a
shorter wavelength at approximately 355nm [15]. While
IR-LCM utilizes photoenergy to melt polymer caps in order
to isolate tissue samples, UV-LCM directly photoablates the
tissues around cells of interest. The differences and advan-
tages between the two will be discussed in next sections;
however, more modern systems are relying on combination
of IR and UV-LCM such as the Arcturus XT (Thermo Fisher
Scientific).

2.3. Infrared LCM (IR-LCM). Emmert-Buck and coworkers
in 1996 at the National Institutes of Health developed an
IR-LCM system [13]. By using very short pulses of infrared
lasers with wavelengths of about 810 nm, the IR-LCM sys-
tem is based on a thin thermoplastic film over the tissue sec-
tion. The IR beams can melt the polymers overlying the
collected tissue sample. This creates a tissue-polymer com-
plex that can isolate target cells. More so, the thermofilm
functions as a barrier to the damage from the light preserv-
ing the tissue [16]. The focused pulse of IR directed at the
thermofilm causes a conformational change and adherence
of the tissue to the polymer [17]. At the end of the dissection,
cells of interest that are adhered to the film can be detached
and transferred for analysis. However, due to this thin poly-
mer, there is a risk of the sample becoming attached to the
adhesive film running the risk for contamination. More so,
this process is heavily user dependent with operator skill
being a limiting factor.

2.4. Ultraviolet LCM (UV-LCM). Using smaller wavelength
light of about 355nm, UV-LCM is able to more specifically
ablate tissue adjacent to the cells of interest [17]. First devel-
oped by Schutze and Lahr in 1998, this platform uses tissue
that has been mounted directly on a membrane. Direct visu-
alization by microscopy then allows direct isolation of cell
populations without adjacent unwanted tissue [13, 16].
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FIGURE 3: (a) Zeiss PALM Microbeam Laser Microdissection System located at the Indiana Center for Regenerative Medicine and
Engineering, Indiana University. Prototypical laser setup showcases the components of LCM. (b) Before and (c) after laser capture
microdissection of lung tissue sample done under fluoroscopy. Photographs showing of a lung section before and after images during
capture of a cluster of fluorescent neuroendocrine cells, known as a neuroepithelial body. (b, ¢) Reproduced with permission from John
Wiley and sons. The following original report was credited: Jensen [18].

When compared to its IR counterpart, UV avoids the issue
surrounding adhering of unwanted cells due to the ability
to directly photoablate the sample. More so, the smaller
wavelength used in this system allows for more precise beam
focus around smaller cells or even organelles. The target cells
are then retrieved via photonic pressure or gravity which
launches them into the collector cap [17].

2.5. Advantages and Limitations of LCM. The advantages of
LCM stem from the ability to isolate very small and spatially
unique cellular elements. Depending on the laser size and
tissue sample, thousands of unique cellular elements can be
collected in a fraction of the time that manual microdissec-
tion would require. This notion brings up the next advantage
of LCM which is the wide-scale application of a fast and
easy-to-use technology that does not require substantial
manual dexterity or training. Jensen showcased how sensi-
tive tissue from lung biopsies could be easily identified and
dissected using LCM [18] (Figure 3). In fact, many LCM
microscopes are easily adjusted to correspond with the skill
of the operator. When comparing LCM to more conven-
tional techniques, it is important to examine the quality of
the tissue samples collected. In 1999, Banks et al. found no
gross changes in the protein profiles [19]. The worry about
lower quality dissection samples thus does not limit the
implementation of LCM in cell and tissue analysis.
However, there are noticeable limitations of LCM which
primarily reflect the limitations of microdissection. The nar-
row band of wavelength offers a physical limit on how small
the dissection can be done on subcellular structures [20].

Another issue that is not only seen in LCM is the worry
about optical resolution of tissue. Samples in LCM do not
require the use of a cover slip. Thus, dehydrated tissue with-
out a coverslip can make precise microdissection difficult.
Investigators can however use special staining to highlight
the tissue target in question [21]. And while LCM does offer
an easier operator learning curve, the physical removal of
cells from the slide is operator dependent. This event usually
occurs with frozen sections and can be avoided with paraffin
wax sections. Luo et al. demonstrate the optimal transfer
conditions of frozen tissue sections with specific stains
[22]. These immunohistochemistry stains offer their own
set of problems. For example, eosin can interfere with cer-
tain 2D-Page Gel electrophoresis [23].

However, even when taking into consideration the limi-
tations of laser capture microdissection, the speed, easy han-
dling, and precision make this modality the ideal tool for
collection of large amounts of specific tissue and cells.

3. Applications of LCM to Epigenetic Studies

3.1. Overview. Epigenetic modification is the broad-
encompassing term that denotes hereditary inheritance that
occurs outside of the DNA sequence [24]. These modifica-
tions mostly target the storage activation and inactivation
of DNA. The three prototypical examples include (i) DNA
methylation, (ii) histone modifications, and (iii) chromatin
remodeling [25]. As outlined in Figures 4 and 5, these mod-
ifications have the ability to change the ability of DNA to be
transcribed [26, 27].
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FIGURE 4: Modification to DNA or RNA through methylation or histone modifications changes the storage and packaging of DNA.
Downstream, this can limit transcription. DNA methylation is one of the most studied epigenetic mechanisms, which occurs on CpG
islands located in different repetitive genome regions or, more commonly, in promoter regions. Other epigenetic mechanisms known as
histone modifications mainly include the methylation, ubiquitylation, acetylation, sumoylation, and phosphorylation of the histone tails.
N6-Methyladenosine (m6A) is the most common mRNA modification. m6A modification is conducted by its “readers,” “erasers,” and
“writers” to remove, add, or preferentially bind to m6A. m6A methylation occurs at once after pre-mRNA transcription by METTL3-
containing methyltransferases, while the demethylation of m6A is by fat mass and obesity associated (FTO) and alpha-ketoglutarate-
dependent dioxygenase AlkB homolog 5 (ALKBHS5). Reproduced with permission from John Wiley and sons. The following original

report was credited: Sang and Deng [26].

DNA methylation is a silencing tool associated with
cytosine-guanine dinucleotide repeats found primarily on
gene promoters. Recruitment of these additional methyl
(CH3) groups to the cytosine base forms a genetically stable
carbon-carbon bond resulting in the formation of 5-
methylcytosine (5mc) [28]. CpG methylation at these sites
on promoters has been associated with gene silencing
[28-30]. The CpG methylation events are carried out by
DNA methyltransferases (DNMTs) or by the ten-eleven
translocation family (TET) [31-33] (Figure 6). In particular,
DNMT1, DNMT3A, DNMT3B, TET1, TET2, and TET3
have been shown to be associated with the pathological tran-
scriptional deregulation in many diseases [27]. These dis-
eases range from hematologic malignancies to solid tumor
growth. More so, the causes of methylation have been linked
environmental and lifestyle factors [34].

On the other hand, histone modifications occur on a
larger scale and control gene transcription. As chromatin
DNA becomes more condensed and organized, it becomes
associated with histone proteins to form a nucleosome
[27]. In particular, the four core histone proteins of the
nucleosome (H2A, H2B, H3, and H4) are particularly sus-
ceptible to modification. Acetylation of these abovemen-
tioned histone proteins induces changes in the chromatin
configuration that increases gene transcription [27]. Primary
histone acetylation is done by acetyltransferases (HAT). On
the other hand, deacetylation which is performed by histone
deacetylases (HDAC) tightens the conformation of the
nucleosome and limits transcription [25].

“Epigenomics” therefore is the study of these epigenetic
modifications that occur outside of the genome itself. Of
note, there is a strong inheritance pattern exhibited by epige-
nomics. However, there are also environmental factors that
can cause epigenetic changes [35]. This is in stark contrast

to proteomics or genomics where the given DNA sequence
is all but permanent. The ability to modify environmental
variables makes the understanding of epigenomics extremely
important for early therapeutic interventions.

3.2. Epigenetic Investigation. Advances in the past decade
have mushroomed the amount of investigation into genes
and genome knowledge (genomics). However, the first paper
to study epigenetic modification on microdissected cells was
by Wu et al. showing the role of hypermethylation in endo-
metriosis [36]. New pursuits into epigenetic modifications
have outlined the extracellular modifications in the heritable
transfer of genetic material. These epigenetic modifications
are independent of primary DNA sequence changes. More
so, epigenetic modifications are strongly linked to environ-
mental cues. As such, the precision offered by LCM becomes
even more paramount when different cell types and different
physiologic cues can vastly confound downstream analysis.

LCM has been now being extensively used in epigenetic
studies. Examination of methylation patterns, for instance,
has been long used as a prognostic factor for predicting can-
cers [2]. LCM functions as an integral part of the cancer epi-
genetic repertoire. Examining the frequency of epigenetic
modifications in cancerous lesions is all but useless if there
is no normal sample to compare. When collection is done
in situ, it is difficult to differentiate between normal tissue
samples and lesions of interest. The issue is further compli-
cated when one considers the spatial heterogeneity of many
tissue samples. This heterogeneity is nearly eliminated when
the technology of LCM is applied, and precise dissections are
able to isolate the sample of interest.

As mentioned earlier, Li et al. (2016) already demon-
strated the importance of LCM. COX2 mRNA expression
has been long theorized to play a role in the normal aging
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FIGURE 5: Epigenetic modifications can alter the spatial arrangement of DNA. This rearrangement changes the ability for transcription
factors and other modifiers to access the DNA sequence. Reproduced with permission from John Wiley and sons. The following original

report was credited: Duncan et al. [27].

process of skin. However, the levels expressed in whole skin
preparations did not account for that difference. Only after
LCM was used to separate dermal from epidermal constitu-
ents did a noticeable difference in mRNA expression via
quantitative polymerase chain reaction (qQPCR) become vis-
ible [37]. Skin in particular lends itself to LCM due to the
large role that environmental factors can play. There exists
so much variance in sun exposure, gland density, heat/cold
tolerance, and wound susceptibility that it is impossible to
treat in situ skin samples as homogenous and uniform. Nat-
urally, there is a progression toward using LCM and not just
applying it to epigenetic studies but applying it specifically to
pathology of the skin.

3.3. LCM-Based Epigenetic Studies of the Skin. Cutaneous
manifestations of injury are one of the largest areas for epi-
genetic investigation. The principles surrounding wound
injury and healing revolve around the interplay of genetic

and environmental factors. Even minor changes in the
environment, such as sun exposure, can create an entirely
different milieu for the wound to develop. As such, any
investigation into the causality of wound healing will revolve
around the role of epigenetics [38]. However, the intrinsic
variability surrounding human cutaneous wounds makes
the isolation of target cells extremely difficult. In situ biopsy
of the tissue such as via punch biopsy or excisional biopsy
runs the risk introducing unwanted heterogeneity to the tis-
sue sample [39]. Even more, the epidermal and dermal
layers of the skin contain a vast array of cells that grossly dif-
fer from each other. Thus, the role of LCM becomes para-
mount in isolating purely pathologic tissue. Figure 7
demonstrates pictorially how LCM can target specific areas
of the skin and avoid unwanted cell types [40].

Biopsies collected from clinical human cutaneous
wounds are highly heterogeneous in cellular composition
[38]. Furthermore, the composition of the tissue varies based
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FIGURE 7: Laser capture microdissection (LCM) can be combined with small RNA sequencing to identify specific miRNA signatures in
psoriatic plaque epidermis and dermis. LCM was performed by authors on both (a) normal psoriatic skin and (b) psoriatic plaque
samples. Special attention is paid to the cellular differences in the epidermal layers requiring microdissection for downstream analysis.
PNy,;: normal psoriatic epidermis; PPy, psoriatic plaque dermal inflammatory infiltrates. Reproduced with permission from John Wiley
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and sons. The following original report was credited: Lovendorf et al. [40].

on collection procedure complicating comparison of results Nothing exemplifies the persistent nature of cutaneous
derived from tissue homogenates. Thus, the utility of such disorders more than that of chronic diabetic ulcers (DCU).
tissue material is primarily limited to histological studies. DCUs represent the intersection between poor wound repair
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Ficure 8: Figure showing connection between microdissection and epigenetic analysis as published by our group [42]. (a) Schematic
diagram showing experimental design of miR-200b promoter methylation analysis in endothelial elements collected from human chronic
wounds. (b) Representative figure shows the selection of CD31" tissue elements (red) and their collection before and after the laser
capture microdissection (LCM). Scale bar, 150 um. (c, d) Methylation profile and quantitation of methylated CpG islands present in
miR-200b promoter in diabetic wounds compared to normoglycemic wounds. Reproduced with permission from the American Society
of Gene and Cell Therapy. The following original report was credited: Singh et al. [42].

and specific environmental factors that can affect the pro-
gression of proper healing. Nie et al. recently reviewed the
role of microRNAs (miRNAs) in nearly all aspects of skin
healing including angiogenesis, epithelialization, and tissue
remodeling [41]. These factors create a triad of interest when
trying to understand the poor healing associated with DCUs.
Investigators found multiple distinct pathways regulating
miRNAs during chronic wound healing including the
Wnt/B-catenin pathway, NF-«B pathway, and PI3K/AKT/
mTOR pathway. In particular, the epigenetic regulation of
miRNA promoters has been shown to be a determinant of
angiogenesis [42]. The role of angiogenesis thus requires fur-
ther investigation as it is a hallmark of proper wound healing
through the supply of nutrients.

In order to further understand the role of epigenetics
and angiogenesis, Singh et al. utilized laser capture technol-
ogies to specifically target wound edges in diabetic patients
(Figure 8) and in mice [42]. This tissue was precisely selected
for its microenvironment. Downstream analysis of this tis-
sue showed stark differences in the expression of miRNA-

200b profiles of diabetic mice as compared to nondiabetic
cohorts [42]. This specific capture of tissue would not have
been possible with traditional methods where the specific
wound edge environment could be isolated.

A further investigation into the poor revascularization
factors of diabetic wounds was also performed by the same
group in 2019 [43]. This second investigation showed that
there is a required process, similar to the epithelial-
mesenchymal transition, which must be activated in order
for proper wound healing. In particular, transcription factor
ZEBI1 was implicated to be an activator of this transition
process primarily via vascular endothelial growth factor
(VEGF) [43]. The mechanism of this pathway was shown
to be via many miRNAs with special attention focused to
miR-200b. Investigators in this report once again used
LCM to target regions of human wounds with rich epithelial
cell density. The captured cells were then subjected to down-
stream analysis. The results supported the hypothesis that at
the wound edge, low levels of ZEB1 resulted in compromised
angiogenesis and delayed wound closure.



Oxidative Medicine and Cellular Longevity

The complexity of cell types and samples seen at wound
sites makes the specific analysis of epigenetics and other
downstream events difficult. LCM offers a new gold stan-
dard for the acquisition of tissue samples. The possible
implications of having a comprehensive understanding of
angiogenesis in cutaneous wounds include the development
of therapeutic drugs used for diabetic or other chronic
wounds.

34. LCM to Study miRNA Regulation. miRNAs act as
important posttranscriptional regulators of gene expres-
sion. One of the factors to make a rational choice for miR-
NAs as biomarker or drug targets is posed by exactly this
intrinsic heterogeneity in miRNA expression between
different cell types and intrinsic cellular complexity of an
organ or tissue. LCM helps in disentangling tissue hetero-
geneity, and when combined with RT-qPCR analysis, it
can reveal compartment-specific miRNA expression
signatures. This helps in linking miRNA signature to histo-
pathology [44]. This approach for spatial miRNA expres-
sion analysis in complex tissues enables discovery of
disease mechanisms, biomarkers, and drug candidates.
Simoes et al. performed LCM on murine oral mucosal
wound tissue to identify miRNA signature in the epithelial
tissues [45]. Sinha et al. laser captured the wound-site
macrophages during the healing phase to identify their
plasticity to fibroblast-like cells [46]. The authors observed
increased expression of miR-21 in these LCM-captured
macrophages which displayed plasticity. Similar studies
using miR-21 were reported by Bejerano et al. Here, the
authors used LCM to spatially monitor the response to
miR-21 delivery in the macrophage-enriched zones of
heart postmyocardial infarction in a rodent model [47].
Multiple reports have shown that miRNAs are important
regulators of pluripotency and differentiation. To unravel
the function of specific miRNAs, it is important not only
to analyze miRNA expression in the entire blastocyst but
also to determine the site and level of expression in the
inner cell mass (ICM) versus trophectoderm (TE). Using
the LCM technology, it was identified that miR-155 was
50-fold highly expressed in ICM than in TE [48]. Though
most of the reports have utilized LCM on cryopreserved
tissue in optimal cutting temperature (OCT) compound,
Majer and Booth have performed LCM on formalin-fixed
FPPE brain tissue following virus infection to identify dif-
ferentially expressed miRNAs [49]. The above studies uti-
lized LCM in conjugation with RT-qPCR. With better
capture techniques, LCM-captured spatial tissues are being
subjected to next-generation sequencing (NGS). LCM
coupled with NGS was utilized to study the specific
miRNA expression profiles in the epidermis and dermal
inflammatory infiltrates of psoriatic skin of patients [40].
The authors identified 24 deregulated miRNAs in the epi-
dermis and 37 deregulated miRNAs in the dermis of pso-
riatic plaque compared with normal psoriatic skin. Thus,
they were able to demonstrate that LCM combined with
NGS provided a robust approach to explore the global
miRNA expression in the epidermal and dermal compart-
ments of the skin [40].

4. LCM-Based Epigenetic Studies in Skin-
Related Cancer

Melanoma and nonmelanoma skin cancers such as basal cell
carcinoma (BCC) and squamous cell carcinoma are the most
widespread cancer in the world [50]. These cancers become
even more important when it is acknowledged that sun
exposure and other behaviors are the risk factors for the
future development of skin cancer. With proper diagnostic
steps, these cancers can be innocuous and treated. However,
delayed treatment is common and is associated with
increased mortality and morbidity. Early detection of suspi-
cious skin lesions could therefore offer the opportunity for
early intervention and reduced morbidity. Methylation
markers for instance have been shown to be an independent
prognostic indicator for skin cancer [39]. However, analysis
of these markers stems on the ability to specify tissue cells of
interest without unnecessary heterogeneity.

When examining melanoma in particular, a particular
prognostic factor that is frequently examined is the EMT,
often called mesenchymal mimicry [51]. Wouters et al.
examined this transition using LCM technology to isolate
melanoma cells based on their unique morphology, a task
which is notoriously difficult given the large heterogeneity
that exists among cutaneous cancers [51]. These cells were
isolated using a Leica DM6000B and used for downstream
analysis. Immunohistochemical staining was performed
looking specifically for the epithelial-mesenchymal transi-
tion marker, fibronectin 1 (FN1). FN1-high melanoma cells
were found to reside in hypoxic environments suggesting
that there exists an interplay between environmental cues
and the aggressiveness of melanoma cells [17]. Subsequently,
the study raises the question about how these environmental
cues affect melanoma cells.

Further elucidation of the role of epigenetic modification
in cutaneous cancers is needed to understand the etiology of
the disease. Cutaneous melanoma has also been a target for
epigenetic investigation. In particular, the methylation status
of CDKN2A and RASS1FA has been long implicated in the
progression of cancer and the inactivation of p16 and pl4
tumor suppressor genes [39]. However, it has also been
shown that gene hypomethylation can contribute to tumor-
igenesis. For example, hypomethylation of long interspersed
nucleotide element-1 (LINE-1) is the most studied repetitive
genome-wide hypomethylation loci. Tellez et al. further
linked cutaneous melanoma to increased levels of LINE-1
hypomethylation [52]. However, the largest limitation was
the need for highly purified neoplastic cells. Thurin et al.
outline the use of LCM (Arcturus XT) isolated purified
tumor cells for downstream analysis such as qPCR or quan-
titative methylation specific PCR (gMSP) [39]. In their anal-
ysis, formalin-fixed paraffin-embedded tissues were cut with
LCM at 5 ym. The resulting tissue was prepared with hema-
toxylin and eosin stain, and downstream analysis confirmed
the connection between LINE-1 hypomethylation and
tumorigenesis.

A deeper analysis of skin samples with cutaneous T cell
lymphoma (CTL) was done in 2014 and outlined the inter-
section between LCM and measuring DNA methylation
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TaBLE 1: LCM-based studies for cutaneous manifestations.

Study and author Disease model

Tissue element captured

Type of epigenetic modification studied

Singh et al. [42] Diabetes

Ren et al. [8] Ovarian cancer
Li et al. [9] Aging
Wu et al. [36] Endometriosis

Greenspan et al. [2]
Sigalotti et al. [39]
Nie et al. [41]

Colon tumorigenesis
Melanoma

Chronic wounds

CD31" endothelial element

Tissue from ovarian carcinoma
Dermal and epidermal elements

Epithelial component of
endometriotic implants

Colonic epithelial elements
Cutaneous melanoma cellular elements

Diabetic ulcers

Methylation of miR-200b promoter
Inactivation of hMLH1 during malignancy

Expression of PTGES1 and COX2
mRNA expression

Methylation status of progesterone
receptors (PRA, PRB)

Methylation status of RASSF1A
Methylation of LINE-1
miRNA expression of NFkB, TGF-B/SMED

Human dermal microvascular

Singh et al. [43] Wound angiogenesis

Wu et al. [53] Cutaneous T cell lymphoma

Masterson et al. [54] Merkel cell carcinoma

endothelial cells

Human CTCL lines HH, Sz4,
MyLa, Hut 78

Tumor resection epithelial elements

E-Cadherin/ZEB1 expression

CpG methylation of FAS/CD95

Expression of KRT20, KIF3A, and MUCI1

[53]. Target biopsies from patients with CTL were able to
be isolated from 5pum tissue samples via LCM. Microdis-
sected sections were then lysed and DNA was precipitated.
Promoter region FAS gene was amplified via PCR in place
in Pyromark Q96 MD machine (GE Healthcare, Piscat-
away, NJ, USA) for sequencing. Pyromark Q-CpG soft-
ware can then be used to analyze demethylation rates at
the FAS-ligand promoter [53]. The authors were able to
determine the level of DNA methylation of cancerous skin
biopsies when compared to treatment groups receiving
methotrexate.

Further analysis into cutaneous cancers showed that
there exist rare prognostic markers for the poorly under-
stood Merkel cell carcinoma (MCC) [54]. MCC has entered
the forefront of investigative efforts due to its new associa-
tion with the novel Merkel polyomavirus and its exploding
incidence [17]. The prognosis of MCC is very poor as evi-
dent by its mortality which is over four times that of mela-
noma. Thus, there is a shifting focus to the possibility of
early interventions to prevent this mortality. Having the
information to identify MCC in an earlier, less malignant
stage can also offer some preventative measures. Of note,
Masterson et al. (2014) used IR-LCM and UV-LCM in com-
bination to isolate tumor cells and identify select markers
that were upregulated [37]. In particular, mucin I, KIT,
and kinesin family member 3A were all implicated with a
poor prognosis. Epigenetic analysis of these genes would cre-
ate a viable opportunity for further therapeutic interventions
for MCC. The need for epigenetic analysis is ongoing, and
the outlined utilization of LCM is principal.

5. Future Directions and Conclusion

Epigenetics has been shown to be a burgeoning field of study
with huge implications in early therapeutic intervention. Of
particular interest is the interplay that exists between epige-
netic and environmental cues. These cues in turn are the
driving force behind the extragenomic modifications as out-
lined in this review. Finding prognostic markers or loci of

interest exists in abundance among the current literature.
However, there is a noticeable dearth of information that
accounts for this same approach when taking into consider-
ation the sheer variety that certain cellular environments can
have on gene expression patterns. Isolation of cells taken
in vivo comes with the caveat that these cells will be subject
to a huge array of confounding exposures that can drastically
alter protein, gene, and epigenetic expression. As such with
traditional capture technologies, any downstream protein
or gene analysis will always run the risk of having unwanted
cell types. LCM operates at this intersection. By isolating
unique cells with a high degree of accuracy, LCM is able to
control for the large amount of heterogeneity that is seen
among in vivo tissue samples (Table 1). The widespread
integration of LCM into laboratory settings offers an exciting
new approach in the analysis of downstream cellular cas-
cades. Cutaneous disease in particular comes into play when
acknowledging the vast diversity that exists. Arguably more
so than any other field of study, dermatologic pathology
contains hundreds of complex cells that change rapidly
based on autocrine and paracrine modifications that are
heavily dependent on environmental cues. Epigenetic modi-
fications have been shown to play a role in angiogenesis, tis-
sue remodeling, and wound closure. These all play pivotal
roles in the healing of chronic cutaneous wounds, yet
another burgeoning field of interest. The application of
LCM to cutaneous research has already challenged preexist-
ing paradigms surrounding aging and cancer markers. Fur-
ther investigation of these variables (such as tissue hypoxia,
aging, sunlight, and carcinogen exposure) will inevitably
result in different gene expression profiles than when com-
pared to cells that were traditionally captured. In the future,
larger incorporation of LCM technology can create cell sam-
ples to be used for cancer screening, regenerative medicine,
and pharmacological intervention.
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Objective. To explore the effects of miR-195-5p and its target gene HOXA10 on the biological behaviors and radiosensitivity of
lung adenocarcinoma (LUAD) cells. Methods. The effects of miR-195-5p on LUAD cell proliferation, migration, invasion, cycle
arrest, apoptosis, and radiosensitivity were investigated by in vitro experiments. The bioinformatics analysis was used to assess
its clinical value and predict target genes. Double-luciferase experiments were used to verify whether the miR-195-5p directly
targeted HOXA10. A xenograft tumor-bearing mouse model was used to examine its effects on the radiosensitivity of LUAD
in vivo. Results. Both gain- and loss-of-function assays demonstrated that miR-195-5p inhibited LUAD cell proliferation,
invasion, and migration, induced G1 phase arrest and apoptosis, and enhanced radiosensitivity. Double-luciferase experiments
confirmed that miR-195-5p directly targeted HOXA10. Downregulation of HOXA10 also inhibited LUAD cell proliferation,
migration, and invasion, induced G1 phase arrest and apoptosis, and enhanced radiosensitivity. The protein levels of 3-catenin,
c-myc, and Wntl were decreased by miR-195-5p and increased by its inhibitor. Moreover, the effects of the miR-195-5p
inhibitor could be eliminated by HOXA10-siRNA. Furthermore, miR-195-5p improved radiosensitivity of LUAD cells in vivo.
Conclusion. miR-195-5p has excellent antitumor effects via inhibiting cancer cell growth, invasion, and migration, arresting the
cell cycle, promoting apoptosis, and sensitizing LUAD cells to X-ray irradiation by targeting HOXA10. Thus, miR-195-5p may
serve as a potential candidate for the treatment of LUAD.

1. Introduction

Lung cancer is the leading cause of cancer-related deaths
worldwide, with over 2 million new cases diagnosed [1]. As
the most common pathological type, lung adenocarcinoma
(LUAD) has strong invasive ability and generally poor prog-
nosis [2, 3]. As a primary epithelial tumor of the lung, LUAD
pathogenesis involves many factors such as environment,
heredity, and living habits [4]. However, its cause has not yet

been fully elucidated. Because LUAD often manifests as
peripheral lung cancer clinically, the early clinical symptoms
are often atypical, leading to the difficulty of early diagnosis.
Some LUAD have metastasized or invaded to the pleura at
the time of diagnosis, resulting in a generally poor prognosis
for patients [5, 6]. Therefore, it is very important and urgent
to identify effective biomarkers for its early diagnosis.
Radiotherapy is a local treatment of a tumor, which is
widely used in the clinical treatment of LUAD. Nevertheless,
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TasLe 1: PCR primer sequence.

Primer name

Sequence (5" to 3")

miR-195-5p forward
miR-195-5p reverse
miR-195-5p RT

U6 forward primer
U6 reverse primer
HOXAI10 forward
HOXA10 reverse
GAPDH forward
GAPDH reverse

GTCTAGCAGCACAGAAATA
GTGCAGGGTCCGAGGT

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCCAA

CTCGCTTCGGCAGCACA
AACGCTTCACGAATTTGCGT
GGGTAAGCGGAATAAACT
GCACAGCAGCAATACAATA
GGAGCGAGATCCCTCCAAAAT
GGCTGTTGTCATACTTCTCATGG

many patients have radiotherapy resistance, which often
limits the therapeutic effects of radiotherapy. Previous
researches reported that radiotherapy caused changes in the
expression profile of miRNAs in LUAD patients, and these
miRNAs might be related to their radiosensitivity [7-9].

Previous studies [10-12] have confirmed that miR-195-
5p had significant antitumor effects. Feng et al. [10] found
that miR-195-5p increased chemosensitivity and apoptosis
in chemoresistant colorectal cancer cells. A similar phe-
nomenon was also observed [11], which indicated that
miR-195-5p could reduce chemoresistance by inhibiting
the stem cell-like ability of colorectal cancer cells. Chai
et al. found that miR-195-5p, acting as tumor suppressors
of melanoma, inhibited A375 cell proliferation, migration,
and invasion, arrested the cell cycle, and induced cell apopto-
sis [12]. In our previous work, we revealed that miR-195-5p
had high diagnostic values for LUAD [13]. Higher expression
of miR-195-5p indicated better LUAD prognosis. Therefore,
in our current research, we explored its roles in response to
radiation in LUAD cells and mouse model.

2. Materials and Methods

2.1. Target Prediction and Function of miR-195-5p. Three
different databases (TargetScan, miRDB, and DIANA-Tar-
Base) were adopted to predict miRNA target genes. Based
on TCGA-LUAD expression profile data, the upregulated
genes in LUAD tissues (log,FC > 1, adjust P <0.05) were
selected. The ROC diagnostic test and Kaplan-Meier plots
were then used to evaluate the diagnostic and prognostic
values. The cut-off value was AUC > 0.8, HR > 1, and log
rank P < 0.05. In order to further explore the function of tar-
get genes, single gene set enrichment analysis (GSEA) was
used to explore the functional signaling pathways related
to the target genes.

2.2. Cells Culture and Transfection. PC9 and A549 cells were
cultured in RPMI medium (Gibco, USA) containing 10%
fetal calf serum. The miR-195-5p mimic, inhibitor, and neg-
ative control (NC) were provided by RiboBio, China, and the
corresponding transfection reagent was Lipofectamine 2000
(Invitrogen, USA). Three siRNA duplexes (GenePharma,
China) were designed to target human HOXA10, transfected
with jetPRIME (PolyPlus-transfection).

2.3. Total RNA Extraction and qRT-PCR. TRIzol was used to
extract total RNA directly from PC9 and A549 cells. The Pri-
meScript™ RT Reagent Kit with gDNAEraser was adopted to
detect the levels of mature miR-195-5p. The levels of
mRNAs were detected by PrimeScript™ RT Reagent Kit
and gDNAEraser and SYBR Advantage qPCR Premix
(Takara). GADPH and U6 were used as references. Table 1
provides all PCR-related primer sequences.

2.4. Cell Proliferation, Migration, and Invasion Assays. The
cell viability at different time points was measured by the
Cell Counting Kit-8 (CCK-8, Beyotime). The migration of
LUAD cells was examined by the wound healing assay.
LUAD cells were cultured and incubated until the cell con-
fluence was over 90% in 6-well plates. A clean pipette tip
(200 L) was applied to create a scratch in the middle of
the cell monolayer. After being cultured with fresh serum-
free medium for 48h, the wound was photographed with
an inverted microscope. Dil (5uM, Google Bio, China) was
used 30 min before the observation. For invasion assays,
the lower chambers of transwell were filled with 700 uL com-
plete medium. The 1 x 10> LUAD cells were seeded into the
upper chambers. The invasive cells were stained with 1%
crystal violet solution. Images of invading cells were cap-
tured under an inverted microscope.

2.5. Cell Cycle and Apoptosis Assays. After transfection or
irradiation (4Gy) for 48h, the apoptotic/necrotic cells
(1% 10? cells/uL) were suspended in 400 mL binding buffer
and stained using 5uL Annexin V/FITC for 15min and
10 uL PI for 5min by using Annexin V/PI staining kit (Best-
Bio, China). For cell cycle assays, the cells (2 x 10° cells/well)
were stained with 1 mL DNA staining solution (containing
RNase A: 0.1 mg/mL) and 10 yL PI (0.5 mg/mL) mixed solu-
tion by using a cell cycle staining kit (MultiSciences Biotech,
China). Cell cycle and apoptosis assays were measured by
using BD FACSVerse™.

2.6. Colony Survival Assay. PC9 and A549 cells, transfected
with mimics, inhibitors, siRNA, and corresponding NC,
were seeded in 6-well plates (100, 200, 400, 600, 800, 1000,
and 2000 cells/well) and exposed to the following radiation
(0, 1, 2, 4, 6, 8, and 10 Gy) correspondingly. After 13 days,
the colonies were counted and cell survival was evaluated.
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FIGURE 1: miR-195-5p inhibited proliferation, invasion, and metastasis of LUAD cells. (a) The expression levels of miR-195-5p in BASE-2B,
PC9, A549, H1975, and H1299 cell lines. (b) CCK-8 assays of PC9 and A549 cells transfected with the miR-195-5p mimic, inhibitor, and
NC. (c) Representative immunofluorescent images of Ki67. (d) Representative images and quantification of wound healing assays in PC9
and A549 cells. (e) Representative images and quantification of transwell migration assays of PC9 and A549 cells. (f) Representative
immunoblotting of MMP2 and MMP9 in A549 and PC9 cells. n=3; *P <0.05 vs. BASE-2B or NC.

Specifically, colonies with more than 50 cells were counted,
and the survival fraction was calculated by the ratio of the
colony number and seed cell number.

2.7. Luciferase Assay. To constructa HOXA10 3’ -untranslated
region- (UTR-) luciferase plasmid, the HOXA10 3'-UTR frag-
ments containing the miR-195-5p-binding (HOXA10-3'UTR-
wt) or HOXA10 3'-UTR-mutated (HOXA10-3' UTR-mut)
site were inserted into the pSI-Check?2 vector, which contains
a luciferase reporter gene. After constructing the HOXA10 3’
-UTR-luciferase plasmid, 293T cells were transfected. Then,
Firefly and Renilla luciferase activities were tested.

2.8. Immunoblotting. The antibodies of BCL2, Bax, MMP-2,
MMP-9, cyclin D1, and c-myc were from Wuhan Sanying,
China. The antibodies of B-catenin and Wntl were pur-
chased from Cell Signaling Technology, USA, and the anti-
body of HOXA10 was from Abcam, UK. The proteins
were extracted by using RIPA buffer with 1% PMSF and
then loaded onto an SDS-PAGE minigel. After being trans-
ferred onto PVDF membranes, the primary and correspond-

ing secondary antibodies were used to label the target
proteins. GAPDH was used as an endogenous protein for
normalization.

2.9. Tumor Formation in Nude Mice. The nude mice (BALB/
¢, 4-6 weeks old) were provided by Vital River Laboratory
Animal Technology, China. All mouse feeding and opera-
tion processes followed the Experimental Animal Welfare
Ethics Committee of Zhongnan Hospital of Wuhan Univer-
sity. PC9 was used to construct a subcutaneous implant
tumor model (6x10° cells/mouse). miR-195-5p agomir
and miR agomir NC were provided by RiboBio, China. Fif-
teen days after cell injection, they were administered by
intratumoral injection (2 nmol/30 L PBS) for 5 consecutive
days when the tumor volume was approximately 100 mm”.
The mice were divided into 2 groups. One group had no
additional treatment, and the other group received X-ray
irradiation (10 Gy once). Nude mice were executed via anes-
thesia at 30 days after irradiation, and the tumors were
removed for photographing and the tumor volumes were
calculated.
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2.10. Statistical Analysis. The results were presented as
means * standard deviation (SD). One-way analysis of
variance (ANOVA) or Student’s t-test was performed to
estimate the significance between groups. P <0.05 was
considered statistically significant.

3. Results

3.1. miR-195-5p Inhibited Proliferation, Invasion, and
Migration of LUAD Cells. Compared with the normal lung
epithelial cell line (BASE-2B), miR-195-5p levels were signif-
icantly lower in A549 and PC9 cells (Figure 1(a)). The
results of cell viability assays suggested that the proliferation
of A549 and PC9 cells was restrained by the miR-195-5p
mimic (Figure 1(b)), which was in accordance with the
results of immunofluorescence of Ki67 (Figure 1(c)). The
inhibitors of miR-195-5p induced LUAD cell proliferation
and increased Ki67 staining. The results of migration and
invasion assays indicated that the miR-195-5p mimic
reduced PC9 and A549 cell migration, while its inhibitors

had the opposite effects (Figures 1(d) and 1(e)). Immuno-
blotting confirmed that the miR-195-5p mimic downregu-
lated the protein levels of MMP2 and MMP9, while its
inhibitors induced these 2 proteins in A549 and PC9 cells
(Figure 1(f)).

3.2. miR-195-5p Enhanced Radiosensitivity. The miR-195-5p
mimic increased the numbers of PC9 and A549 cells at the
G1 phase, suggesting that the miR-195-5p mimic arrested
cells at the G1 phase (Figure 2(a)). In addition, the miR-
195-5p mimic also significantly induced LUAD cell apopto-
sis (P <0.05, Figure 2(b)). The results of immunoblotting
demonstrated that miR-195-5p overexpression increased
the levels of Bax and reduced cyclin D1 and Bcl-2 expression
in PC9 and A549 cells (Figure 2(c)).

To examine whether miR-195-5p affected radiosensitiv-
ity of LUAD cells, PC9 and A549 cells were exposed to ion-
izing radiation (4 Gy). The apoptosis levels of PC9 and A549
cells were measured, and miR-195-5p enhanced LUAD cell
apoptosis induced by X-ray (Figure 3(a)). The colony
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FIGURE 3: miR-195-5p enhanced radiosensitivity of LUAD cells. (a) Cell apoptosis was detected by flow cytometry at 48 h after radiation
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survival assay showed that the miR-195-5p mimic reduced
the survival fractions of PC9 and A549 cells at each dose
(Figure 3(b)).

3.3. miR-195-5p Targeted HOXA10. Based on TCGA-LUAD
profile data, the differentially expressed microRNAs (DEMs)
and differentially expressed genes (DEGs) in LUAD tissues

were selected. Three different databases (TargetScan, miRDB,
and DIANA-TarBase) were adopted to predict miRNA target
genes. When DEMs were matched to GEGs, 34 target genes
were screened out (Figure S1). Among them, 16 target genes
were the target genes of miR-195-5p. Except TMEMO00, RS1,
and OSCAR, the remaining genes (CEP55, PSAT1, CHEK1,
KIF23, CCNEI, CLSPN, CDC25A, E2F7, CBX2, HOXALIO0,
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FiGUure 4: Continued.
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SALL1, TGFBR3, and RET) were upregulated in LUAD tissues
(Figure S2). The clinical values of these upregulated target
genes were evaluated by diagnostic efficacy and prognostic
analysis (Figure S3). The results suggested that HOXAI0
might be a hub target gene, which had an important impact
on the prognosis of LUAD patients.

Pearson’s correlation analysis with TCGA database
revealed that the levels of HOXA10 were suppressed by
miR-195-5p in LUAD (r = -0.2, Figure 4(a)). In LUAD cells,
both mRNA and protein levels of HOXA10 were downregu-
lated by the miR-195-5p mimic (Figures 4(b) and 4(c)).
Dual-luciferase reporter experiments confirmed that the
miR-195-5p mimic downregulated the luciferase expression
of HOXA10-3’UTR-wt (P <0.001), indicating a direct tar-
geting. Moreover, the miR-195-5p mimic failed to downregu-
late the luciferase level of HOXA10-3' UTR-mut (Figures 4(d)
and 4(e)), suggesting that miR-195-5p directly targeted
HOXAIO0.

3.4. Effects of HOXA10 on Proliferation, Migration, and
Invasion of LUAD Cells. To explore the biological functions
of the HOXA10, single gene set enrichment analysis was
performed. The logarithm for the fold difference of 18,148
protein coding genes between the high- and low-expression
groups was analyzed. The results showed that DNA replica-
tion and cell cycle-related signal pathways were activated in
the HOXA10 high-expression group (Figure 5(a)). The
above results further suggested the importance of HOXA10
in the occurrence and development of LUAD.

After the expression of HOXA10 was downregulated
with siRNAs (Figure 5(b)), the proliferation of PC9 and
A549 cells was inhibited (Figure 5(c)). This phenomenon

can be confirmed by the detection of Ki67 immunofluores-
cence (Figure 5(d)). HOXA10-siRNA inhibited LUAD cell
migration (Figure 6(a)) and invasion (Figure 6(b)). Immu-
noblotting results showed that MMP2 and MMP9 protein
levels were decreased in the HOXA10-siRNA group com-
pared with NC (Figure 6(c)).

3.5. HOXA10 Decreased Radiosensitivity of LUAD Cells. The
results of cell cycle analysis indicated that HOXA10 knock-
down blocked the cell cycle at the G1 phase, and the rate
of apoptosis was significantly increased (Figures 7(a) and
7(b)). Immunoblotting results showed a decrease in cyclin
D1 and Bcl-2 and an increase in Bax protein levels in the
HOXA10-siRNA group (Figure 7(c)).

Moreover, HOXA10 knockdown increased the rate of
apoptosis induced by radiation (Figure 8(a)). Colony forma-
tion assays confirmed that HOXA10 deficiency improved
PC9 and A549 cell radiosensitivity (Figure 8(b)). It was
worth noting that the enrichment analysis results suggested
that HOXA10 might be involved in the regulation of the
Whnt pathway (Figure 8(c)). To confirm this prediction, we
examined the expression of f-catenin, c-myc, and Wntl,
and their protein levels were inhibited by HOXA10-siRNA
(Figure 8(d)).

Therefore, HOXA10 may regulate the tumor biological
behaviors and radiosensitivity of the LUAD cells through
the Wnt/B-catenin pathway. To further clarify whether
miR-195-5p regulated the Wnt/f-catenin pathway through
HOXA10, we investigated its effects on the expression of
Wntl and f3-catenin in LUAD cells. It was found that the
miR-195-5p mimic inhibited the Wnt/B-catenin pathway,
while its inhibitors activated this pathway. Moreover, the
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Ficure 5: HOXA10 downregulation inhibited LUAD cell proliferation. (a) The results of GSEA predicted that DNA replication and cell
cycle-related signal pathways were activated in the HOXA10 high-expression group. (b) The protein levels of HOXA10 were detected in
PC9 and A549 cells transfected with HOXA10-siRNA and NC. (c) CCK-8 assays of PC9 and A549 cells transfected with HOXA10-
siRNA and NC. (d) Representative immunofluorescent images of Ki67 in PC9 and A549 cells transfected with HOXA10-siRNA and NC.

n=3; *P<0.05vs. NC.
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Ficure 7: HOXA10 downregulation induced LUAD cell apoptosis and blocked the cell cycle. (a) The cell cycle was detected by flow
cytometry. (b) Apoptosis was detected by flow cytometry. (c) The levels of cycle- and apoptosis-related proteins (cyclin D1, Bax, and
Bcl-2) were measured by immunoblotting. n =3; *P < 0.05 vs. NC.
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F1cure 8: HOXA10 downregulation enhanced radiosensitivity of LUAD cells. (a) Cell apoptosis was detected by flow cytometry at 48 h after
radiation (4 Gy). (b) Colony formation assays and survival fractions were calculated after treatment with 0, 2, 4, 6, 8, and 10 Gy of ionizing
radiation. (c) The enrichment analysis indicated that HOXA10 might be involved in the regulation of the Wnt pathway. (d) Representative
immunoblots of f-catenin, c-myc, and Wntl in PC9 and A549 cells transfected with HOXA10-siRNA and NC. (e) Representative
immunoblots of S-catenin, c-myc, and Wntl in PC9 and A549 cells transfected with the miR-195-5p mimic, inhibitor, inhibitor
+0OXA10-siRNA, and NC. n=3; *P < 0.05 vs. NC.
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effects of miR-195-5p inhibitors on the Wnt/f-catenin path-
way could be eliminated by HOXA10-siRNA. Therefore,
miR-195-5p regulated the Wnt pathway through HOXA10
(Figure 8(e)).

3.6. miR-195-5p Enhanced the Radiosensitivity of Xenograft-
Formed LUAD. The tumor volume in the mice injected with
miR-195-5p agomir combined with irradiation was lower
than that of agomir NC and radiation alone (Figure 9(a)).
In addition, the expression levels of HOXA10 in the tumor
tissues of nude mice treated with miR-195-5p agomir were
lower than those in the agomir NC tumors (Figure 9(b)).

4. Discussion

Radiotherapy is widely used in the clinical treatment of
LUAD. However, some patients have radiotherapy resis-
tance at the beginning or during treatment, which is a
challenge. Researchers try to explain the mechanism of
radioresistance, including autophagy [14], tumor stem cells
[15], and abnormal activation of signal pathways [16]. Previ-
ous studies have reported that miRNAs affect radiation dam-
age to cells in different tumors, indicating that miRNAs may
play important roles in tumor radiosensitivity [17-19].

Our current study supported that increased miR-195-5p
in LUAD cells considerably decreased cell growth, migra-
tion, and invasion. Subsequent studies found that miR-
195-5p could also increase the cell proportion of the Gl
phase in the cell cycle, induce apoptosis, and improve radio-
sensitivity. Moreover, miR-195-5p could directly regulate
HOXAI10 expression via targeting its 3'-UTR. It downregu-
lated HOXA10, f3-catenin, c-myc, and Wntl in PC9 and
A549 cells. Finally, miR-195-5p suppressed LUAD growth
and enhanced radiosensitivity in vivo.

More and more researches supported that miRNAs
could be used as biomarkers for malignant tumors. miRNAs
were widely present in body fluids and tissues, and their
abnormal expression or distribution has important impacts
on the biological behaviors [20, 21]. Previous studies sug-
gested that miR-195-5p was proposed to be a biomarker of
lung cancer [22]. Our bioinformatics results also showed
that miR-195-5p might be a tumor suppressor gene in lung
cancer [13], and our in vitro experiments were consistent
with previous results in non-small-cell lung cancer [23].
Guan et al. reported that HOXA10 mediated EMT in head
and neck squamous cell carcinoma and was targeted by
miR-195-5p [24]. However, their effects on radiosensitivity
were to be investigated.

Previous researches reported that miRNAs affected cell
apoptosis and regulated tumor cell radiosensitivity. For
example, miR-148b promoted the cell apoptosis and
enhances radiosensitivity [25], and miR-185 inhibited the
apoptosis of gastric cancer cells [26]. Our studies found that
overexpression of miR-195-5p enhanced LUAD radiosensi-
tivity, evidenced by reduced survival fractions and induced
apoptosis after miR-195-5p overexpression. In addition,
the increase in the cell apoptosis rate was accompanied by
induced expression of the proapoptotic molecule Bax, while
the levels of Bcl-2 were downregulated. Therefore, it can be

Oxidative Medicine and Cellular Longevity

considered that miR-195-5p in LUAD cells might modify
the outcome of radiation by the induction of apoptosis.

Dual-luciferase reporter experiments suggested that
miR-195-5p directly targeted HOXA10. HOXA10 plays a
vital function in embryonic development and cell prolifera-
tion and differentiation. Its expression levels are elevated in
various tumors. For example, Plowright et al. found that
HOXA10 was upregulated in NSCLC [27]. The expression
levels of HOXA10 were negatively correlated with the inva-
sion ability of gastric tumor cells. Moreover, Chu et al.
reported that HOXA10 induced P53 to exhibit tumor sup-
pressor genes [28]. Therefore, HOXA10 regulated tumor
growth in a cancer-specific manner.

The specific functions of HOXA10 in LUAD need to be
turther explored. The CCK-8 and Ki67 immunofluorescence
suggested that HOXA10 downregulation inhibited LUAD
cell proliferation, migration, and invasion. The colony for-
mation assay indicated that as radiation dose increased, the
colony numbers gradually decreased. At the same dose level,
HOXA10 knockdown significantly suppressed colony for-
mation. These results indicated that HOXA10 deficiency
induced LUAD cell apoptosis after radiation and reduced
cell proliferation and survival. Our findings suggested that
miR-195-5p enhanced the radiosensitivity of LUAD cells
via inhibiting the HOXA10 expression.

The Wnt/f-catenin signaling pathway is closely related
to the biological behaviors of the tumor. Yang et al. found
that miR-183 inhibited osteosarcoma cell growth, migration,
and invasion via regulating the Wnt/f-catenin signaling
pathway [29]. Other studies [30-32] also suggested that this
pathway was involved in the regulation of radiosensitivity.
Interestingly, our results indicated that HOXA10 downregu-
lation significantly inhibited the Wnt/f-catenin signaling
pathway, as well as the biological behaviors of LUAD cells.
Moreover, HOXA10 deficiency reversed Wnt/f3-catenin sig-
naling activation induced by the miR-195-5p inhibitor.
Therefore, miR-195-5p hindered the activation of the Wnt/
B-catenin signaling pathway via targeting HOXA10, thereby
inhibiting the corresponding cytological behaviors of LUAD
cells and enhancing radiosensitivity (Figure 9(c)).

Our studies had certain limitations. The results of our
researches are to be confirmed with clinical evidence. Fur-
thermore, the direct targeting of HOXA10 and how it affects
the Wnt/f-catenin pathway need further exploration.

In summary, our results demonstrated that miR-195-5p
inhibited biological behaviors and sensitized LUAD cells to
X-ray irradiation via targeting HOXA10. It provided a novel
idea to improve the treatment of LUAD, especially the effi-
cacy of radiotherapy.
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Supplementary 1. Supplemental Figure S1: Venn diagrams of
differentially expressed microRNA targets. When matched
to differentially expressed genes, 34 target genes were
screened out.

Supplementary 2. Supplemental Figure S2: expression of the
target genes was plotted for LUAD tumor and normal tis-
sues (TCGA dataset). Except TMEMO00, RS1, and OSCAR,
the remaining genes (CEP55, PSAT1, CHEKI1, KIF23,
CCNE1, CLSPN, CDC25A, E2F7, CBX2, HOXA10, SALLI,
TGFBR3, and RET) were upregulated in LUAD tissues.

Supplementary 3. Supplemental Figure S3: the target genes
were evaluated by diagnostic efficacy and prognostic analy-
sis. ROC curve analysis was performed based on TCGA
dataset. Kaplan-Meier survival curves of the overall survival
were shown in the Kaplan-Meier plotter (https://kmplot
.com/analysis/).
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Calcitonin gene-related peptide (CGRP) plays a diverse and intricate role in chronic low-grade inflammation and is closely related
to specific cancers. It includes two subtypes, CALCA («CGRP) and CALCB (BCGRP), of which «CGRP expression accounts for
more than 90%. Here, we show that methylation of CALCA and CALCB in pancreatic ductal adenocarcinoma was significantly
higher than that in paracancer. Western blot and immunohistochemistry showed that CGRP, p-AKT, and p-CREB in the tumor
tissues were lower than those in the paracarcinoma tissues. In vivo, the expressions of p-AKT and p-CREB in the pancreatic
tissues of CALCA-KO rats were also lower than those of wild type. Methylation of CALCA and CALCB is increased in
pancreatic adenocarcinoma, and under that condition, p-AKT and p-CREB levels were decreased.

1. Introduction

With the mortality approximately equal to the morbidity [1],
pancreatic cancer has become one of the most fatal malignant
tumors, among which pancreatic ductal carcinoma accounts
for more than 90% [2]. However, the mechanism of occur-
rence and development of pancreatic cancer is still unclear.
DNA methylation is an important epigenetic modification,
which can regulate cell proliferation, apoptosis, gene expres-
sion, and stability, and is closely related to the tumor [3, 4].
Calcitonin gene-related peptide (CGRP) is a member of
the calcitonin family of peptides, which can act as a growth
or survival factor for several tumors, including endocrine-
related tumors [5, 6]. The function of CGRP in stimulating

angiogenesis and lymphangiogenesis may be one of the
mechanisms [6]. There are two types that exist in CGRP:
(1) «CGRP: the product of alternative splicing of the calcito-
nin gene (CT/CALCA) in neurons and whose expression
accounts for more than 90% and is involved in regulating
the function of various organs and (2) calcitonin gene-
related peptide beta (CALCB), which has been discovered
to form BCGRP, primarily expressed in the enteric sensory
system, gut, and inner organs [5-7]. CGRP is one of the
strongest vasoactive peptides found in vivo so far, which
plays a role in relaxing and inhibiting vascular smooth mus-
cle proliferation [6, 7]. At the same time, CGRP can stagnate
the cell cycle in GO/G1 phase and thus participate in the
regulation of tumor growth [8, 9].
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TAaBLE 1: Primer sequences used to amplify CGRP.
Target gene (promoter region) CALCA (NC_000011.10 (14966668...14972361, complement))
Forward 5" TTTTAGGTTTTGGAAGTATGAGGGTGATG-3'
MSP Reverse 5'-TTCCCACCACTATAAATCA-3'
Annealing temperature 53°C
Forward 5'-GTTTTGGAAGTATGAGGGTGACG-3'
USP Reverse 5'-TTCCCGCCGCTATAAATCG-3'
Annealing temperature 53°C
Target gene (promoter region) CALCB (NC_000011.10 (15073593...15078637))
Forward 5 - TTTTTAGAAAAGATGGATAGGTCGA-3'
MSp Reverse 5'-ACCAACACTCACTAAAACAAATACG-3'
Annealing temperature 45°C
Forward 5" TTTTTAGAAAAGATGGATAGGTTGA-3'
usp Reverse 5'-CCAACACTCACTAAAACAAATACAC-3'

Annealing temperature

45°C

The literature shows that CGRP plays a key role in the
regulation of apoptosis and oxidative stress through the
PI3K/Akt pathway [10]. Our previous work showed that
abnormal CGRP can drive cell cycle disorder [11]. Therefore,
we speculate that CGRP regulated oxidative stress injury, and
cell cycle disorder plays an important role in the pathogenesis
of pancreatic cancer. However, the epigenetics and expres-
sion of CGRP in pancreatic cancer are still unclear.

Therefore, the aims of this study were to investigate the
methylation levels of CpG island in the CGRP promoter
region of patients with pancreatic cancer by various methods
to confirm the relationship between CGRP methylation,
CGRP deficiency, and pancreatic cancer. In vivo, CGRP
knockout rats (CALCA-KO) were also established to explore
not only the relationship between CGRP deficiency and
pancreatic cancer but also its possible pathogenesis.

2. Materials and Methods

2.1. Study Population. The data of sixty-three patients with
pancreatic ductal adenocarcinoma hospitalized at the First
Affiliated Hospital were enrolled (45 males and 18 females,
male/female ratio=5:2, range 43-72 years, mean age 57.5
years) between April 2015 and December 2019. In addition,
fifteen healthy controls (10 males and 5 females, male/female
ratio=2: 1, aged 35-60 years, median age 47.5 years) were
selected from the physical examination center of our hospital
during the same period. Patients were investigated for basic
information, including the age of onset and family history.
This research project was approved by the Ethics Committee
of Fujian Medical University.

2.2. Pyrosequencing. DNA was extracted from peripheral
blood, cancer tissues, and adjacent tissues of patients with
pancreatic cancer using the Tiangen DNA Extraction Kit
(Tiangen, Beijing, China). DNA was sent directly to Gene
Tech (Shanghai) Co., Ltd. (Gene Tech, Shanghai, China)

for pyrosequencing to detect the methylation level of CpG
island in the CGRP promoter region.

2.3. DNA Bisulfite Conversion and Methylation Detection.
The bisulfite conversion of DNA was carried out using Qia-
gen’s EpiTect Fast DNA Bisulfite Kit. The initial sample dose
was 1-2mg, and the procedure was carried out according to
the kit instructions. The 0.2mL PCR tube was added with
20 uL DNA, 85 uL freshly prepared bisulfite conversion solu-
tion, and 35uL DNA protection solution in turn and then
was mixed and put into the PCR instrument. The thermal
cycle program was performed under the following conditions
(step: temperature, time): Step 1: 95°C, 5 min; Step 2: 60°C,
10 min, a total of 2 cycles. Afterwards, conversion products
were purified (Table 1).

2.4. Pathological Verification of CGRP-KO Rat Model. In
order to investigate whether hypermethylation of CpG island
in CGRP may promote the occurrence of pancreatic cancer,
we constructed a CGRP knockout rat model to observe the
changes in pancreatic tissue after CGRP-KO and to explore
the possible mechanism. The model was constructed by
GemPharmatech Co., Ltd. The rats were fed at room temper-
ature of 22 + 2°C and humidity of 40.00%-60.00%. Adequate
rat food was given every day, drinking water was resteamed
before being drunk, and the bedding material was changed
at least twice a week to ensure that the bedding material
was clean. For mating of rats, CGRP-KO (CGRP knockout
rats) (> at 8 weeks) were cooped with WT (wild-type rats),
with a male to female ratio of 1:1 or 2: 1.

2.5. Immunohistochemistry. Immunohistochemistry (IHC)
was performed to detect the expression of CALCA (rabbit
antihuman polyclonal antibody, 1:100 dilution; A11804,
ABclonal, CN), CALCB (rabbit antihuman polyclonal anti-
body, 1:3200 dilution; A5523, ABclonal, CN), AKT (rabbit
antihuman polyclonal antibody, 1:3200 dilution; AB105,
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FIGURE 1: Pyrosequencing results of CALCA and CALCB: (a) CALCA pyrosequencing in pancreatic cancer tissue; (b) CALCA
pyrosequencing in paracancer tissue; (c) CALCB pyrosequencing in pancreatic cancer tissue; (d) CALCB pyrosequencing in paracancer
tissue; (e) CALCA pyrosequencing in peripheral blood of patients with pancreatic cancer; (f) CALCA pyrosequencing in peripheral blood
of normal control; (g) CALCB pyrosequencing in peripheral blood of patients with pancreatic cancer; (h) CALCB pyrosequencing in

peripheral blood of normal control.

ABclonal, CN), p-AKT1-S473mAb (rabbit antihuman poly-
clonal antibody, 1:1600 dilution; AP0637, ABclonal, CN),
CREB (rabbit antihuman polyclonal antibody, 1:1600 dilu-
tion; A10826, ABclonal, CN), and p-CREB-S133pAb (rabbit
anti-human polyclonal antibody, 1:1600 dilution; AP0333,
ABclonal, CN) proteins, according to the manufacturer’s
instructions. HRP-conjugated secondary antibody and DAB
kit (Dako, Agilent Technologies, USA) were used to visualize
antibody binding. Immunostaining reactivity was observed
by using light microscopy (Olympus BX-53 with CCD
DP73). The optical density value was analyzed with the Motic
Med 6.0 analysis system.

2.6. Immunofluorescence. Immunohistochemistry (IHC) was
performed to detect the expression of CALCA (rabbit antihu-
man polyclonal antibody, 1:50 dilution; A11804, ABclonal,
CN), CALCB (rabbit antihuman polyclonal antibody,
1:200 dilution; A5523, ABclonal, CN), AKT (rabbit antihu-
man polyclonal antibody, 1:200 dilution; AB105, ABclonal,
CN), p-AKT1-S473mAb (rabbit antihuman polyclonal anti-
body, 1:100 dilution; AP0637, ABclonal, CN), CREB (rabbit
antihuman polyclonal antibody, 1:100 dilution; A10826,
ABclonal, CN), and p-CREB-S133pAb (rabbit anti-human
polyclonal antibody, 1:100 dilution; AP0333, ABclonal,
CN) proteins, according to the manufacturer’s instructions.
The secondary antibody was rhodamine (TRI-TC)-conju-
gated goat anti-rabbit IgG or FITC-labeled goat anti-rabbit
IgG. Nuclei were stained with DAPI solution.

2.7. Western Blot Analyses. Proteins from the pancreas of
patients, CGRP-KO rats, and age-matched littermates were
separated on 4 to 12% Tris-glycine gels and transferred to
nitrocellulose membranes. Membranes were probed with

antibodies directed against CALCA (rabbit anti-human poly-
clonal antibody, 1:100 dilution; A11804, ABclonal, CN),
CALCB (rabbit anti-human polyclonal antibody, 1:3200
dilution; A5523, ABclonal, CN), AKT (rabbit anti-human
polyclonal antibody, 1:3200 dilution; AB105, ABclonal,
CN), p-AKT1-S473mAb (rabbit anti-human polyclonal anti-
body, 1:1600 dilution; AP0637, ABclonal, CN), CREB (rab-
bit anti-human polyclonal antibody, 1:1600 dilution;
A10826, ABclonal, CN), and p-CREB-S133pAb (rabbit
anti-human polyclonal antibody, 1:1600 dilution; AP0333,
ABclonal, CN), and f-actin primary antibody (1:1000) was
added and incubated overnight at 4°C. After washing with
TBST for 10min (3 times), the membrane was incubated
with the corresponding secondary antibody (1:1000) and
kept at room temperature for 2 h. After washing with TBST
for 10min (3 times), ECL developing solution (Beyotime,
Shanghai, China, FFN02) was added, and development was
carried out with a Bio-Rad gel imager to preserve the image.

2.8. Statistics. Statistical differences between groups were
assessed by the nonparametric Mann-Whitney U-test for
two groups and the Kruskal-Wallis test for more than two
groups. Spearman’s rank correlation coeflicient estimated the
degree of association between two variables. Significance was
calculated at P < 0.05 by GraphPad Prism 5 (La Jolla, CA).

3. Results

3.1. CGRP Methylation Was Validated by Targeted
Pyrosequencing Assays. Pyrosequencing was performed on
the pancreatic ductal adenocarcinoma tissues, paracancer tis-
sues, peripheral blood of the patients with pancreatic ductal
adenocarcinoma, and healthy controls. It was found that
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Figure 2: Continued.
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FIGURE 2: Detection of CGRP methylation by bisulfite sequencing PCR (BSP) in pancreatic cancer: (a) CALCA sequencing after pyrobisulfite
modification in pancreatic cancer tissues; (b) CALCA sequencing after pyrobisulfite modification of the corresponding pancreatic cancer
paratissue; (c) CALCB sequencing after pyrobisulfite modification in pancreatic cancer tissues; (d) CALCB sequencing after pyrobisulfite

modification of the corresponding pancreatic cancer paratissue.

the mean percentage of CpG island methylation in the
CALCA promoter region in tissues of pancreatic ductal
adenocarcinoma (13.14%) was significantly higher than that
in paracancer tissues (3.00%, P =0.0035) (Figures 1(a) and
1(b)). However, the mean percentage of CpG island meth-
ylation in CALCB was 13.57% in pancreatic cancer which
is significantly higher than that in paracancer tissues

(4.29%, P=0.005) (Figures 1(c) and 1(d)). At the whole
blood level, there was no statistically significant difference
in the percentage of CpG island methylation in the CALCA
(P=0.1174) (Figures 1(e) and 1(f)) and the CALCB
(P=0.4481) (Figures 1(g) and 1(h)) promoter region
between the patients with pancreatic cancer and normal
controls.
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FIGURE 3: Detection of CGRP methylation by methylation-specific PCR (MSP): (a) CpG island methylation of CALCA was found by MSP
electrophoresis in pancreatic cancer tissue. A: carcinoma; P: paracancer; M: methylation (target fragment: 132bp); U: nonmethylation
(target fragment: 158 bp). (b) CpG island methylation of CALCB was found by MSP electrophoresis in pancreatic cancer tissue. A:
carcinoma; P: paracancer; M: methylation (target fragment: 143 bp); U: nonmethylation (target fragment: 105 bp). There is only one band
of M in complete methylation, two bands of M and U in partial methylation, and only one band of U in nonmethylation.

3.2. Detection of CGRP Methylation by Bisulfite Sequencing
PCR (BSP). There were thirty CpG island sites in the pro-
moter region of CALCA, with a methylation percentage of
4.2% in pancreatic cancer (Figure 2(a)) and 0.7% in paracan-
cer tissues (Figure 2(b)) determined by BSP. Meanwhile,
there were twenty-eight CpG island sites in the CALCB pro-
moter region, with a methylation percentage of 57.5% in pan-
creatic cancer (Figure 2(c)) and 11.4% in paracancer tissues
(Figure 2(d)) determined by BSP. The level of CGRP methyl-
ation in pancreatic ductal adenocarcinoma was higher than
that in paracancer.

3.3. Detection of CGRP Methylation by Methylation-Specific
PCR (MSP). CpG island methylation of CALCA was found
in 85.71% (54/63) pancreatic ductal adenocarcinoma tissues.
However, there was only 57.14% (36/63) found in paracancer
tissues. Among the pancreatic ductal adenocarcinoma tis-
sues, 39 cases presented complete methylation of CALCA
(61.90%), and 15 cases presented partial methylation
(23.81%). However, in paracancer tissues, the complete

methylation of CALCA was observed in only two cases
(3.17%), partial methylation in 34 paracancer (53.97%), and
no methylation in 20 paracancer (31.75%) (Figure 3(a)).

For CALCB, there were 88.89% (56/63) patients showing
methylation in the CpG island in pancreatic ductal adenocar-
cinoma, while only 46.03% (29/63) patients showed methyl-
ation in the paracancer tissue. In pancreatic ductal
adenocarcinoma, 32 patients showed complete methylation
of CALCB (50.79%), and 24 patients showed partial methyl-
ation (38.10%). In paracancer tissues, partial methylation of
CALCB was observed in 29 paracancer (46.03%), and no
methylation was observed in 31 paracancer (49.21%)
(Figure 3(b)). The results of MSP indicated that the level of
CGRP methylation in pancreatic ductal adenocarcinoma
was higher than that in paracarcinoma.

3.4. Expression of CGRP in Pancreatic Cancer. Both CALCA
(«CGRP) and CALCB (BCGRP) showed lower expression
in pancreatic ductal adenocarcinoma tissues than those in
normal tissues far away from carcinoma (P <0.05)
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FIGURE 4: Expression of CGRP in pancreatic cancer and adjacent tissues: (a) expression of CALCA in pancreatic cancer tissues (IHC, x100);
(b) expression of CALCA in paracancer tissues (IHC, x100); (c) differences of CALCA expression between pancreatic cancer tissues and
adjacent tissues (IHC, x100); (d) expression of CALCB in pancreatic cancer tissues (IHC, x100); (e) expression of CALCB in paracancer
tissues (IHC, x100); (f) differences in CALCB expression between pancreatic cancer tissues and adjacent tissues (IHC, x100); (g)
expression of CALCA in pancreatic cancer tissues (immunofluorescence, x400); (h) expression of CALCA in paratissue
(immunofluorescence, x400); (i) expression of CALCB in pancreatic cancer tissues (immunofluorescence, x400); (j) expression of CALCB

in paracancer tissues (immunofluorescence, x400).

(Figures 4(a)-4(f)). Consistently, immunofluorescence also
showed that the two subtypes of CGRP were lower expressed
in pancreatic ductal adenocarcinoma tissues than those in
normal pancreatic tissues (Figures 4(g)-4(j)).

3.5. AKT-CREB Pathway Changes in the Case of CGRP
Methylation Validated by Western Blot. CALCA, CALCB,
p-CREB/CREB, and p-AKT/AKT in pancreatic ductal
adenocarcinoma tissues were downregulated compared with
the corresponding  paracancer tissues (P <0.001)
(Figures 5(a)-5(d)). The expression of p-AKT/AKT and p-
CREB/CREB in the pancreatic tissue of CGRP-KO rats was
downregulated compared with the wild type (P <0.05)
(Figures 5(e)-5(g)).

3.6. Immunohistochemical Staining to Verify AKT-CREB
Pathways. The results of immunohistochemistry showed that
the expression of AKT (P=0.0123), p-AKT (P =0.0357),
CREB (P =0.0473), and p-CREB (P =0.0256) in pancreatic
ductal adenocarcinoma was lower than that of paracarci-
noma (Figure 6).

In vivo, AKT (P =0.0008), p-AKT (P =0.0026), CREB
(P=0.0399), and p-CREB (P=0.0256) in the pancreatic
tissue of CGRP-KO rats were lower than those of the wild
type (Figure 6).

3.7. The Relationship between CpG Island Methylation in
CGRP Promoter Region and Pancreatic Cancer. The hyper-
methylation of CpG island in the CGRP promoter region
leads to low expression of CGRP, which affects the AKT-
CREB pathway, thus promoting the development of pancre-
atic cancer (Figure 7).

4. Discussion

Pyrosequencing showed that methylation of CGRP in pan-
creatic ductal adenocarcinoma was significantly higher than
that in paracancer. BSP and MSP also showed that the meth-
ylation level of CpG islands in the promoter region of CGRP
in pancreatic cancer tissues was higher than that in paracan-
cerous, indicating that CGRP hypermethylation plays an

important role in the development of pancreatic cancer.
However, the results of peripheral blood pyrosequencing
demonstrated that there was no significant difference in
CGRP methylation between pancreatic cancer patients and
normal controls, indicating that CGRP methylation had tis-
sue and organ specificity.

Immunohistochemical staining and immunofluores-
cence showed that the expression of CGRP in pancreatic can-
cer tissues was significantly reduced compared with normal
pancreatic tissues. Therefore, we speculated that the hyper-
methylation of CGRP caused the low expression of CGRP
and promoted the development of pancreatic cancer. In
order to further explore the relationship between hyperme-
thylation or low expression of CGRP and pancreatic cancer,
we constructed CGRP-KO models to further explore the
function of CGRP.

It was reported that CGRP has a wide range of biological
activities, and lower expression of CGRP can promote tumor
growth through its ability to promote angiogenesis [12, 13].
The best-known function of CGRP is its effect on the periph-
eral vasculature. Also, it has been known to modulate the
neuromuscular junctions by inhibiting the expression of ace-
tylcholinesterase, which is involved in inflammation within
the airways, gastric secretions, and intestinal mobility [12,
13]. It may dampen the immune response primarily by mod-
ifying antigen presentation in a variety of antigen-presenting
cells and stimulating naive T cells in the primary immune
response [14-16]. Tumor development depends on the
tumor vascular network to provide adequate oxygen and
nutrients, and tumor angiogenesis depends on highly com-
plex growth factor signaling, endothelial cell (EC) prolifera-
tion, and other functions [14]. Moreover, CGRP could
block the cell cycle from GO/G1 phase to S phase, which
may be an important reason for its involvement in tumori-
genesis [15, 16]. However, the mechanism by which CGRP
deficiency causes pancreatic cancer is not clear.

Protein kinase B (PKB/AKT) plays an important role in
carcinogenesis and cell growth control [10, 17], and CGRP
activates AKT, which phosphorylates CREB at Ser133 and
regulates CREB-mediated gene transcription [18, 19]. The
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FIGURE 5: The possible mechanism of hypermethylation of CGRP promotes the development of pancreatic ductal adenocarcinoma: (a)
histopathology of pancreatic ductal adenocarcinoma; (b) Western blot results of pancreatic ductal adenocarcinoma; (c, d) Western blot
and grayscale analysis of pancreatic ductal adenocarcinoma; (e) H&E staining of pancreatic tissue from CGRP-KO rat; (f) Western blot
results of pancreatic tissue from CGRP-KO rat; (g) Western blot and grayscale analysis of pancreatic tissue from CGRP-KO rat.
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FIGURE 7: Relationship between CpG island methylation in CGRP and the occurrence and development of pancreatic cancer.

AKT-CREB signaling pathway is involved in cell prolifera-
tion, apoptosis, differentiation, and survival, and it affects
the occurrence and development of tumors [20, 21]. In this
study, Western blot results of pancreatic cancer tissues
showed that the expression levels of p-AKT/AKT and p-
CREB/CREB were both lower than paracancer, and the
results were verified by the CGRP knockout model. To fur-
ther confirm it, we observed downregulation of both AKT
and CREB proteins in pancreatic cancer tissue. The deregu-
lated protein expression of the AKT-CREB pathway was also
found in CGRP-KO rats.
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Background. Treating advanced colon cancer remains challenging in clinical settings because of the development of drug resistance
and distant metastasis. Mechanisms underlying the metastasis of colon cancer are complex and unclear. Methods. Computational
analysis was performed to determine genes associated with the exosomal long noncoding (IncRNA) plasmacytoma variant
translocation 1 (PVT1)/vascular endothelial growth factor A (VEGFA) axis in patients with colon cancer. The biological
importance of the exosomal IncRNA PVT1/VEGFA axis was examined in vitro by using HCT116 and LoVo cell lines and in vivo
by using a patient-derived xenograft (PDX) mouse model through knockdown (by silencing of PVT1) and overexpression (by
adding serum exosomes isolated from patients with distant metastasis (M-exo)). Results. The in silico analysis demonstrated that
PVT1 overexpression was associated with poor prognosis and increased expression of metastatic markers such as VEGFA and
epidermal growth factor receptor (EGFR). This finding was further validated in a small cohort of patients with colon cancer in
whom increased PVT1 expression was correlated with colon cancer incidence, disease recurrence, and distant metastasis. M-exo
were enriched with PVT1 and VEGFA, and both migratory and invasive abilities of colon cancer cell lines increased when they
were cocultured with M-exo. The metastasis-promoting effect was accompanied by increased expression of Twistl, vimentin, and
MMP2. M-exo promoted metastasis in PDX mice. In vitro silencing of PVT1 reduced colon tumorigenic properties including
migratory, invasive, colony forming, and tumorsphere generation abilities. Further analysis revealed that PVT1, VEGFA, and
EGEFR interact with and are regulated by miR-152-3p. Increased miR-152-3p expression reduced tumorigenesis, where increased
tumorigenesis was observed when miR-152-3p expression was downregulated. Conclusion. Exosomal PVT1 promotes colon cancer
metastasis through its association with EGFR and VEGFA expression. miR-152-3p targets both PVT1 and VEGFA, and this
regulatory pathway can be explored for drug development and as a prognostic biomarker.
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1. Introduction

Colon cancer is one of the most prevalent malignancies glob-
ally and has consistently ranked in the top three leading
causes of cancer-associated death [1]. Treating distant metas-
tasis is one of the most challenging tasks in clinical practice.
The liver (approximately 20%-30%) and lungs are the most
frequently observed metastatic sites in patients with colon
cancer [2]. Despite advancements in the development of che-
motherapeutic and targeted therapeutic agents over the past
decade, the treatment of metastatic colon cancer remains
highly difficult. Therefore, obtaining a better understanding
of the molecular and signaling mechanisms involved in the
metastatic progression of colon cancer, especially epithelial-
to-mesenchymal transition (EMT), can help in designing
and developing effective therapeutic agents.

Exosomes or extracellular vesicles are nanosized (30-150
nm) cargos produced by cells for intracellular communica-
tion [3]. Because of the presence of proteins, lipids, and
nucleic acids in exosomes [3] and the functional attributes
of exosomes in tumorigenesis, they have received increasing
attention. Accumulating evidence suggests that cancer cells
secrete exosomes enriched with various signaling molecules
to promote tumor initiation, angiogenesis, distant metastasis,
and the development of drug resistance [3]. Various studies
have confirmed that noncoding RNAs (ncRNAs) are
involved in the development of various cancers through reg-
ulation of cell differentiation, proliferation, apoptosis, necro-
sis, and autophagy [4]. In the past few decades, six ncRNAs
have been determined to possess no significant protein-
coding potential. Two main members of the ncRNA family,
long ncRNA (IncRNA) and microRNA (miRNA), were iden-
tified to play key roles in regulating the physiology and path-
ophysiology of cancer [5]. The structure of IncRNA is similar
to that of mRNA except that it contains >200 nucleotides;
additionally, some IncRNAs have poly(A) tails. As a miRNA
sponge, IncRNAs can negatively regulate miRNA expression
through sequence-specific binding. By contrast, miRNAs can
also negatively regulate the expression of IncRNAs [6]. A
recent study revealed that colon cancer cells secrete exosomes
containing an ncRNA, namely, miR-193a, which interacts
with major vault protein to promote cancer progression [7].
Moreover, these exosomes can be detected in serum, thus
making them ideal prognostic markers. Furthermore,
although ncRNA molecules were once considered to be evo-
lutionary remnants, they are now understood to play vital
roles in every aspect of cellular activity by performing crucial
regulatory functions and providing specificity in gene expres-
sion. In this study, we examined plasmacytoma variant trans-
location 1 (PVT1), an IncRNA locus, which has been
identified as a candidate oncogene in several types of tumor,
including colon cancer tumors [8]. The abnormal prolifera-
tion of tumor cells is a crucial feature that distinguishes
tumor tissue from normal tissues. Abnormal proliferation
of cells is characterized by cell cycle changes, apoptosis inhi-
bition, and disrupted energy metabolism. PVT1, as a poten-
tial oncogene, can promote tumor proliferation [9]. PVTI
is a crucial oncogenic IncRNA that is highly expressed in can-
cer cells. Multiple miRNA response elements have been
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found on PVT1, and PVT1 can bind to specific miRNAs,
thereby silencing them and upregulating the expression of
certain proteins, ultimately affecting tumor cell proliferation,
invasion, and drug resistance [10, 11]. At present, the carci-
nogenic effect of PVT1 has been confirmed in various cancers
such as gallbladder, non-small-cell lung, and colon cancers
[12-14]. Therefore, the invasive and metastatic abilities of
cancer cells are assessed for cancer staging and prognosis. A
study reported that PVT1 is involved in the EMT and distant
metastasis of cancer cells as follows [15]. First, the adhesion
between tumor cells and surrounding tissues changes and
affects the cells and leads to the primary detachment of cells.
Then, the degradation of the extracellular matrix occurs. Fur-
thermore, modification of the cytoskeleton enhances the
motility of cancer cells, thereby promoting angiogenesis in
tumor tissues. In addition, PVT1 acts as a molecular sponge
for miRNAs, which can be trimmed and processed into mul-
tiple miRNAs (miR-1204, 1205, 1206, 1207-3p, 1207-5p, and
1208) [10]. These miRNAs can regulate tumor development.
For example, overexpression of miR-1207-5p reduces the
expression of signal transducers and activators of transcrip-
tion, thereby activating cyclin-dependent kinase inhibitors
(CDKN)1A and CDKNIB that regulate the cell cycle and
promote tumor cell proliferation [16].

An adequate understanding of the role of EMT and reg-
ulatory mechanisms through which EMT promotes distant
metastasis in colon cancer remains elusive. EMT has been
confirmed to result in distant metastasis and to cause cancer
stemness [17, 18]. Therefore, characterizing key molecular
players involved in EMT can provide insights into this pro-
cess and its mechanisms. Notably, numerous EMT markers
have been proposed, all of which converge toward angiogen-
esis, with vascular endothelial growth factor- (VEGEF-) asso-
ciated signaling playing a crucial role in enabling cancer
cells to migrate from their primary niche to a secondary site
[19]. In addition, EMT has been associated with the emer-
gence of cancer stemness, the initiation of tumors, and the
generation of drug-resistant clones [19-21]. Hence, identify-
ing mechanisms or agents that inhibit the members of the
VEGF-associated pathway may represent a means to reduce
the incidence of distant metastasis. By using the sequencing
technology, researchers have classified and sequenced more
than 400 tumors based on microarray data obtained from a
public data set [22]. These findings can help us analyze the
clinical characteristics of colorectal cancer (such as the
expression or inhibition of key genes and their effect on over-
all survival) and identify crucial prognostic markers.

In the present study, we first collected tissues from both
healthy individuals and patients with distant metastatic colon
cancer and determined that PVT1 expression was signifi-
cantly increased in patients with metastatic colon cancer. In
addition, by analyzing public databases, we determined that
exosomes obtained from patients with metastatic colon can-
cer and patients with disease recurrence contained increased
PVTI1. Furthermore, we examined the potential of PVT1 to
promote cancer development. We observed that PVT1 loss
of function resulted in the suppression of colon tumorigenic
and metastatic potential, evident in the suppression of colony
formation, cell invasion, sphere formation, and related
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protein expression in vitro. First, we demonstrated that exo-
somes obtained from patients with metastasis significantly
enhanced the migratory and invasive abilities of human
colon cancer cell lines HCT116 and LoVo in association with
the increased expression of vascular endothelial growth fac-
tor A (VEGFA), vimentin, and MMP2. Notably, exosomes
isolated from patients with metastatic colon cancer promoted
metastasis in patient-derived in vivo xenograft mice (with
nonmetastatic tumors). In vitro results indicated that
PVT1-silenced HCT116 and LoVo cells exhibited signifi-
cantly decreased tumorigenic and oncogenic properties,
including decreased colony- and tumorsphere-forming abili-
ties, as well as migratory and invasive potential. Finally, we
explored the possible regulatory mechanism of PVT1 and
observed that miR-152-3p, a tumor suppressor, contains
binding sites at the 3'-UTR of PVT1 and VEGFA. We
observed that the regulatory mechanism of the miR-152-
3p/PVT1/VEGFA axis causes metastasis in colon cancer
through the overexpression and inhibition of miR-152-3p
in colon cells. Therefore, targeting this signaling axis can help
in developing effective therapeutic agents against metastatic
colon cancer.

2. Materials and Methods

2.1. Clinical Sample Collection and Preparation. Written
informed consent for the collection of clinical samples was
obtained from all participants, and this study was approved
by the Medical Ethics Committee of Taipei Medical
University-Joint Institutional Review Board (N202104054;
Taipei, Taiwan). Serum samples were collected from healthy
individuals (control) and patients with treatment-naive pri-
mary (P) or metastatic (M) colon cancer based on histologi-
cal examinations (Table 1). Fresh tissues (tumor, adjacent
nontumor, and colon metastasis) obtained from patients
with colon cancer were processed within 20 min after resec-
tion. The samples were then analyzed and confirmed by
two independent pathologists. Venous blood samples from
patients were collected, and cell-free serum was isolated
using a previously established protocol, which involves initial
centrifugation at 1600 x g for 10 min, followed by repeat cen-
trifugation at 16000 x g for 10min at 4°C. Samples were
either used for exosome isolation immediately or were stored
at —80°C.

2.2. Cell Culture. The human colon cancer cell lines HCT116
(characteristics: derived from the primary colon ascendens
tumor, TGFB1+/TGFf2+, suitable transfection host, and
tumorigenic in nude/immunodeficient mice) and LoVo
(characteristics: derived from metastatic colon cancer,
Dukes’ type C, grade IV, colorectal adenocarcinoma, MYC
+/KRAS+/HRAS+/NRAS+, suitable transfection host, and
tumorigenic in immunodeficient mice) were obtained from
the American Type Culture Collection (Manassas, VA,
USA). The cells were recently authenticated through short
tandem repeat profiling. Both the cell lines were maintained
and passaged in RPMI-1640 medium (Gibco, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (Gibco)
in a 5% CO, humidified incubator at 37°C until 90% conflu-

TaBLE 1: Clinical table of metastatic patients that increased PVT1
expression and related information.

PVT1

Clinicopathological variables No. High Low X*  pvalue

Age, years
<55 17 8 9 0.051 0.822
>55 23 10 13

Gender
Male 28 15 13 1.380 0.240
Female 12 4 8

Tumor differentiation
Well/moderately 19 9 10 3,536 0.060
Poorly 21 16 5

Lymph node metastasis
NO 15 5 10 2.667 0.102
N1-N2 25 15 10

Distant metastasis
MO 18 8 10 4552 0.033
M1 22 17 5

Primary stage
I+1I 13 6 7 4.000 0.045
II+1v 27 21 6

ence. Supernatants were collected and centrifuged at 1600
x g for 10min, followed by repeat centrifugation at 16000
x g for 10 min at 4°C, and then stored at —80°C until exo-
some extraction.

2.3. Isolation of Exosomes. The serum and culture medium
samples were first filtered through a 0.45 ym pore polyvinyli-
dene fluoride filter (Millipore, Darmstadt, Germany). Exo-
Quick solution (System Biosciences, Palo Alto, CA) was
added to the serum samples and incubated at room temper-
ature for 30 min, and ExoQuick-TC solution was added to
the culture medium samples and incubated at 4°C for 12 h.
Exosomes were sedimented and collected through centrifu-
gation (1500 x g, 30 min). The resultant exosome pellets were
resuspended in 25 L of phosphate-buffered saline (PBS).

2.4. Transmission Electron Microscopy. Exosomes were
diluted to a final concentration of 0.5 mg/mL by using PBS.
Exosomes were spotted onto a glow-discharged copper grid
and then dried. The samples were stained with a drop of
1% phosphotungstic acid for 5min and then dried. Morpho-
logical analysis of exosomes was performed using a transmis-
sion electron microscope (FEI Tecnai, Hillsboro, Oregon) at
200keV.

2.5. RNA Preparation. Total RNA was isolated from the sam-
ples (tumor chunks and cell lines) by using TRIzol reagent
(Life Technologies, Carlsbad, CA, USA) and quantified using
NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA).
RNA from exosomes was extracted using an miRNeasy
micro kit (QIAGEN, Hilden, Germany). In brief, the exo-
some suspension (20 uL) was mixed with QIAzol lysis buffer



(700 pL) and processed according to the manufacturer’s pro-
tocol. The RNA samples were subsequently eluted with 25 yL
of RNase-free water (repeated twice with the same 25 yL of
RNase-free water to concentrate the samples). The RNA con-
centration in the samples was again determined using
NanoDrop.

2.6.  Real-Time  Quantitative  Reverse-Transcription
Polymerase Chain Reaction. Reverse transcription of miR-
NAs and real-time quantitative reverse-transcription poly-
merase chain reaction- (QRT-PCR-) based quantification of
miRNA levels were performed using the miDETECT A
Track miRNA qRT-PCR Starter Kit (RiboBio, Tokyo, Japan).
For PVT1 gene expression analysis, the first strand of cDNA
was generated using a PrimeScript first-strand cDNA synthe-
sis kit (TaKaRa, Tokyo, Japan). qRT-PCR was performed
using the SYBR Premix Ex Taq II kit (Takara, Tokyo, Japan)
on a CFX96 real-time PCR detection system (Bio-Rad, Her-
cules, CA). The qPCR primers used in this study are listed
in Supplementary Table 1.

2.7. Migration and Invasion Assays. Colon cancer cells were
seeded and cultured in six-well plates for 24 h. The cells were
incubated with mitomycin (10 ug/mL) for 1h. A linear
scratch was created through the cell monolayer by using a
200 pL pipette tip. Cellular debris was removed, and the cells
were allowed to migrate for 24-48 h. Gap healing was deter-
mined from micrographs taken before and after the wound
creation under a microscope (Nikon, Japan). Migration dis-
tance was measured from images (three random fields)
obtained at indicated time points. The gap size was subse-
quently analyzed using Image] software. The invasion assay
was performed according to a previously established proto-
col. In brief, 3x 10> colon cancer cells were seeded onto
Matrigel (BD Biosciences, San Jose, CA, USA) in culture
plate inserts (pore size: 8 ym, Corning) in a serum-free
medium. Three independent and random fields per well were
photographed, and the number of cells in each field was
counted. An average of three determinations was obtained
for each chamber. Each invasion assay was performed a min-
imum of three times.

2.8. Tumor Spheroid Formation Assay. Colon cancer cells
were transferred into serum-free low-adhesion culture plates
containing Dulbecco’s modified Eagle’s medium/F-12 with
N2 supplement (Invitrogen), 20ng/mL of EGF, and 20
ng/mL of basic-FGF (stem cell medium; PeproTech, Rocky
Hill, NJ, USA) for 2 weeks to allow tumorsphere formation.
The spheres were counted under a microscope. The tumor
ball formation efficiency was calculated as the ratio of the
number of balls to the number of implanted cells.

2.9. Cell Transfection. Colon cancer cells (cell lines or clinical
samples) were cultured and maintained as described in previ-
ous sections. Gene manipulation experiments, namely, PVT1
silencing experiments, were performed using the siRNA
technique (Academia Sinica, Taiwan) according to the man-
ufacturer’s instructions. Reagents for the miR-152-3p mimic,
inhibitor (oligonucleotides), si-PVT1, and their negative con-
trols (si-NC) were purchased from RiboBio (Academia
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Sinica, Taiwan), and transfection procedures were performed
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The transfected
cells were maintained in RPMI-1640 medium (Gibco, Carls-
bad, CA, USA) supplemented with 10% fetal bovine serum
(Gibco) in a 5% CO,-humidified incubator at 37°C. The cells
were washed three times in PBS (pH 7.4) before transfection
to remove the culture medium and serum.

2.10. Western Blot. Total cellular protein lysates from colon
cancer cells were extracted using RIPA buffer (Millipore,
Darmstadt, Germany), and the lysate concentration was
determined using a BCA protein assay kit (Pierce, Rockford,
IL, USA). Thirty micrograms of protein were dissolved in
SDS-PAGE and transferred onto a PVDF membrane (Milli-
pore, Darmstadt, Germany). After blocking at 37°C for 1h,
the membranes were immunoblotted with different antibod-
ies at 4°C overnight. All antibodies were purchased from Cell
Signaling Technology (Danvers, MA) unless otherwise spec-
ified. Epidermal growth factor receptor (EGFR) (#2232, 1:
400), MMP2 (#13667, 1:300), vimentin (#5741, 1:500),
Twistl (#46702, 1:400), GAPDH (#D16HI11, 1:2000),
VEGFA (ab52917, 1:500, Abcam, USA), and exosomal
markers CD9 (5G6, 1:200) and MCT1 (P14612, 1:500, Invi-
trogen, USA) were purchased from Novus Biologicals (Cen-
tennial, CO, USA).

2.11. In vivo Mouse Studies. Six 8-week-old female nonobese
diabetic (NOD)/severe combined immunodeficient (SCID)
mice obtained from BioLASCO Taiwan Co. Ltd. (Taipei, Tai-
wan) were bred under standard experimental pathogen-free
conditions. All animal experiments were performed accord-
ing to protocols approved by the experimental animal welfare
committee of our institute (approval number: LAC-2020-
0535). For the patient-derived xenograft experiment, pieces
of tumor mass (approximately 0.05cm” each, obtained from
a patient diagnosed as having colon cancer, and nonmeta-
static) were subcutaneously implanted into NOD/SCID mice.
Tumor growth (until the tumor became palpable) was
allowed in tumor-bearing mice, and exosomes isolated from
patients with lung metastasis (M-exo) or primary colon can-
cer (nonmetastatic, P-exo) were systematically injected
through the lateral tail vein (20 ug/mouse, 3 times/week, for
4 weeks); each group contained 10 mice. Tumor growth
was monitored and measured using a standard caliper
weekly. The tumor volume was determined using the follow-

ing formula: tumor volume = (width)® x length/2. Animals
were humanely sacrificed following experiments, and their
tumor and tissue samples were collected for further analyses.

2.12. Statistical Analysis. SPSS (version 13.0; SPSS Inc., Chi-
cago, IL) was used to perform all statistical analyses. Each
experiment was performed three times. All data in figures
are expressed as the mean + standard deviation (SD). Com-
parisons between two groups were performed using the ¢
-test. All statistical tests were two-sided, and p <0.05 was
considered significant. Continuous data were analyzed using
the paired samples ¢-test or the Wilcoxon rank test. Categor-
ical data were analyzed using the chi-square test or Fisher’s
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exact test. Survival analysis was estimated using the Kaplan-
Meier method along with the log-rank test to calculate differ-
ences between the curves.

3. Results

3.1. PVTI Is Highly Expressed in Colon Cancer Cells and
Affects the Survival Rate. Recent studies have revealed
PVTI1 to be an oncogenic marker for multiple cancer types.
Our analysis of a pan-cancer cohort from the Cancer
Genome Atlas (TCGA) public cancer database showed that
patients with colorectal cancer exhibited a higher PVTI
expression level (Figure 1(a)). We found that patients with
colon cancer (GSE17537) with higher PVT1 expression had
significantly shorter overall and disease-free survival dura-
tions (Figure 1(b)). Further analysis indicated that the
expression of PVT1 in advanced colorectal cancer was more
significant (Figure 1(c)). Because advanced colorectal cancer
can be defined as colorectal cancer that metastasizes when it
appears or recurs, we analyzed the difference in PVT1
expression between primary and metastatic tumors from
the GSE49355 dataset. The results revealed that the expres-
sion level of PVT1 was higher in metastatic tumors
(Figure 1(d)). Finally, we performed a correlation analysis
between PVT1 and VEGFA data from the database of TCGA.
The results indicated that PVT1 was positively correlated
with VEGFA and the exosome biomarker MCT-1
(Figure 1(e)). These results suggest a relationship between
the exosomal IncRNA PVT1/VEGFA axis and metastatic
colorectal cancer. We investigated the effect of confounding
factors such as age, sex, tumor size, and tumor stage on sur-
vival by using the GSE17537 dataset. The results revealed that
age (X?=2.229, p=0.135) and primary tumor stage
(X? =0.900, p = 0.343) were not significantly associated with
PVT1 expression; however, female patients demonstrated
higher PVT1 expression than male patients (X =5.238, p
=0.022; Supplementary Table 2).

3.2. Serum Exosomes Isolated from Patients with Metastatic
Colon  Cancer Promoted  Metastatic  Potential in
Nonmetastatic Colon Cancer Cells. Table 1 shows the relevant
clinicopathological information, including age, sex, and clin-
ical stage, of patients with treatment-I primary or metastatic
colon cancer. The results showed that distant metastasis
(X* =4.552, p=0.033) and primary stage (X*=4.000, p =
0.045) were significantly associated with PVT1 expression.
Because we noted an increased PVT1 level in the tissue or
serum samples of patients with colon cancer, we analyzed
serum exosomes isolated from these patients. In the repre-
sentative micrographs, P-exo and M-exo denote exosomes
isolated from primary (nonmetastatic) and metastatic sam-
ples, respectively. Serum exosomes isolated from normal
healthy people were included as the control (normal (N)).
The average size of exosomes ranged from 100 to 200 nm.
In addition, we detected the expression levels of three
tumor-specific biomarkers, namely, CD9, MCT1, and cyclin
D1, in exosomes. Western blot results indicated increased
expression of CD9 and MCT1 (exosome markers) in the
serum samples of patients with metastatic colon cancer com-

pared with those of patients with primary tumor
(Figure 2(a)). We cultured human colon cancer cells, namely,
HCT116 and LoVo, with P-exo and M-exo under serum-
deprived conditions. Subsequently, the findings of qPCR
showed that M-exo contained significantly higher levels of
PVT1 and VEGFA compared with P-exo (Figure 2(b)). In
addition, we found that both cell lines exhibited increased
ability to form tumorspheres under the presence of M-exo
compared with P-exo (Figure 2(c)). Furthermore, the migra-
tory and invasive abilities of HCT116 and LoVo were signif-
icantly increased in the presence of M-exo but not P-exo
(Figure 2(d)). The Western blots of both HCT116 and LoVo
cells cultured with M-exo demonstrated an increase in EMT
markers, namely, Twistl, vimentin, and MMP?2, as well as the
stemness marker Sox2 compared with HCT116 and LoVo
cells cultured with P-exo (Figure 2(e)). In addition, we exam-
ined the effects of adding two serum exosomes on the growth
of different types of cancer cells, namely, U87 (a human pri-
mary glioblastoma cell line), SAS (human squamous cell car-
cinoma of the tongue), MDA-MB-231 (a triple-negative
breast cancer cell line), and HCT116 (a colon cancer cell
line), as controls. The results indicated that the cells cultured
with M-exo demonstrated increased cell viability (Supple-
mentary Figure SI).

3.3. M-exo Promoted Distant Metastasis in a Patient-Derived
Xenograft Mouse Model. Patient-derived xenograft (PDX)
mouse models were established using NSG mice bearing
patient samples from primary (nonmetastatic) colon cancer
tumors. Serum exosomes, M-exo, and P-exo were intrave-
nously injected 1 week following tumor implantation. Injec-
tions were administered three times a week for 4 weeks.
PDX mice injected with M-exo exhibited significantly higher
tumor and tissue growth (Figure 3(a)) and more distant
lesions in the lungs compared with other groups
(Figure 3(b)); a similar observation was made for lymph node
metastasis (Figure 3(c)). In addition, we compared the
tumorsphere generation ability among the groups and found
that tumor cells harvested from M-exo mice exhibited an
enhanced ability to form tumorspheres in terms of both
number and size (Figure 3(d)); the number of spheres formed
in mice injected with P-exo did not significantly differ from
that formed in control mice.

3.4. Inhibition of PVT1 Suppresses the Tumorigenic Properties
of Colon Cancer Cells. We examined the functional roles of
PVT1 in colon cancer by silencing PVT1 through the siRNA
technique. Figure 4(a) shows the siRNA knockdown effect of
PVT1 on two colon cancer cell lines. Figure 4(b) presents the
basal levels of PVT1 and VEGF (Western blot and gene
expression) in cell lysates and exosomes. Supplementary
Figure S2 shows the basal levels of the PVT1 and VEGF
family in different cancer cell lines, namely, U87, FaDu
(hypopharyngeal tumor), MDA-MB-231, and pHCT116 (a
colon cancer cell line), that were included as controls. The
data were obtained from the Gene Expression Omnibus
(GEO) database (GSE36133). We observed that PVTI1
promoted angiogenesis by regulating the VEGF signaling
pathway in different cancer cells. PVT1-silenced HCT116
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FIGURE 1: Expression analysis of PVT1 in clinical samples of patients with colon cancer. (a) Expression of PVT1 in the pan-cancer analysis
from the database of TCGA. The red arrowhead indicates colon adenocarcinoma. (b) The Kaplan-Meier survival curve and disease-free
survival durations constructed from the GSE17537 database. Patients with higher PVT1 expression showed a significantly lower disease-
specific survival rate. (c) PVT1 expression in different stages of colorectal cancer. The expression of PVT1 in advanced colorectal cancer is
significantly upregulated (p < 0.05). (d) The difference in PVT1 expression between primary and metastatic tumors from the GSE49355
dataset. (e) The correlation analysis between PVT1 and VEGFA, PVTI, and the exosome biomarker MCT-1 from the database of the

TCGA. r: Pearson’s correlation index; *p < 0.05; **p < 0.01.

and LoVo cells exhibited significantly decreased colony-
forming ability (Figure 4(c)). For example, PVT1-silenced
LoVo cells formed approximately 70% fewer colonies than
their nonsilenced counterparts (Figure 4(c)). HCT116 and
LoVo cells transfected with si-PVT1 were significantly less
potent in forming tumorspheres compared with their
parental cells (Figure 4(d)). Our bioinformatics research
was supported by the fact that PVT1-silenced HCT116 and
LoVo cells exhibited significantly lower mRNA (right
panels) and protein expression levels of metastatic markers,
namely, VEGFA, MMP2, and Twistl, and the oncogenic
marker EGFR (left panels; Figure 4(e)). These results
indicate markedly suppressed migratory (Figure 4(f)) and
invasive abilities (Figure 4(g)). The downregulation of
PVT1 suppressed the migration of HCT116 cells by
approximately 50% (p <0.01) and that of LoVo cells by
approximately 55% (p <0.01); the invasive ability was
reduced by at least 50% (p <0.01) in both HCT116 and
LoVo cells after PVT1 silencing.

3.5. Tumor Suppressor miR-152-3p Inhibits the Expression of
PVTI1 and the Metastatic Potential of Colon Cancer. By exam-
ining different online platforms, namely, Ensembl (https://
www.ensembl.org/), LNCipedia (https://Incipedia.org/),
miRDB (http://mirdb.org/), and the ENCORI pan-cancer
analysis platform (http://starbase.sysu.edu.cn/), we deter-
mined that PVT1 and VEGFA are targeted by miR-152-3p,
which was identified as a potential inhibitor of PVT1 and
VEGFA [23]. The binding sequences are shown in
Figure 5(a). The expression of miR-152-3p was higher than
that of PVT1 in the early stage, and the expression of PVT1
was higher than that of miR-152-3p in the late stage (Supple-
mentary Figure S3). On the basis of this finding, we examined
the effects of the miR-152-3p mimic and inhibitor
oligonucleotides on colon tumorigenesis. An increased level

of miR-152-3p in both HCT116 and LoVo cells led to
significantly lower expression of PVT1, VEGFA, and EGFR
(Figure 5(b)). Moreover, the mimic-induced overexpression
of miR-152-3p significantly reduced tumorsphere
formation in both cell lines (Figure 5(c)). However, the
subsequent addition of the miR-152-3p inhibitor
significantly = restored tumorsphere formation ability
(Figure 5(c)). A similar observation was made for invasive
ability. The invasive ability of HCT116 and LoVo cells was
significantly reduced when the cells were transfected with
the miR-152-3p mimic and oligonucleotides (Figure 5(d)).
The invasive ability was restored by the subsequent
addition of the miR-152-3p inhibitor (Figure 5(d)). These
findings are supported by the results of Western blot
analysis that revealed decreased levels of metastasis-
associated markers, namely, VEGFA and vimentin, and the
oncogenic marker EGFR in mimic-transfected cells
(Figure 5(e), lane M); these levels were restored after the
addition of the miR-152-3p inhibitor (Figure 5(e), lane I).
Furthermore, the analysis of 450 patients with colon cancer
from the database of TCGA revealed a negative correlation
between the expression of PVT1 and that of miR-152-3p
(coefficient r value = —0.149 and p = 1.58E — 03; Figure 5(f)).

4. Discussion

Exosomes are small vesicles secreted by cells and are a type of
membrane-bound extracellular vesicle; they can be found in
various body fluids and participate in communication
between cells [24]. Recent studies have indicated that pro-
teins and related RNAs present in exosomes can be used as
biological indicators for cancer diagnosis and prognosis
assessment. PVT1 is an oncogenic IncRNA and is associated
with many cancer types including colorectal and gastric can-
cers [12-14]. PVT1 contributes to many aspects of cancer
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F1GUre 2: Comparative analysis of exosomes from the serum of patients with primary and metastatic colon cancer. (a) Serum exosomes were
isolated from patients with primary tumor (P-exo) and distant metastasis (M-exo). Representative electromagnetic images of exosomes are
shown. Scale bar: 200 nm. Western blots demonstrated increased CD9 and MCT1 (exosome markers) and cyclin DI (tumor-specific
marker) in the serum of patients with metastatic colon cancer (M, M-exo) compared with that of patients with primary tumor (P, P-exo).
Serum exosomes of normal healthy people were included as controls (N, normal). (b) Comparative qPCR analysis showed that the levels
of PVT1 and VEGFA were significantly higher in the M-exo than in the P-exo. (c) The sphere-forming assay showed that the addition of
M-exo led to formation of an increased number of tumorspheres in both cell lines compared with controls and the group with P-exo. (d)
Exosomes and colon cancer cell line coculture experiment. HCT116 and LoVo cells cocultured with M-exo demonstrated enhanced
migratory and invasive abilities. (e) Western blot analysis indicated an elevation in metastatic markers, namely, Twistl, vimentin, and
MMP2, and the stemness marker Sox2 in HCT116 and LoVo cells cocultured with M-exo compared with their counterparts cultured with
P-exo. Coculture with exosomes derived from the serum of healthy individuals served as control. *p < 0.05; **p < 0.01; ***p < 0.001. Scale

bar: 100 ym.

biology through a complex signal network, with a role in
tumor growth, metastasis, and response to chemotherapy
and radiotherapy [9]. This complex signal network involves
interactions with DNA, RNA, and proteins. In the present
study, we identified PVT1 as a prognostic biomarker in
patients with colon cancer. Notably, patients with a higher
PVT1 level exhibited a shorter survival duration than did
patients with a lower PVT1 level. In addition, a higher
PVT1 level was noted in the serum of patients with recurrent
disease. Notably, serum exosomes isolated from patients with
metastasis revealed an increased PVT1 level compared with
those isolated from patients without metastasis. Moreover,
cell line experiments exhibited increased PVT1 levels in
HT29 colon spheres compared with their parental counter-
parts along with increased VEGFA and EGFR levels, the
two major metastatic or oncogenic markers in colon cancer.
These observations suggest that PVTI in serum exosomes
play a crucial role in promoting metastasis in colon cancer.
Our comparative experiments performed using M-exo
and P-exo revealed that M-exo not only contained a signifi-
cantly higher PVT1 level than did P-exo but also enhanced
the migratory and invasive abilities of the human colon can-
cer cell lines HCT116 and LoVo. This finding indicates that

exosomes enriched with PVT1 are one of the venues for
colon cancer cells with metastatic ability to transform neigh-
boring cancer cells. Moreover, this phenomenon was
observed in non-small-cell lung cancer wherein the IncRNA
MALAT1 was found to be protected by exosomes and
involved in the promotion of distant metastasis [25]. Concor-
dantly, we noted that serum exosomes isolated from patients
with metastatic colon cancer contained a higher PVT1 level
than did those isolated from patients with primary nonmeta-
static colon cancer. Therefore, PVT1-enriched serum exo-
somes can be used as a potential new prognostic biomarker
for metastatic colon cancer.

Another phenomenon observed in our study was the
association between increased PVT1 expression and colon
tumorsphere generation. In addition, the findings of in silico
analysis showed that the PVT1 level was significantly higher
in HT29 tumorspheres. Furthermore, the results of our
in vitro experiments revealed that the ability to form tumor-
spheres was severely compromised when PVT1 expression
was inhibited in both HCT116 and LoVo cells. Moreover,
M-exo promoted the formation of tumorspheres in our
PDX mouse model in vivo. This finding provides an indirect
link to the EMT-promoted stemness hypothesis first
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FIGURE 3: M-exo promoted tumor growth and distant metastasis in the PDX mouse model. (a) PDX mice (n = 10) were divided into the
following groups: control, M-exo, and P-exo. The M-exo group showed a higher tumor volume and weight (week 4) than did control and
P-exo groups. Distant (b) lung and (c) lymph node metastasis analysis. Lesions in the lungs from all the three groups were examined and
counted. The M-exo group exhibited the highest number of lung lesions, followed by P-exo and control groups. (d) Comparative analysis
of tumorsphere-forming ability. Tumor samples harvested from the M-exo group showed a higher number of spheres; no significant
difference in the number of spheres was observed between the P-exo and control groups. Mice inoculated with cells cocultured with
exosomes derived from the serum of healthy individuals served as control. *p < 0.05; **p < 0.01; ***p < 0.001.

proposed by Shibue and Weinberg [26]. In the case of colon
cancer, the presence of CD26(+) cells in primary tumors
could predict distant metastasis at follow-up. Moreover, iso-
lated CD26(+) cells, but not CD26(—) cells, caused distant
metastasis when injected into mice [27]. This finding is sim-
ilar to our in vivo result that PVT1-enriched M-exo pro-
moted distant metastasis in PDX mice inoculated with
primary (nonmetastatic) clinical colon cancer cells. These
findings indicate that PVT1-enriched exosomes can function

as an enhancer of the EMT process and cancer stemness in
colon cancer. Nevertheless, the exact mechanistic role of
PVT1 in the promotion of stemness warrants further investi-
gation and is currently under exploration in our laboratory.

VEGFA plays a major role in promoting colon metastasis
by engaging with Sox2-associated signaling [28]. This finding
accords with our observation that the addition of exosomes
isolated from metastatic colon cancer promoted the genera-
tion of tumorspheres in both HCT116 and LoVo cells in
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FI1GURE 4: PVT1 silencing suppressed colon tumorigenic and metastatic potential. (a) The siRNA knockdown effect of PVT1 on two colon
cancer cell lines. (b) The basal levels of PVT1 and VEGF (Western blot and gene expression) in cell lysates and exosomes. (c) Colony
formation assay revealed that si-PVT1-transfected HCT116 and LoVo cells formed a significantly lower number of colonies compared
with control parental cells. (d) Comparative tumorsphere-forming assay. HCT116 and LoVo cells transfected with si-PVT1 were
significantly less potent in forming tumorspheres compared with their parental cells. (e) Comparison of expression between parental colon
cancer cells and PVT1-silenced cells. Right panels: qPCR analysis demonstrated markedly decreased expression of metastatic markers,
namely, VEGFA, Twistl, and MMP2, and the oncogenic marker EGFR in si-PVT1 colon cells. Left panels: Western blots of parental
versus PVT1-silenced HCT116 and LoVo cells. Prominent reduction in the expression of VEGFA, Twistl, MMP2, and EGFR was
observed after PVT1 silencing in both cell lines. Effect of PVT1 expression on cell (f) migration and (g) invasion of HCT116 and LoVo
cells detected using Transwell assays. NC: negative control (scramble PVT1 oligonucleotides). *p < 0.05; **p < 0.01; ***p < 0.001. Scale
bar: 100 ym.
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F1GURE 5: Target validation for miR-152-3p and its role in suppressing metastasis. (a) Target binding sequences of miR-152-3p in the 3'-UTR
of PVT1 and VEGFA. These binding sites were predicted using both miRmap and MiRanda software. (b) qPCR analysis of PVT1, EGFR, and
VEGFA levels in response to the sequential miR-152-3p mimic and inhibitor transfections (the control group did not add any reagents). A
significant decrease in the mRNA levels of PVT1, EGFR, and VEGFA was observed after miR16-5p mimic transfection and subsequent
restoration with the addition of the miR-152-3p inhibitor. Both HCT116 and LoVo cells showed a similar trend. (c) Tumorsphere
formation assay. The tumorsphere-forming ability was considerably inhibited by the transfection of miR-152-3p in both HCT116 and
LoVo cells; partial restoration of the tumorsphere-forming ability was noted when the miR-152-3p inhibitor was added. (d) Invasion assay
revealed that an increase in miR-152-3p significantly reduced the invasive ability in both HCT116 and LoVo cells; however, the invasive
ability was restored by the addition of the miR-152-3p inhibitor. (e) Western blot analysis. The addition of miR-152-3p mimics
suppressed the expression of EGFR, vimentin, and VEGFA in both HCT116 and LoVo cells, and the inhibitor restored their expression. (f
) A negative correlation was noted between miR-152-3p and PVT1 levels in colon cancer clinical samples from databases of TCGA [12]
(n = 450). Control/NC: scramble hsa-miR-152-3p oligonucleotides. *p < 0.05; **p < 0.01; ***p < 0.001. Scale bar: 100 ym.

association with increased Sox2 expression. Notably, EGFR ~ miR-152-3p was identified in TCGA colon cancer database
and VEGF mutations are often determined to be associated ~ consisting of 450 patient samples [32]. Recent studies have
with increased metastatic incidence and poor prognosis in ~ demonstrated that PVT1 regulates the VEGFA/VEGF recep-
colon cancer [29]. Our observation of PVT1 downregulation tor 1 (VEGFR1)/AKT axis and promotes the tumorigenesis
leading to decreased expression of VEGFA, EGFR, Twistl,  of colorectal cancer; the deletion of PVT1 can reduce tumor
and MMP2 provides insight into the role of PVT1 in promot-  volume. Overexpression of VEGFA regulates the AKT sig-
ing metastasis. Our database analysis indicated that the  naling cascade by activating VEGFR1 [34]. miR-152-3p has
expression levels of PVT1, VEGFA, and EGFR were signifi-  been described as a possible tumor suppressor in numerous
cantly elevated in HT29 spheres compared with their paren-  studies because its downregulation has been reported in sev-
tal cells [30]. Although the present study did not establish a  eral cancer tissues. Our results indicate that because miR-
causal relationship among the expression of these three mol- 152-3p may have binding sites for PVT1 and VEGFA, it
ecules, a common regulatory molecule, namely, miR-152-3p,  might regulate the IncRNA PVT1/VEGFA axis. Previous
was identified to be an inhibitor of both PVT1 and VEGFA.  studies have found that PVT1 can promote angiogenesis in
First, we identified the potential binding sites of miR-152- tumor tissues. Given the causal relationship between
3p to PVTI and VEGA and observed that increased expres-  upstream and downstream genes, studies should evaluate
sion of miR-152-3p significantly reduced the expression of =~ whether miR-152-3p can skip PVT1 and directly regulate
PVT1, VEGFA, and EGFR in both HCT116 and LoVo cells. VEGFA.

A previous study indicated that PVT1 was linked to the acti- Patients with colorectal cancer with high PVT1-214
vation of STAT3/VEGFA signaling and promoted angiogen- expression have a shorter survival duration and poor progno-
esis in patients with gastric cancer [31]. miR-152-3p hasbeen  sis. The results of in vivo and in vitro studies have indicated
identified as a tumor suppressor; for example, miR-152-3p  that the effects of PVT1-214 exhibit a complex phenotype
was observed to negatively regulate PIK3CA expression, thus ~ affecting cell growth, stem-like properties, migration, and
inhibiting the activation of AKT and RPS6 in breast cancer ~ invasion [35]. PVT1 can indirectly regulate the expression
cells [32]. In addition, the downregulation of miR-152, which  of four-jointed box 1 (FJX1) by targeting miR-106b-5p. By
targets DNMT1 (an oncogene or cancer stemness marker),  regulating the miR-106b-5p/FJX1 axis, knockdown of PVT1
was observed in breast cancer cells [33]. Notably, a negative ~ can impair cell proliferation, migration, and invasion in colo-
correlation between the expression levels of PVT1 and  rectal cancer [36]. Many studies have reported that PVTI
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FIGURE 6: Schematic abstract showing that exosomal PVT1 promotes metastasis in colon cancer through its association with EGFR and

VEGFA expression.

overexpression was related to cancer growth and prolifera-
tion in vivo and in vitro. Moreover, human tissue and mouse
xenotransplantation studies have indicated that the overall
survival rate and tumor size of many cancer types are related
to PVT1 overexpression [37, 38].

IncRNAs are a major type of ncRNA. In addition, the role
of PVT1 in cancer development is closely related to miRNAs.
PVT1 can be spliced and processed into various miRNAs
such as miR-1204 and miR-1207. Furthermore, PVT1 can
act as a “sponge” for miRNAs and inhibit their activity,
thereby affecting cancer proliferation, invasion, and angio-
genesis [39]. Patients with digestive system cancers have a
high risk of morbidity and mortality. The expression of
PVT1 is elevated in various digestive system cancers and is
associated with poor prognosis [40]. Therefore, PVT1 might
become a new biomarker for early screening and could
potentially be used as a prognostic biomarker and in future
targeted therapies to improve the survival rate of patients
[40-42]. Liquid biopsy is a novel method used for cancer
diagnosis. Circulating ncRNAs such as miRNAs and
IncRNAs are biomarkers that can be easily obtained from
blood and can be used for early diagnosis and prediction
of prognosis and treatment response. IncRNAs can be pas-
sively released through tissues or exosomes [43]. Recently,
the therapeutic targeting of oncogenic IncRNAs and

IncRNAs related to therapeutic resistance has attracted con-
siderable attention [44]. IncRNAs mediate these functions by
interacting with proteins, RNA, and lipids. Unlike other
ncRNAs, the functions of IncRNAs cannot be inferred from
their sequence or structure [45]. Therefore, experimental
evaluations are required to obtain complete and accurate
biological annotations. A recent study indicated that
IncRNA PVTI promotes the tumorigenesis of colorectal
cancer by stabilizing miR-16-5p and interacting with the
VEGFA/VEGFR1/AKT axis [46]. In a mouse xenograft
model, the combination of PVT1 loss and miR-16-5p over-
expression minimized tumor volume. IncRNA PVTI1 acts
as a miRNA sponge and negatively regulates miR-16-5p
expression. VEGFA is a key regulator of angiogenesis and
migration [47]. Angiogenesis is a crucial marker for tumor-
igenesis, progression, and prognosis [47]. In our study, we
discovered the regulatory role of miR-152-3p in the IncRNA
PVT1/VEGFA axis, especially exosomes, which are closer to
the exploration and application of tumor microenviron-
ment. Our findings regarding the exosomal IncRNA
PVT1/VEGFA axis confirms this point. PVT1 in the serum
exosomes of patients could affect metastasis and invasion
in both in vivo and in vitro models. Exosomes can be used
for precise treatment and early diagnosis, thus inspiring
novel treatment strategies for colon cancer.
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5. Conclusion

Exosomal PVTI1 promotes colon cancer metastasis through
its association with EGFR and VEGFA expression. miR-
152-3p targets both PVT1 and VEGFA, and this regulatory
pathway can be explored for drug development and as a
prognostic biomarker. A series of experimental designs and
their results are shown in the schema abstract in Figure 6.
The results of this study indicated the potential role of
PVT1/VEGFA-enriched serum exosomes in promoting dis-
tant metastasis in colon cancer. Both in vitro and in vivo
experiments revealed that increased PVT1 expression was
associated with increased metastatic potential and stemness,
as reflected by the concomitantly increased expression of
VEGFA, EGFR, and Sox2. Moreover, the downregulation of
PVT1 significantly suppressed the metastatic ability of colon
cancer cells, and PVT1 was observed to be regulated by the
tumor suppressor miR-152-3p. Nevertheless, future studies
should explore this perspective further and analyze the possi-
bility of designing agents that can increase miR-152-3p
expression for treating metastatic colon cancer.
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Various research works have piled up conflicting evidence questioning the effect of oxidative stress in cancer. Reactive oxygen
and nitrogen species (RONS) are the reactive radicals and nonradical derivatives of oxygen and nitrogen. RONS can act as a
double-edged weapon. On the one hand, RONS can promote cancer initiation through activating certain signal transduction
pathways that direct proliferation, survival, and stress resistance. On the other hand, they can mitigate cancer progression via
their resultant oxidative stress that causes many cancer cells to die, as some recent studies have proposed that high RONS
levels can limit the survival of cancer cells during certain phases of cancer development. Similarly, eukaryotic translation
initiation factors are key players in the process of cellular transformation and tumorigenesis. Dysregulation of such
translation initiation factors in the form of overexpression, downregulation, or phosphorylation is associated with cancer
cell’s altering capability of survival, metastasis, and angiogenesis. Nonetheless, eIFs can affect tumor age-related features.
Data shows that alternating the eukaryotic translation initiation apparatus can impact many downstream cellular signaling
pathways that directly affect cancer development. Hence, researchers have been conducting various experiments towards a
new trajectory to find novel therapeutic molecular targets to improve the efficacy of anticancer drugs as well as reduce
their side effects, with a special focus on oxidative stress and initiation of translation to harness their effect in cancer
development. An increasing body of scientific evidence recently links oxidative stress and translation initiation factors to
cancer-related signaling pathways. Therefore, in this review, we present and summarize the recent findings in this field
linking certain signaling pathways related to tumorigeneses such as MAPK and PI3K, with either RONS or eIFs.

1. Introduction

Cancer is considered the second leading cause of mortality
worldwide according to the World Health Organization.
Chemotherapy and radiotherapy can help in the manage-
ment of some types of cancer, but the net outcome of onco-

logical diseases is still far from satisfactory, which directs
most of the contemporary medical researchers to focus on
this field. Several studies have been conducted to find new
molecular therapeutic strategies, to improve the efficacy of
cancer treatment and reduce the side effects. Recent research
has been focusing on oxidative stress and initiation of
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translation as a potential target in cancer treatment. Some
types of cancer such as acute lymphocytic leukemia and
neuroblastoma are more common in young adults [1, 2],
with around 50% of testicular cancer cases occurring in
men between the age of 20 and 34 [3]. Cancer diseases are
more common among the elderly population due to longer
exposure to various risk factors such as exposure to chemi-
cals, radiation, chronic inflammation, unhealthy lifestyle,
accumulation of altered macromolecules, and decreased
immunity [4]. Patients younger than 20 years old account
for only 1.4% of all newly diagnosed cancer cases according
to Global Cancer Observatory.

Cancer cells alter mitochondrial dynamics, which include
mitochondrial fission and fusion that primarily determine
the balance between mitochondrial energy production and
cell death programs. Cancer cells cause mitochondrial
dynamics to resist apoptosis and adjust their bioenergetic
and biosynthetic requirements to support tumor initiation
and transformation properties such as autophagy, prolifera-
tion, migration, and therapeutic resistance. Microenviron-
mental stresses impact intratumoral heterogeneity and
impose stem-like traits on cancer cells. Major cancer-
related pathways such as mitogen-activated protein kinase
and phosphatidylinositol-3-kinase, which are both activated
by reactive oxygen and nitrogen species, can reprogram
mitochondrial function and dynamics. Cancer cells rely on
such reprogramming for sustained proliferation, the capacity
to metastasize and to resist apoptosis, thus positioning mito-
chondria as a pivot for major cancer traits [5].

Aerobic eukaryotes are faced with a phenomenon known
as the oxygen paradox, where they cannot survive without
oxygen, but at the same time, oxygen is considered lethal to
their survival. This is due to the presence of unpaired elec-
trons. The mitochondrial electron transport chain produces
water from the reduction of oxygen. However, the univalent
reduction of oxygen produces reactive intermediates which
are frequently encountered within the physiological cellular
state [6]. Reactive oxygen species are those reactive interme-
diates, in other words, partially reduced oxygen molecules
that can give rise to functional and morphological cellular
disturbances being capable of reacting with almost every
component of the cell [7]. On the one hand, RONS can
mutate nucleic acid and damage cellular components that
raised the assumption many years ago stating that both
cellular aging and cancer initiation may reflect accumulated
damage of RONS over periods [8]. On the other hand,
Gonskikh and Polacek demonstrated that RONS can be
beneficial. They explained that reduced protein synthesis
caused by oxidative stress is associated with increased pro-
duction of specific proteins that improve the overall cellular
performance [9].

RONS are the reactive radicals and nonradical derivatives
of oxygen and nitrogen. They are produced in all aerobic cells
and play a key role in cancer. They both originate from
endogenous and exogenous sources. Exogeneous sources
include air and water pollution, drugs (e.g., cyclosporins,
tacrolimus, gentamycin, and bleomycin), tobacco, alcohol,
heavy metals, industrial solvents, cooking (e.g., smoked meat,
waste oil, and fat), and radiation, which are metabolized
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inside the body into free radicals, whereas endogenous
sources consist of nicotinamide adenine dinucleotide phos-
phate oxidase, myeloperoxidase, lipoxygenase, and angioten-
sin II [10, 11]. Oxidative stress is a result of antioxidants and
RONS imbalance due to either depletion of antioxidants or
accumulation of RONS as shown in (Figure 1). RONS such
as superoxide, peroxyl radical, hydrogen peroxide, hydroxyl
radical, and peroxy nitrite can react with nucleic acids, pro-
teins, and lipids, thus resulting in cell and tissue damage.

Different subcellular compartments including both
enzymatic and nonenzymatic reactions produce RONS. The
enzymatic reactions include superoxide dismutase, glutathi-
one peroxidase, guaiacol peroxidase, peroxiredoxins, and
enzymes of the ascorbate-glutathione cycle, such as ascorbate
peroxidase, monodehydroascorbate reductase, dehydroas-
corbate reductase, and glutathione reductase, whereas non-
enzymatic examples include vitamin C, vitamin E, and
glutathione molecule [12]. Two main cellular organelles,
namely, the endoplasmic reticulum and the mitochondria,
are intimately involved in RONS production and their
metabolism. They both constitute a fundamental role in
redox regulation [13]. Cellular enzymes known as NADPH
oxidases produce a considerable amount of RONS in humans
[6]. Other cellular sources of RONS include neutrophils,
monocytes, cardiomyocytes, endothelial cells, xanthine
oxidases, cytochrome P450, lipoxygenases, and nitric oxide
synthases [14, 15]. Peroxisomes also produce RONS via both
beta-oxidation of fatty acids and flavin oxidase activity [16].
RONS are involved in various physiological processes and
essential protective mechanisms that living organisms use
for their survival. The protective mechanisms obviously
would be the role of the immune defense [17] and vascular
tone [18] which aims at maintaining a state of homeostasis.
Living organisms strive to keep those highly reactive mole-
cules under tight control with the help of a complex system
of antioxidants [19]. Accumulated evidence over time sug-
gested that RONS has a pivotal role in the determination of
cell fate, acting as second messengers and modifying various
signaling molecules.

Oxidative stress refers to the incapability of the cell to
detoxify free radicals produced, resulting in ineflicient cellu-
lar performance. The mechanism used by the cell in response
to oxidant effects is to restore the balance by promoting or
inhibiting genes encoding defensive enzymes, transcription
factors, and structural proteins [20]. The accumulation of
these reactive species affects normal cellular pathways and
therefore plays a positive role in cancer by damaging the
amino acids, DNA, and lipids that act as building blocks of
the body. Intracellular RONS are important components of
intracellular signaling cascades [21]. A recent study sug-
gested that RONS act as a double agent by promoting cancer
initiation through activating signaling pathways that control
proliferation, survival, and stress resistance and on the other
side by suppressing cancer initiation and progression via
oxidative stress that kills many cancer cells [22].

Initiation of translation is the complex and rate-
determining step of protein synthesis. This process is con-
served in all eukaryotes, and it involves multiple eukaryotic
initiation factors, including but not limited to eIF1, eIFla,
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FIGURE 1: A schematic presentation of RONS levels in the cell and their impact, the reasonable amounts of RONS are a key player for
activating protective signaling pathways whereas elevated RONS is considered lethal to most cellular functions and may lead to cancer
development. RONS: reactive oxygen and nitrogen species; P53: tumor suppressor; JNK: Jun N-terminal kinase.

elF2, eIF2b, elF3, elF4a, elF4e, elF4g, elF4b, elF4h, elF5,
elF5b, and elF6 [23]. elFs are proteins, most of which are
composed of several subunits, and have a major role in the
regulation of the translation initiation machinery [24]. Major
events in initiation comprise (1) formation of a 43S preinitia-
tion complex which consists of a 40S ribosomal subunit and
binds to elFs 1, 1A, 3, and 5 and also a ternary complex
consisting of the initiating methionyl-tRNA which binds to
elF2-Guanosine triphosphate (eIF2-GTP-MettRNAi); (2)
assembling of elF4F complex (eIF4E, eIF4G, elF4A) on
mRNA 5" m7GpppN cap; (3) eIF4F complex facilitating the
recruitment of the 43S PIC to the mRNA via eIlF4G-elF3
interaction to form the 43S mRNA initiation complex; (4)
in the 43S mRNA initiation complex, scanning of the mRNA
5' of the untranslated region in the 5’ to 3’ direction to the
initiation codon; (5) initiation codon recognition and 48S
complex formation; (6) eIF5B promoting the hydrolysis of
elF2-bound guanosine triphosphate, the displacement of
elFs, and the joining of a 60S subunit; (7) GTP hydrolysis
by eIF5B and release of eIF1A and guanosine diphosphate-
bound eIF5B from assembled elongation-competent 80S
ribosomes; (8) formation of an active 80S ribosome to initiate
protein synthesis; and (9) eIF5A promoting peptide bond
formation and translation elongation. The inactive eIF2-
GDP is recycled to active eIF2-GTP by GTP recycling factor
elF2B [23-27]. Dysregulation of translation initiation factors
in the form of overexpression, downregulation, or phosphor-
ylation affects cancer cell survival, metastasis, and tumor
angiogenesis and aging-related features [23, 27].

Signaling pathways and translation initiation factors have
represented a promising aspect for further studies in cancer
treatment, as their dysregulation promotes cancer progres-

sion. In addition, in vivo trials have provided up-and-
coming results, including some that have already moved to
the final phase of clinical trial. RONS play a double agent
role, depending on their cumulative amount within the cell.
The impact of elevated amounts of RONS is of greater impor-
tance when it comes to developing new cancer therapeutics;
however, targeting RONS requires determining the threshold
level of lethal RONS in different cells, opening an opportu-
nity for more research to be done concerning the mecha-
nisms and relevant applications of the proposed approaches.
Blocking dysregulated signaling pathways such as (PI3K/
Ak strain transforming/mechanistic target of rapamycin)
pathway and translation regulators by kinase inhibitors have
yielded promising outcomes as cancer treatment targets. Also,
researchers aiming at targeting dysregulated elFs as a cancer
therapy focus on eIF4 complex. This may be achieved in many
ways such as suppressing eIF4E activity or targeting its sub-
units [23]. It may help in controlling the disease and discover-
ing a new vision for cancer treatment in combination with
conventional chemotherapeutics. Future studies should focus
on determining the clear mechanism and the role of initiation
factors in aging. Another study demonstrated that overexpres-
sion of forkhead box O6 inhibits the migration and progres-
sion of breast cancer cells [28]. Understanding crosstalk
between the signaling pathways is the major challenge in
targeting signaling pathways, and also, the adverse events
associated with drugs make treatment more complicated.

2. RONS in Cancer

At low levels, RONS can be beneficial to cells activating sig-
naling pathways that promote survival. In contrast, at higher
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FIGURE 2: A schematic illustration of RONS regulation within cancer cells depicting some of the mechanisms used to reduce the extreme
accumulation of RONS to reach the optimum level for cellular performance and survival. Excessive accumulation of RONS enhances cell
death notably via ASK1/JNK/P38 MAPK pathway activation. RONS: reactive oxygen and nitrogen species; NRF2: nuclear factor

erythroid-derived 2-like 2; PGC-1a: peroxisome proliferator-activated
factor one.

levels, RONS can damage or even kill cells by oxidizing cellu-
lar components including proteins, lipids, and most impor-
tantly nucleic acids. However, recent studies have proposed
that high RONS levels can also limit the survival of cancer
cells during certain phases of cancer initiation and progres-
sion [22]. In some cancer cells, high RONS levels can be
attributed to hypoxia, sustained mitochondrial respiration,
unfolded protein response, and oncogenesis [29]. Classically,
RONS have been demonstrated to promote various types of
cancers. This was attributed to their ability to induce DNA
damage and thus enhancing the rate of tumor-causing muta-
tions and genetic instability besides their proinflammatory
effect. Recent evidence suggests that cancer cells are more
sensitive than normal cells to elevated RONS levels [30]
and that they rely on glutathione and thioredoxin for protec-
tion [31]. In some cancers, including melanomas, oxidative
stress acted as a barrier to distant metastasis [32].

Besides, the survival of tumor cells outside of a normal
tissue context requires adaptation to the metabolism of dif-
ferent microenvironments. Cancer cells depend on a variety

receptor gamma coactivator one alpha; HIF-1: hypoxic inducible

of mechanisms to suppress RONS and to cope with oxidative
stress [22]. Cancer cell uses several mechanisms to avoid the
extreme accumulation of radicals as shown in Figure 2. For
example, hypoxia-inducible factor, which is a transcription
factor that responds to the decrease in available cellular oxy-
gen in response to elevated RONS levels, has been shown to
mediate the shift of oxidative phosphorylation of anaerobic
glycolysis aiming to decrease RONS levels and eventually
increase the survival of cancer cells during their metastasis
to the lungs [33]. In a new study, peroxisome proliferator-
activated receptor gamma coactivator 1-alpha protein, a key
molecule activated by RONS production, involved in mito-
chondrial biogenesis and antioxidant enzymes activation was
identified to promote chemoresistance in response to RONS
generated by exposure of cells to ovarian sphere-forming
culture conditions [34]. Moreover, nuclear factor-like, an
inducible antioxidant program, is a redox stress-sensitive
transcription factor that induces several antioxidant and
detoxification genes. The activation of the NRf2 antioxidant
program in response to cellular stressors results in a decrease
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in RONS levels. DeNicola and colleagues have demonstrated
that several endogenous oncogenes such as KRAS, BRAF,
and Myc in mice can actively induce the NRf2 expression, pro-
moting a RONS detoxification program and hence creating a
more “reduced” intracellular environment. This program is
what the authors have suggested is required for tumor initia-
tion [35]. NRF2-deficient cancer cells showed impaired cancer
progression by globally suppressing protein translation due to
unopposed oxidative stress [36]. Multiple transcription factors
such as activation transcription factor 4 also cooperate to
induce an antioxidant response that promotes survival.
NRF2 and ATF4 promote the expression of serine/glycine
biosynthesis enzymes to increase glutathione synthesis, which
reduces oxidative stress and promotes survival during
metastasis [37]. Tumors from approximately 15% of
patients with lung cancer harbor somatic mutations in
Kelch-like ECH-associated protein 1 that prevent effective
NRF2 repression [38].

Some other tumor suppressors also act partly by sup-
pressing RONS production. BCR-ABL-transformed cells
(cells with gene translocation between chromosomes 9 and
22, also known as Philadelphia chromosome) show increased
intracellular RONS, as well as oxidative DNA damage and
chromosomal fragmentation [39]. The oxidative inhibition
of phosphatase and TENsin homolog, PTEN, a tumor sup-
pressor gene, by abnormally elevated levels of RONS in many
tumors could functionally impair the tumor-suppressing
activity of the enzyme, enhancing tumor development [40].
Another study demonstrated a cysteine residue involving
the mechanism by which Maspin, another tumor suppressor,
reduces RONS production, and RONS scavenging was asso-
ciated with the inhibition of extracellular signal-regulated
kinase 1/2 [41].

2.1. Nuclear Factor Kappa-Light-Chain Enhancer of Activated
B Pathway. NF-«B is a transcription factor that is considered
crucial in many processes including inflammatory response,
cellular adhesion, differentiation, proliferation, autophagy,
senescence, and apoptosis. The disorder of NF-xB has
already been confirmed to be associated with cancer [42].
The bidirectional interrelation was found between both
RONS and NF-«B. The NF-«xB pathway may be activated
by at least two distinct pathways named canonical and non-
canonical pathways. RONS affect NF-xB in multiple man-
ners, e.g., RONS can activate the noncanonical pathway,
leading to NF-«xB activation [43]. At the same time, the
canonical pathway can be inactivated, leading to NF-xB inhi-
bition. NF-«B can influence the RONS levels by increasing
the expression of various antioxidant proteins [44]. A recent
study found that the NF-«B pathway can also be activated by
a tumor necrosis factor receptor that is regulated by eIF3b in
human osteosarcoma cells [45].

2.2. Mitogen-Activated Protein Kinase (MAPK) Pathway.
Another signaling pathway altered by RONS is the MAPK
pathway. MAPK cascades are major intracellular signal
transduction pathways that play an important role in various
cellular processes such as cell growth, differentiation, devel-
opment, cell cycle, survival, and cell death. The MAPK/ERK

pathway is activated mainly by growth factors, and this
depends primarily on RAS phosphorylation [46]. RONS have
been shown to activate the receptors of epidermal growth fac-
tor and platelet-derived growth factor in the absence of their
corresponding ligands, which can stimulate RAS and the
subsequent activation of the MAPK pathway [47]. Also, it
has been demonstrated that RONS generated by commensal
bacteria in the activated DUSP3 gene by oxidation on Cys-
124 results in MAPK pathway activation. DUSP3 gene maps
to a region that contains the BRCA-1 locus, which confers
susceptibility to breast and ovarian cancer [48]. RONS was
also found to activate c-JUN N-terminal kinase pathway that
is one of the MAPK cascades [49, 50].

2.3. PI3K/AKT Pathway. The PI3K/AKT pathway is involved
in many critical cellular functions, including protein synthe-
sis, cell cycle progression, proliferation, apoptosis, autoph-
agy, and drug resistance [51]. RONS do not only activate
PI3K directly but also concurrently inactivates PTEN, which
inhibits the activation of AKT. PTEN is a tumor suppressor
gene on chromosome 10, and its mutation is linked to many
cancers; RONS can also enhance PTEN to enter the proteo-
lytic degradation pathway [52].

2.4. Calcium Signaling Pathway. In eukaryotic cells, calcium
acts as one of the most versatile signals involved in the con-
trol of cellular processes and functions, such as contraction,
secretion, metabolism, gene expression, cell survival, and cell
death. A bidirectional interrelation was found between both
calcium and RONS [53]. The primary role of calcium is to
promote adenosine triphosphate synthesis and RONS gener-
ation in mitochondria via stimulating the Krebs cycle
enzymes and oxidative phosphorylation [54]. Calcium ion
regulates several extramitochondrial RONS generating
enzymes, such as NADPH oxidase and nitric oxide synthase
[55]. Besides, calcium modulates RONS clearance processes
by regulating the antioxidant defense system. Calcium ions
can directly activate antioxidant enzymes such as catalase
and glutathione reductase, increase the level of superoxide
dismutase, and induce mitochondrial glutathione release.
Meanwhile, calmodulin, a ubiquitous calcium-binding pro-
tein, activates catalase in the presence of calcium and
downregulates hydrogen peroxide levels [56]. Moreover,
RONS can also influence calcium signaling by oxidizing cys-
teine thiol groups of the calcium channel [57].

Mitochondria Permeability Transition Pore, a large, non-
specific channel spanning the inner and outer mitochondrial
membranes, is known to control the lethal permeability
changes that initiate mitochondrial-driven death [58]. RONS
modulate mPTP opening in two ways: firstly, by directly oxi-
dizing different sites in its structure [55] and secondly by
either indirectly increasing the mitochondrial calcium con-
centration [59] or by activating the Jun N-terminal kinase
pathway [50]. In a recent study, opening mPTP was shown
to cause RONS to increase and promote apoptosis in cancer
cells [60].

2.5. Protein Kinases. RONS function in various cellular pro-
cesses via oxidizing the sulfhydryl groups of cysteine residues



in various protein kinases such as protein kinase C/D,
calmodulin-dependent protein kinase II, and receptor tyro-
sine kinases such as insulin receptor, epidermal growth factor
receptor, and platelet growth factor receptor, resulting in
their activation [61, 62]. RONS play a dual role in both stim-
ulation and inactivation of PKC following its concentration:
higher doses of oxidants react with catalytically important
cysteine residues inactivating PKC whereas low doses induce
stimulation of PKC activity [63].

2.6. Ubiquitination/Proteasome System. Ubiquitination/pro-
teasome system plays an indispensable role in a variety of
biological processes such as regulation of the cell cycle,
inflammatory responses, immune response, protein misfold-
ing, and endoplasmic reticulum-associated degradation of
proteins [64]. Oxidative stress affects the process of ubiquiti-
nation in different ways. First, the rapid depletion of reduced
glutathione and improvement of the levels of oxidized
glutathione upon exposure to oxidative stress result in the
oxidation of cysteine residues at the active sites of the
ubiquitin-activating enzymes E1 and E2 and the generation
of mixed disulfide bonds, which block their binding to ubiq-
uitin thus altering its function [65]. Second, it has also been
reported that bacteria elicit RONS generation in epithelial
cells that inactivate the Ubcl2 enzyme by preventing the
neddylation of cullin-1, rendering it unable to carry out
ubiquitination and thus making it inactive [66]. Third, the
proteasome itself is considered a target of oxidative stress,
and it was proposed that the 26S proteasome is more suscep-
tible than the 20S proteasome to oxidative inactivation [67].

Meanwhile, ubiquitination impacted by RONS has been
studied in some cancers. 3-Hydroxy butyrate dehydrogenase
2 is considered to be an important tumor suppressor in
gastric cancer. BDH2 was found to regulate the level of intra-
cellular RONS to mediate the PI3K/Akt pathway through
Keapl/Nrf2 signaling, thereby inhibiting the growth of
gastric cancer. Mechanistically, BDH2 promoted Keapl
interaction with Nrf2 to increase the ubiquitination of Nrf2
consequently increasing the level of RONS, thereby inhibit-
ing the phosphorylation of AKT and mTOR [68]. Another
study handled ubiquitination in thyroid cancer, and they
found that vitamin C Kkills thyroid cancer cells by inhibiting
MAPK/ERK and PI3K/AKT pathways via a RONS-
dependent mechanism. They suggested that vitamin C
eradicated BRAF wild-type thyroid cancer cells through a
ROS-mediated decrease in the activity of epidermal growth
factor/epidermal growth factor receptor-MAPK/ERK signal-
ing and an increase in AKT ubiquitination [69]. Sajadimajd
and Khazaei studied the ubiquitination of NRF2 and its cor-
relation with RONS. They found that under normal condi-
tions, NRF2 is commonly degraded in the cytoplasm by
interaction with Keapl inhibitor as an adaptor for ubiquiti-
nation factors. However, a high amount of RONS activates
tyrosine kinases to dissociate NRF2: Keapl complex, nuclear
import of NRF2, and coordinated activation of cytoprotec-
tive gene expression [70].

2.7. FOXO Apoptotic Pathway. Cancer cells are known by
their ability to escape cancer drugs by hijacking autophagy;
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in the light of recent studies, it is idealized that blocking
autophagy can help in increasing apoptosis through tran-
scriptional factor FOXO3a which links the two processes,
by maintaining autophagy equilibrium and controlling a
gene responsible for making an apoptosis-facilitating protein
called p53 upregulated modulator of apoptosis [71].

FOXO transcription factors are involved in inducing
apoptotic injury and RONS regulation in cancer cells. Over-
expression of Survivin, an antiapoptotic protein acting on
the FOXO3 apoptotic pathway, has been reported in neuro-
blastoma cells. FOXO3a is shown to prevent reactive oxygen
species accumulation and shift energy production from oxi-
dative phosphorylation to glycolysis [72]. The pathway is
activated by cellular oxidative stress via PI3K signaling. An
elevated level of superoxide dismutase 2 is associated with
increased FOXO activity [73], while NAD-dependent deace-
tylase sirtuin-3 was demonstrated to promote the FOXO3a
expression by inhibiting the wingless-related integration
site/ 3-catenin pathway. They suggested that upregulation of
FOXO6 was shown to inhibit epithelial-mesenchymal transi-
tion and migration of breast cancer cells and vice versa [28].

2.8. Pentose Phosphate Pathway. The PPP, which branches
from glycolysis at the first committed step of glucose metab-
olism, is required for the synthesis of ribonucleotides and is a
major source of NADPH. PPP is crucial for cancer cell sur-
vival and lipid biosynthesis. Given that NADPH is central
to oxidative stress resistance, cancer cells modulate the PPP
to maintain their anabolic demands and keep a state of redox
homeostasis. Recently, several neoplastic lesions were shown
to have evolved to facilitate the flux of glucose into the
pentose phosphate pathway [74]. Circulating microRNA-
21, a homotetrameric protein that was found to be highly
expressed in many solid tumors, catalyzes the oxidative
decarboxylation of malate to yield carbon dioxide and pyru-
vate, with concomitant reduction of NAD" or NADP™. In
non-small-cell lung cancer cell lines, MIR-21 depletion
caused an inhibition of cell proliferation with induction of
cell death accompanied by increased RONS. Furthermore,
MIR-21 knockdown impacts phosphoinositide-dependent
kinase-1 and PTEN expression, leading to PI3k pathway
inhibition [75].

The big picture reflecting the contribution of various
mediators plus local environmental factors seems to be the
actual determinant for RONS-induced consequences in both
physiology and pathology; therefore, it is essential to unravel
the not-yet-well-understood parts of this intricate picture for
a better understanding of the RONS induced alterations [19].
The net effect of RONS on cancer reflects a complex combi-
nation of adaptive and maladaptive consequences within the
cells and their environment [22].

3. elFs in Cancer

Messenger RNA translation or protein synthesis plays a
major role in the regulation of the eukaryotic gene expression
[76]. Many studies confirmed that dysregulation of the trans-
lational machinery, especially in the initiation, can lead to
abnormal gene expression and uncontrolled cell growth
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TasLE 1: Functions of different elFs.

Protein Function Refs.
elF1 mRNA screening and delivery of tRNA. (23, 101]
elF2 Initiation codon recognition. 27]
elF2b Allows for the next initiation to occur (returns the released GDP to GTP).
elF3 Recruiting translation factors and 40S ribosome subunits to the mRNA. [23, 24, 102]
elF4F Multisubunit complex:

(i) eIF4E CAP binding activity, a rate-limiting factor.

(ii) elF4G Scaffolding protein and interaction partner for other factors. [24, 103]
(iii) eIF4A RNA helicase.
(iv) eIF4B and elF4H mRNA secondary structure unwinding.
eLF5 Translation elongation and bond formation. [23]
elF6 Prevents 60S subunit association with 40S subunit in the absence of mRNA (antiassociation factor). [25]

elF: eukaryotic initiation factor; mRNA: messenger RNA; tRNA: tranfer RNA; GDP: glutamine dipeptide; GTP: glutamine tripeptide; CAP: catabolite

activator protein.

resulting in cancer [25, 77-79]. Regulation of the transla-
tional process is mainly achieved by the rate-limiting
initiation step, which is organized by multiple eukaryotic ini-
tiation factors [20]. Out of many elFs, only six are involved in
translation initiation. Table 1 describes the six factors
involved and the role of each one.

Alteration in initiation rate can occur by a change in ini-
tiation factors’ availability or activation of oncogenic signal-
ing pathways, such as PI3K/AKT/mTOR and MAPK
pathways [80]. Many relations have been found between
the translation machinery and some oncogenes such as
Myc and RAS families and tumor suppressors such as PTEN
and p53 [77-79].

Translation initiation factors also have a major role in
cellular transformation and tumorigenesis. Dysregulation of
translation initiation factors in the form of overexpression,
downregulation, or phosphorylation is involved in cancer cell
survival, metastasis, and tumor angiogenesis [23, 27]. The
regulation of initiation factors including overexpression of
elF4A, eIF4E, and elF4G; downregulation of eIF4E-binding
protein levels; and phosphorylation of elF2 is involved in
various types of cancer as shown in Table 2 [23, 27, 78, 81].
And still, the specific role played by increased initiation fac-
tors, levels, or activity in cancer behavior remains poorly
understood.

3.1. MAPK/MAPK-Interacting Kinases 1-2 Pathway. MNK1
and MNK?2 phosphorylate eIF4E on a single residue Ser209.
MAPK and ERK pathways activate MNKs in response to
stress and mitogens, respectively [82]. Hyperphosphoryla-
tion of eIF4E can lead to an increase in specific mRNA trans-
lation that encodes prosurvival proteins such as myeloid cell
leukemia-1, invasion, and epithelial to mesenchymal transi-
tion promoting proteins and cytokines [83]. Experimental
results revealed that complete loss of eIF4E phosphorylation
in the absence of MNK1 and MNK2 in the mouse model may
delay the development of tumorigenesis [84]. Hence, the

eIlF4F complex has an important role in tumorigenesis,
which is affected by many oncogenic pathways [85].

3.2. PI3K/AKT Pathway. E74-like factor 4 complex is a multi-
subunit which consists of eIF4E, eIF4A, and eIF4G. It is con-
sidered as a rate-limiting component in the initiation of
translation as its role is to recruit small ribosomal subunits
and related factors (43S, PICs) to the 5" end of mRNA [23].
The mTOR has a major role in the regulation of eIF4E [86].
As hyperphosphorylation of eIF4E binding proteins by
mTOR enables its dissociation from eIF4E, so eIF4F can
interact with eIF4G and form ELF4 complex and continue
the translation process [85].

In cancer, activation of oncogenes (e.g., AKT) or loss of
tumor suppressors (e.g., PTEN) leads to activation of
mTORCI, a hallmark of a cancer cell, which enhances cell
proliferation, survival, and invasion [86]. Hyperactivated
mTOR can lead to overexpression of eIF4E, which promotes
the translation of specific mRNAs which are involved in
angiogenesis, cell proliferation, and cell survival, namely,
vascular endothelial growth factor-A, cMyc, and B-cell lym-
phoma 2, respectively [87]. Cellular stresses, such as amino
acid deprivation and hypoxia, which are common in tumors,
downregulate mTORCI activity, preventing the formation
of the eIF4F complex, and thus downregulating protein
synthesis [85].

Previous studies have confirmed that the overexpression
of eIF4F or loss of eIlF4E-binding protein 1 is the key fea-
ture of most poor prognostic and drug-resistant cancer cells
[88, 89]. Some studies suggested that increased mTOR
activity can also lead to overexpression of e[F4A1 [23, 25].
On the other hand, eIF6 is necessary for ribosome biogenesis
in the nucleus. Several studies have described elF6 as an
important factor in age-related diseases such as colorectal
cancer, malignant pleural mesothelioma, and breast cancer.
In CRC and MPM, elF6 was overexpressed compared to
nonneoplastic tissues, suggesting a key contribution to
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TaBLE 2: Dysregulated eIFs in different types of cancer. TasLE 2: Continued.
Protein Form of dysregulation Resultant cancer ~ Refs. Protein Form of dysregulation Resultant cancer ~ Refs.
- Overexpression HCC [104] HCC [136]
e
Mutation Thyroid cancer  [105] Glioblastoma [137]
Lun; [138]
Increased elF5 Overexpression 8
Phosphorylation Oropharyngeal  [95] P Urinary bladder  [139]
Overexpression Gastrointestinal ~ [106] Ovarian [140]
NSCL [107] Colorectal [141]
elF2 alpha
Lymphoma (23] IF6 o . Leukemia [142]
. € 'Verexpression
Brain tumor [108] P Ovarian serous  [143]
Th}’“’ld [109] HCC: hepatocellular carcinoma; NSCL: non-small-cell lung cancer.
carcinoma
eIF3A Overexpression Colorectal [110] carcinogenesis. In a recent study, the knockdown of eIF6 in
elF3B Esophageal [111] adenocarcinoma and squamous cell carcinoma led to pre-
CIF3C Glioma [112] rRNA processing and ribosomal 60S maturation defeFts,
and in non-small-cell lung cancer, there was upregulation
Breast [92]  of elF6 [90].
elF3D Prostate [93]
Gastric [113] 3.3. Miscellaneous Pathways Involving elFs in Cancer. Other
elE3H HCC [114] studies confirmed that silencing eIF3a reverses the malignant
T3l Head and neck 1115 phenotype of human lung and breast cancer cell lines and
¢ ead and neck _ [113] downregulates the cyclin dependent kinase inhibitor p27
elF3M Colorectal [116] [91]. Silencing eIF3d also showed a role in limiting the prolif-
eIF3E Downregulation Breast 23] eration .and. invasion of cancer cells by suppressing Wnt/
B-catenin signaling and cyclin dependent kinase-1 [92, 93].
elF3F Pancreatic [117] The overexpression of elF3f may lead to suppression of
Brain [108] AKT and ERK signaling, an increase of p53 protein levels,
. and inhibition of clusters in protein expression, which also
Endometrial [118] . . .
promotes cancer cell proliferation and reduces chemosensi-
Head and neck  [119] tivity [94]. Recent studies also suggest that prolonged elF2«
Bladder (120] phosphorylation, which prevents the conversion of GDP to
Cervical [121] GTP by increasing the affinity of eIF2B for eIF2-GDP, results
elF4E Overexpression Prostate [122] in blocking of protein synthesis [27]. eIF2«a can promote cell
Colon [123] survival, transformation, and drug resistance, whereas other
Liver [124] stud.ies suggest that elF2« phosphorylation can trigger. apo-
ptosis [95, 96]. Moreover, elF6 is upregulated and active in
Lymphoma [125] .
N 126] many human cancers and may be regulated by protein kinase
Esophagus ! C by phosphorylation on $235 [97].
Gastric [127]
N h 1 128 .
asopharyngea [[80] 4. RONS Impacting elFs
Breast ’
129] RONS can affect elFs in different ways. A study confirmed
elF4G Squamous cell [130] that specific translational control driven by elF6 is essential
lung cancer for adjusting a set of RONS-controlling genes in megakaryo-
Cervical cancer  [81] cytes. Specifically, genes coding for the mitochondrial elec-
Melanoma [131] tron transport chain complex I and complex IV and those
involved in RONS production. They identified the pathways
. Breast [132] . : . 1.
elF4A Downregulation of the mitochondrial electron transport chain and oxidative
Lung [133] phosphorylation as the most significantly impaired [98].
elF4B Overexpression B-cell lymphoma  [134] Another group of researchers investigated the mechanism
linking eIF5A2 and RONS. They found that the inhibition
elF4H Lung [135]

of eIF5A2 affects epithelial mesenchymal transition progres-
sion so that it decreases the invasion and metastasis of hepa-
tocellular carcinoma cells via RONS-related pathways [99].
Moreover, it is suggested that radiation-induced autophagy
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is a prosurvival response initiated by oxidative stress and
mediated by eIF2A kinase 3 [100].

5. Conclusion

Oxidative stress and initiation of translation fundamentally
influence oncogenesis and age-related diseases by altering
the relevant downstream pathways and that can be used to
our privilege in treating oncologic diseases. Oxidative stress
has been described as one of the main causes of cellular
damage and mutations resulting in decreased cellular perfor-
mance; however, these radicals existing in reasonable
amounts within the cell can play a crucial role in the activa-
tion of various signaling pathways. Initiation of translation
is an important step in synthesizing a protein, altering of
which can affect the quantity and quality of the proteins pro-
duced. To maintain normal cellular functioning, these pro-
teins need to be degraded; failure of that degradation will
lead to accumulated proteins, consequently increasing the
possibility of cancer. Moreover, dysregulation of translation
initiation factors has been associated with cancer progres-
sion; however, more studies are needed to determine the
involved mechanism. Hence, future studies should focus
more on harnessing the initiation of translation and reactive
radicals to target cancer cells. Targeting the pathways associ-
ated with the initiation of translation and RONS should be
given the utmost priority.
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The imbalance of the redox system has been shown to be closely related to the occurrence and progression of many cancers.
However, the biological function and clinical significance of redox-related genes (RRGs) in clear cell renal cell carcinoma
(ccRCC) are unclear. In our current study, we downloaded transcriptome data from The Cancer Genome Atlas (TCGA)
database of ccRCC patients and identified the differential expression of RRGs in tumor and normal kidney tissues. Then, we
identified a total of 344 differentially expressed RRGs, including 234 upregulated and 110 downregulated RRGs. Fourteen
prognosis-related RRGs (ADAMS, CGN, EIF4EBP1, FOXM1, G6PC, HAMP, HTR2C, ITIH4, LTB4R, MMP3, PLG, PRKCG,
SAAI, and VWF) were selected out, and a prognosis-related signature was constructed based on these RRGs. Survival analysis
showed that overall survival was lower in the high-risk group than in the low-risk group. The area under the receiver operating
characteristic curve of the risk score signature was 0.728 at three years and 0.759 at five years in the TCGA cohort and 0.804 at
three years and 0.829 at five years in the E-MTAB-1980 cohort, showing good predictive performance. In addition, we explored
the regulatory relationships of these RRGs with upstream miRNA, their biological functions and molecular mechanisms, and
their relationship with immune cell infiltration. We also established a nomogram based on these prognostic RRGs and
performed internal and external validation in the TCGA and E-MTAB-1980 cohorts, respectively, showing an accurate
prediction of ccRCC prognosis. Moreover, a stratified analysis showed a significant correlation between the prognostic signature
and ccRCC progression.

1. Introduction

Renal cell carcinoma (RCC) is one of the most common
urogenital tumors, among which clear cell RCC (ccRCC) is
the most common subtype, accounting for about 75% of all
renal tumors [1]. The standard treatment for ccRCC is
surgery, with a high cure rate for localized disease, early
and a 5-year survival rate of more than 90%, while the
5-year survival rate for patients with distant metastases

drops to 12% [2]. However, nearly 25-30% of ccRCC
patients are diagnosed with advanced cancer, and 30%
have distant metastases after surgery for early cancer [3, 4].
In addition, the TNM staging system (tumor, lymph node,
and metastasis) currently used clinically cannot effectively
predict the invasiveness of ccRCC [5]. Although some renal
carcinoma-related biomarkers have been released recently,
such as Li et al. [6] have developed a classification system
of ccRCC based on PKM alternative splicing; Caliskan et al.
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[7] conducted comparative analysis of RNA-seq tran-
scriptome data of different RCC subtypes and found reporter
molecules that were specific to each other or subtype; there
are still few markers or models that can be used to predict
the prognosis of ccRCC patients clinically. Therefore, in-
depth exploration of the molecular mechanism of ccRCC,
identification of biomarkers that can effectively predict the
prognosis and progression of ccRCC, and development of
effective early screening and diagnosis methods are of vital
importance for improving the treatment effect and quality
of life of patients.

The homeostasis system of cellular redox forms a delicate
balance between the production of reactive oxygen species
(ROS) and the removal of reactive oxygen species by antiox-
idant enzymes and small-molecule antioxidants, and partici-
pates in the regulation of physiological events such as cell
signal transduction, proliferation, and differentiation at nor-
mal low concentrations [8, 9]. However, excessive intracellu-
lar ROS accumulation can cause oxidative stress, which can
damage cell membranes, promote mitochondrial damage,
and induce cell death, thus negatively affecting cell function
and survival [10-12]. It is worth noting that this is largely
due to the uncontrolled increase of ROS, which leads to the
accumulation of large amounts of free radicals, thus destroy-
ing proteins, DNA, and lipid macromolecules, leading to
genomic instability and changes in cell growth [13]. It is
therefore not surprising that disorders of redox homeostasis
are associated with the development of a variety of pathol-
ogies, including obesity, diabetes, cardiovascular disease,
and neurodegenerative diseases [14-16]. In the past few
decades, many studies have also shown that the imbalance
of the oxidation-reduction system and the accumulation
of ROS and oxidative stress can mediate the occurrence
and development of cancer by causing molecular damage
[17, 18]. Redox imbalance was also found in the develop-
ment and progression of renal cell carcinoma [19, 20].
However, there has been no systematic study on the
composition of redox-related genes (RRGs) in ccRCC
and their relationship with prognosis. Thus, understand-
ing the molecular composition of RRGs and their roles
and functions in ccRCC is necessary for improving prog-
nosis and identifying new biomarkers.

In the current study, we download the transcriptome
data and corresponding clinical data of ccRCC from The
Cancer Genome Atlas (TCGA) database. We identified
differentially expressed RRGs and found that these genes
were closely related to clinical parameters. Subsequently,
we identified the fourteen RRGs most associated with
prognosis and constructed a predictive model based on
them. Kaplan-Meier survival analysis and time-dependent
receiver operating characteristic (ROC) analysis showed
that the model had satisfactory predictive potential. Next,
we explored the upstream regulatory network of these
RRGs and its relationship with immune cell infiltration.
We then built a nomogram based on the signature and
other clinical parameters and validated it in the TCGA
database and ArrayExpress database. Finally, we verified
the expression of these RRGs in the Human Protein Atlas
(HPA) database.
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2. Materials and Methods

2.1. Data Access, Collation, and Differential Expression
Analysis. The miRNA sequencing dataset, RNA sequencing
dataset, and corresponding clinical data of ccRCC were
downloaded from the TCGA (https://portal.gdc.cancer.gov/)
database. Then, genes related to redox were screened from
the OMIM database (https://www.oncomine.org/resource/),
NCBI gene function module (https://www.ncbi.nlm.nih.gov/
gene/), GeneCards database (https://www.genecards.org/),
and GSEA-MSigDB  (https://www.gsea-msigdb.org/gsea/
msigdb) with the keyword “redox” [21]; a total of 4087 RRGs
were obtained. In addition, we downloaded the E-MTAB-
1980 dataset from the ArrayExpress database (https://www
.ebi.ac.uk/arrayexpress/) as an external validation cohort.
Next, we used edgeR package (http://www.bioconductor.org/
packages/release/bioc/html/edgeR.html) to preprocess the
raw data of the TCGA cohort, including averaging the
genes with the same name, removing the genes with an
average expression of less than 1, and normalizing the
expression data based on trimmed mean of M-values
(TMM) algorithm. And for microarray data from ArrayEx-
press, the data were background adjusted and normalized
using the robust multiarray analysis (RMA) method in affy
package (http://www.bioconductor.org/packages/release/bioc/
html/affy.html). Additionally, the data were transformed
using a log, transformation, and the probes were converted
into gene symbols. When a gene was recorded by multiple
probes, its expression level was averaged. |Log, fold change
(FC) | >2.0 and false discovery rate (FDR) < 0.05 were con-
sidered to be differently expressed genes.

2.2. Evaluation of Gene Modules and Their Correlation with
Clinical Parameters. We performed weighted correlation net-
work analysis (WGCNA) of differentially expressed RRGs to
establish gene interaction modules and to evaluate the rela-
tionships between these RRGs and clinical parameters as a
whole, according to the WGCNA package. Briefly, after soft
threshold (power) was set and cluster modules and genes
were obtained, correlation analysis was conducted between
clinical parameters (including age, gender, tumor grade,
tumor stage, T stage, N stage, and M stage) and module char-
acteristic genes. A p<0.05 was considered statistically
significant.

2.3. Establishing Protein-Protein Interaction (PPI) Network
and Screening Key Modules. We first identified the protein-
protein interaction information of these differentially
expressed RRGs through the STRING database (http://www
string-db.org/). Then, the PPI network was constructed
and visualized using Cytoscape 3.8.0 software. In addition,
we used the Molecular Complex Detection (MCODE) plug-
in to filter the key modules with nodes greater than 10.

2.4. Identification of Prognosis-Related RRGs. First, univariate
Cox regression analysis was performed on these key RRGs of
the TCGA cohort to identify the RRGs associated with prog-
nosis. Subsequently, we performed the least absolute shrink-
age and selection operator (LASSO) regression analysis,
Kaplan-Meier test, and multivariate Cox regression analysis
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to screen for the RRGs most associated with prognosis. A
P <0.05 was considered significant.

2.5. Construction and Evaluation of RRG-Based Prognosis-
Related Signature. After screening these prognosis-related
RRGs, a multivariate Cox proportional hazards regression
model was constructed to predict the prognosis of ccRCC
patients. The risk score for each patient in the signature
was calculated according to the following formula:

Risk score = Z Expifi. (1)

i=1

Here, Exp represents the expression of each gene, and f3
represents the regression coefficient. Subsequently, based on
the median risk score, we divided the TCGA cohort into
high-risk and low-risk subgroups. Then, we performed the
Kaplan-Meier survival analysis to compare the difference in
overall survival (OS) between the two subgroups. And the
time-dependent ROC curve was used to evaluate the prog-
nostic ability of the signature. In addition, the E-MTAB-
1980 cohort was used as an external validation set to verify
the stability and accuracy of the signature. Moreover, we also
randomly and equally divided the TCGA cohort into two
datasets, and further verified the stability and reliability of
the signature based on these two datasets.

2.6. The Expression Differences of Signature-Based Risk
Score and Prognosis-Related RRGs Stratified by Different
Clinicopathological Parameters. We analyzed the expression
differences of signature-based risk score stratified by different
clinicopathological parameters to explore whether it might
affect the progression of ccRCC. In addition, we analyzed
the expression differences of prognosis-related RRGs strati-
fied by different clinicopathological parameters to under-
stand the role of redox in ccRCC. A p<0.05 was
considered significant.

2.7. Upstream Regulatory Network and Functional Enrichment
Analysis of Prognosis-Related RRGs. We first obtained
ccRCC miRNA sequencing dataset from the TCGA data-
base. Next, we conducted coexpression analysis of differen-
tially expressed miRNAs and prognosis-related RRGs to
explore their regulatory relationships, based on |Cor | >0.1
and p<0.001 standard. Subsequently, the functional
enrichment analysis of these differentially expressed RRGs
was detected by the Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database pathway
enrichment analysis. All enrichment analyses were per-
formed by using the clusterProfiler package (http://www
.bioconductor
.org/packages/release/bioc/html/clusterProfiler.html).

2.8. The Infiltration Difference of Tumor-Infiltrating Immune
Cells between High-Risk and Low-Risk Groups in the TCGA
Cohort Assessed by RRG-Based Prognostic Signature. The
degree of infiltration of immune cells in the immune micro-
environment is important for tumor progression, treatment,
and prognosis. We used the cell-type identification by esti-

mating relative subsets of RNA transcripts (CIBERSORT)
and its supplied LM22 gene set to assess the degree of
immune cell infiltration in different subgroups. CIBERSORT
is a deconvolution algorithm that assesses the relative abun-
dance of immune cell infiltration in each patient based on
the expression data of 22 tumor-infiltrating lymphocyte
subsets. Here, the number of permutations was set to 1000.
P <0.05 was the filtering criterion.

2.9. Construction of a Nomogram. We performed the Cox
regression analysis and multiple regression analysis to assess
the prognostic significance of different clinical parameters
and the prognosis-related signature. Then, to establish a
quantitative approach to predict the prognosis of ccRCC
patients, we constructed a nomogram combining clinical
parameters and RRG-based prognosis-related signature by
using rms package. Subsequently, calibration curves at differ-
ent time intersections were plotted to assess the predictive
accuracy of the nomograms. And the TCGA and E-MTAB-
1980 datasets were used for Kaplan-Meier survival analysis
and ROC analysis to further evaluate the accuracy and stabil-
ity of the nomogram.

2.10. Validation of Prognosis-Related RRG Expression. We
used the immunohistochemical results from the Human
Protein Atlas (HPA, http://www.proteinatlas.org/) online
database to detect the protein expression of these
prognosis-related RRGs [22].

3. Results

3.1. Identifying Differentially Expressed RRGs. In this study,
we systematically and comprehensively analyzed the role
and clinical significance of RRGs in ccRCC. Figure 1 shows
a flow chart of the study. A total of 72 normal renal tissue
samples and 539 ccRCC samples were analyzed. We identi-
fied a total of 4087 RRGs from the GeneCards, OMIM, NCBI,
and GSEA-MSigDB databases, and finally, 3845 RRG expres-
sion data was obtained according to the TCGA cohort. Next,
based on our inclusion criteria (|log, FC|>2.0 and FDR <
0.05), 344 differentially expressed RRGs were identified,
including 234 upregulated and 110 downregulated RRGs.
The expression distribution of these RRGs is shown in
Figures 2(a) and 2(b).

3.2. Correlation between Gene Modules and Clinical
Characteristics. We performed WGCNA analysis to deter-
mine the correlation between gene modules and clinical
features. Briefly, after extracting gene expression data and
corresponding clinical data from the TCGA database, includ-
ing prognosis status, age, gender, tumor grade, tumor stage, T
stage, N stage, and M stage, we then set a soft threshold
(power) and obtained the optimal scale-free topology fitting
model index (scale-free R?) and average connectivity. The
degree of difference among genes was determined based on
topological overlap measure, and the clustering tree diagram
of genes was obtained. Finally, the clinical factors and mod-
ule characteristic genes in TCGA were analyzed by cluster
analysis. Figure 2(c) shows the relationships between differ-
ent gene modules and clinical features such as age, gender,


http://www.bioconductor.org
http://www.bioconductor.org
http://www.bioconductor.org
http://www.proteinatlas.org/

ccRCC transcriptome data from
TCGA

|

Differently expressed RRGs between
tumor and normal tissues (344 RRGs)

Construction of protein-protein
interaction network and screening of
key RRGs (188 RRGs)

l

Univariate Cox regression analysis
(103 RRGs)

Oxidative Medicine and Cellular Longevity

|

ccRCC clinical information in TCGA

LASSO regression analysis (15 RRGs)

|

ccRCC miRNA data from TCGA ]

Kaplan-Meier test (14 RRGs)

| !

Differently expressed miRNA I
between tumor and normal tissues |

Multivariate Cox regression analysis
(14 RRGs)

GO and KEGG enrichment analysis

[ miRNA-RRGs regulatory network ]
analysis

Relationship between RRGs and
clinical characteristics

\ﬁ

Integrated 14-RRGs prognostic model }—

Relationship between prognostic
model and immune cell infiltration

|

Validation cohort
E-MTAB-1980

|

ROC Diagnostic value og-ran Prognostic risk
curve analysis test assessment

Relationship between
prognostic model and
clinical characteristics

Clinical decision-
making analysis

Nomogram

tratification
analysis
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tumor grade, tumor stage, T stage, N stage, and M stage after
WGCNA analysis. Two modules were significantly corre-
lated with tumor grade (p =0.025, p=0.025). One module
was significantly correlated with tumor stage (p=0.030).
Three modules were negatively correlated with M stage
(p=0.013, p=0.013, and p=0.017). Three modules were
significantly correlated with N stage (p=0.033, p=0.025,
and p < 0.001). However, there was no significant correlation
between the gene models and age, gender, and T stage.
Although our results showed a small effect size, the associa-
tion was statistically significant, suggesting that RRGs may
affect clinical outcomes in ccRCC patients. Therefore, prog-
nostic analysis deserved to be performed subsequently.

3.3. Construction of PPI Network and Screening Key Modules.
In order to further explore the role of key RRGs in
ccRCC, we used the STRING database and Cytoscape soft-
ware to analyze these differentially expressed RRGs and
construct a PPI network containing 189 nodes and 489
edges (Figure 3(a)). We also used the MCODE plug-in

to filter two key modules. Module 1 contained 23 nodes
and 143 edges (Figure 3(b)). And module 2 contained 12
nodes and 32 edges (Figure 3(c)).

3.4. Construction and Evaluation of RRG-Based Prognosis-
Related Signature. We first performed univariate Cox
regression analysis on these 189 key RRGs and identified
103 prognosis-related RRGs (Supplemental Table S2).
Next, LASSO regression analysis was performed for further
analysis, and 15 RRGs were identifled (Supplemental
Figure S1). To further identify the RRGs with the best
prognostic significance, we identified 14 RRGs, including
ADAMS, CGN, EIF4EBP1, FOXM]1, G6PC, HAMP, HTR2C,
ITIH4, LTB4R, MMP3, PLG, PRKCG, SAAI, and VWF, by
using the Kaplan-Meier test (Supplemental Figure S2).
Next, the GEPIA online tool (http://gepia.cancer-pku.cn/)
was used to explore the expression levels of these 14 RRGs
in different cancer types in the TCGA cohort, and the
results are shown in Supplemental Figure S3. Subsequently,
a RRG-based prognosis-related signature was established by
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multiple stepwise Cox regression (Table 1). The risk score of
each ccRCC patient was calculated as follows:

Risk score = (0.0632 x Exp ADAMS reads)
+ (—0.0989 x Exp CGN reads)

+(0.1336 x Exp EIF4EBP1 reads)
+(0.1039 x Exp FOXM1 reads)
+(—0.0263 x Exp G6PC reads)
+(0.0258 x Exp HAMP reads)
+(0.1703 x Exp HTR2C reads) 2)
+ (0.0460 x Exp ITIH4 reads)

+(0.1244 x Exp LTB4R reads)
+(0.0618 x Exp MMP3 reads)
+(=0.0531 x Exp PLG reads)
+(0.0259 x Exp PRKCG reads)
+(0.0332 x Exp SAA1 reads)
+ (=0.0657 x Exp VWF reads).

Then, according to the median risk score, the TCGA
cohort was divided into high-risk and low-risk subgroups.
Kaplan-Meier survival analysis showed that patients in the

high-risk group had a worse prognosis than those in the
low-risk group (p=1.033e—14, Figure 4(a)). A time-
dependent ROC curve was performed to further evaluate
the predictive performance of the signature, and the area
under the ROC curve (AUC) for OS was 0.796 at one year,
0.728 at three years, and 0.759 at five years (Figure 4(b)).
Next, the external cohort E-MTAB-1980 dataset was used
to verify the stability of the RRG-based signature. The
Kaplan-Meier survival analysis also showed a poorer
prognosis for patients in the high-risk group (p=1.164e -
05, Figure 4(c)). The AUCs of the 1-, 3-, and 5-year
survival rates were 0.759, 0.804, and 0.829, respectively
(Figure 4(d)). Figures 4(e), 4(g) and 4(f), 4(h) show the
survival status and expression heat maps of each patient in
the TCGA and E-MTAB-1980 cohort, respectively.
Moreover, to further verify the accuracy and stability of the
signature, the whole TCGA cohort was randomly divided
into training (n=270) and test groups (n=269) for
subsequent analysis. The Kaplan-Meier survival analysis also
showed a worse prognosis in the high-risk group in both
datasets (p=1.484e—08 and p=3.747e— 08, Figures 5(a)
and 5(c)). In the training dataset, the predicted AUCs for 1-,
3-, and 5-year survival rates were 0.771, 0.693, and 0.763,
respectively (Figure 5(b)), and in the test dataset, the
predicted AUCs for 1-, 3-, and 5-year survival rates
were 0.826, 0.767, and 0.756, respectively (Figure 5(d)).
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Figure 3: Construction of protein-protein interaction network and screening key modules. (a) Protein-protein interaction network of
differentially expressed RRGs. (b) Critical module 1 from PPI network based on MCODE plug-in. (c) Critical module 2 from PPI network
based on MCODE plug-in. Green circles: downregulation; red circles: upregulation.

Figures 5(e) and 5(h) show the survival status of each
patient in the training and test groups, respectively.
These results showed that the RRG-based prognosis-
related signature has good predictive performance and
stability.

3.5. Prognostic Value of the Signature Stratified by Clinical
Parameters. To investigate the clinical prognostic value of
the 14 RRGs-based prognosis-related signature in the ccRCC
patients stratified by different clinical parameters, ccRCC
patients were stratified by age, gender, tumor grade, tumor
stage, T stage, N stage, and M stage. Kaplan-Meier survival
analysis showed poor prognosis in all high-risk groups
(Figure 6). These results suggested that the RRG-based
prognosis-related signature could predict the prognosis of
ccRCC patients without considering clinical parameters.

3.6. The Expression Differences of Signature-Based Risk Score
Stratified by Different Clinicopathological Parameters. Next,
to explore whether the signature would affect the ccRCC pro-
gression, we investigated the correlation between the signa-
ture and different clinical parameters. The results showed

that there was no significant correlation between age, gender,
N stage, and the signature (p=0.174, p=0.321, and p=
0.281, Figures 7(a), 7(b), and 7(f)). However, the risk score
of stage I-II was significantly lower than that of stage III-IV
(p <0.001, Figure 7(c)), the risk score of grades 1-2 was sig-
nificantly lower than that of grades 3-4 (p<0.001,
Figure 7(d)), the risk score of T1-2 was significantly lower
than that of T3-4 (p < 0.001, Figure 7(e)), and the risk score
of MO was significantly lower than that of M1-X (p <0.001,
Figure 7(g)). These results indicated that the prognostic sig-
nature was significantly associated with tumor progression
in ccRCC, and the higher the risk score, the more advanced
the tumor was.

3.7. The Expression Differences of Prognosis-Related RRGs
Stratified by Different Clinicopathological Parameters. Based
on the above results, we analyzed the relationship between
prognosis-related RRGs and different clinical parameters to
further investigate the role of these RRGs in ccRCC. The
results showed that the expressions of G6PC and SAA1 were
significantly correlated with gender; the expressions of
ADAMS, CGN, EIF4EBP1, FOXM1, G6PC, HAMP, HTR2C,
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TaBLE 1: Multivariate Cox regression analysis to identify prognosis-related redox genes.
Gene Coef Exp (coef) se (coef) z Pr (>|z])
ADAMS 0.0632 1.0652 0.0834 0.7575 0.4488
CGN -0.0989 0.9058 0.0569 -1.7376 0.0823
EIF4EBP1 0.1336 1.1430 0.0898 1.4880 0.1367
FOXM1 0.1039 1.1095 0.0773 1.3442 0.1789
G6PC -0.0263 0.9741 0.0383 -0.6851 0.4933
HAMP 0.0258 1.0261 0.0595 0.4328 0.6651
HTR2C 0.1703 1.1857 0.0707 2.4100 0.0160
ITIH4 0.0460 1.0470 0.0584 0.7873 0.4311
LTB4R 0.1244 1.1324 0.0957 1.3003 0.1935
MMP3 0.0618 1.0637 0.0392 1.5764 0.1149
PLG -0.0531 0.9483 0.0291 -1.8230 0.0683
PRKCG 0.0259 1.0263 0.0571 0.4536 0.6501
SAA1 0.0332 1.0337 0.0273 1.2146 0.2245
VWEF -0.0657 0.9364 0.0628 -1.0463 0.2954

Coef: coeflicient.

ITTH4, LTB4R, MMP3, PLG, PRKCG, SAA1, and VWF were
significantly correlated with grade; the expressions of
ADAMS, CGN, EIF4EBP1, FOXM1, G6PC, HAMP, ITIH4,
LTB4R, MMP3, PLG, PRKCG, SAA1, and VWF were signif-
icantly correlated with stage and T stage; the expressions of
ADAMS, EIF4EBP1, G6PC, HAMP, LTB4R, PLG, SAAI,
and VWF were significantly correlated with M stage. How-
ever, no genes were associated with age and N stage (Table 2).

3.8. Multidimensional Regulatory Network and Functional
Enrichment Analysis of Prognosis-Related RRGs. The redox-
dependent regulation of cell homeostasis is considered to be
a multilayered process involving not only protein and
enzyme complexes but also noncoding RNAs [23, 24]. These
noncoding RNAs, including miRNAs, play important roles
in regulating cellular redox homeostasis systems [25]. Some
miRNAs have been found to be involved in cellular reactions
by altering the expression of genes encoding antioxidant
enzymes (SOD, catalase, peroxidase, and glutathione trans-
ferase) [26]. Zhang et al. [27] found that miR-206 induces
ROS accumulation in vivo and in vitro by binding to SOD1
mRNA, which may be a cause of cardiovascular disease.
Gomez de Cedron et al. [28] reported that miR-661 regulates
redox and metabolic homeostasis in colon cancer. Therefore,
it is noteworthy to reveal the multidimensional regulatory
network in tumor genesis and progression of prognosis-
related RRGs and miRNAs in this study. We first investigated
the upstream mechanism of RRGs based on the prognosis-
related signature. We obtained 2089 miRNA sequencing data
from the TCGA database, and 211 miRNAs were obtained
after differential analysis, including 115 upregulated and 96
downregulated miRNAs (Figure 8(a)). Next, we conducted
coexpression analysis between differentially expressed miR-
NAs and prognosis-related RRGs, identified a total of 9 miR-
NAs involved in upstream regulation, and drew a Sankey plot
(Figure 8(b)). And all miRNAS positively regulated the corre-
sponding RRGs (Supplemental Table S3).

Subsequently, we conducted GO and KEGG enrichment
analysis of these RRGs by using clusterProfiler package to
explore the biological functions and molecular mechanisms
of these differentially expressed RRGs. GO and KEGG
enrichment analysis showed that these RRGs were mainly
involved in reactive oxygen species metabolic process, cal-
cium ion homeostasis, antigen processing, treatment, peptide
antigen presentation, HIF-1 signaling pathway, transcrip-
tional misregulation in cancer, and PI3K-Akt signaling path-
way (Figures 8(c) and 8(d)).

3.9. The Infiltration Difference of Tumor-Infiltrating Immune
Cells between High-Risk and Low-Risk Groups in the TCGA
Cohort Assessed by Fourteen RRG-Based Prognostic Signature.
The degree of immune cell infiltration is critical to tumor
progression, treatment, and prognosis. The CIBERSORT
algorithm was used to evaluate the differences in immune
cell infiltration among different risk subgroups. The results
showed that in each sample of the TCGA cohort, there were
significant differences in the composition of 22 immune
cells (Figure 9(a)). In addition, we found that there were
some differences among the cells in different groups. Specif-
ically, the infiltration degree of plasma cells, T cells CD8, T
cells CD4 memory activated, T cells follicular helper, T cells
regulatory (Tregs), monocytes, macrophages MO0, dendritic
cells activated, mast cell resting, and eosinophils were sig-
nificantly different between the two groups (Figure 9(b)).
Moreover, the results of correlation matrix showed that T
cells CD8 had the strongest positive correlation with T cells
regulatory (Tregs), and was also positively correlated with T
cells follicular helper. There was also strong positive corre-
lation between T cells follicular helper and T cells regulatory
(Tregs) (Figure 9(c)).

3.10. Construction and Validation of a Nomogram. Cox
regression analysis was first performed to assess the prog-
nostic value of different clinical parameters and risk score
in ccRCC patients. The results indicated that the age
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FIGURE 4: Risk score, survival time, and survival status analysis of ccRCC patients based on the fourteen RRGs’ prognostic signature in the
TCGA and E-MTAB-1980 cohorts. (a) Kaplan-Meier survival curve analysis of OS in the high- and low-risk subgroups of the TCGA
cohort. ccRCC patients were grouped according to the median risk score. (b) Time-dependent ROC curves of the RRG-based risk
signature for the TCGA cohort. The ROC curves and AUC were shown to predict ccRCC patients at 1, 3, and 5 years. (c) Kaplan-Meier
survival curve analysis of OS in the high- and low-risk subgroups of the E-MTAB-1980 cohort. ccRCC patients were grouped according to
the median risk score. (d) Time-dependent ROC curves of the RRG-based risk signature for the E-MTAB-1980 cohort. The ROC curves
and AUC were shown to predict ccRCC patients at 1, 3, and 5 years. (e) The survival status of each patient in the TCGA cohort assessed
by risk score. (f) The survival status of each patient in the E-MTAB-1980 cohort assessed by risk score. (g) Heat map of the fourteen
RRGs in the TCGA cohort was evaluated based on risk score combined with other clinical parameters. (h) Heat map of the fourteen RRGs
in the E-MTAB-1980 cohort was evaluated based on risk score combined with other clinical parameters.

(p<0.001), tumor grade (p<0.001), tumor stage (p<
0.001), primary tumor location (p < 0.001), lymph node infil-
tration (p =0.049), distant metastasis (p < 0.001), and risk
score (p<0.001) of ccRCC patients were significantly
correlated with OS (Figure 10(a)). However, multiple regres-
sion analysis revealed that age (p=0.013), tumor stage
(p<0.001), and risk score (p<0.001) were independent
prognostic factors associated with OS (Figure 10(b)).
Subsequently, to establish a quantitative approach to
predict the prognosis of ccRCC patients, we constructed a
nomogram combining clinical parameters and the RRG-
based prognosis-related signature by using rms package
(Figure 10(c)). We mapped the points of each variable to
the corresponding horizontal line and then calculated the

total points of each patient and normalized it to a distribution
of 0 to 100. By drawing a line perpendicular to both axes
(prognosis axis and total point axis), we can estimate the 1-
year, 3-year, and 5-year survival probabilities of ccRCC
patients, which may be used as a reference for making clinical
decisions. The calibration curve showed that the predicted
value of the nomogram has a good correlation with the actual
value (Figures 10(d), 10(e), and 10(f)). Moreover, to expand
the clinical application and availability of the nomogram
based on risk score and clinical parameters, we used TCGA
and E-MTAB-1980 datasets for validation, respectively.
Kaplan-Meier survival analysis showed that nomogram
could better distinguish ccRCC patients with low survival
rates in TCGA and E-MTAB-1980 datasets (p < 0.001 and
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FIGURE 5: Risk score, survival time, and survival status analysis of ccRCC patients based on the fourteen RRGs’ prognostic signature in the
training and test groups. (a) Kaplan-Meier survival curve analysis of OS in the high- and low-risk subgroups of the training group. ccRCC
patients were grouped according to the median risk score. (b) Time-dependent ROC curves of the RRG-based risk signature for the
training group. The ROC curves and AUC were shown to predict ccRCC patients at 1, 3, and 5 years. (c) The survival status of each
patient in the training group assessed by risk score. (d) Kaplan-Meier survival curve analysis of OS in the high- and low-risk subgroups of
the test group. ccRCC patients were grouped according to the median risk score. (e) Time-dependent ROC curves of the RRG-based risk
signature for the test group. The ROC curves and AUC were shown to predict ccRCC patients at 1, 3, and 5 years. (f) The survival status
of each patient in the test group assessed by risk score.
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F1GURE 6: Kaplan-Meier survival analysis of ccRCC patients stratified by different clinical parameters. (a) Age < 65. (b) Age > 65. (c) Male. (d)
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stage 0. (n) M stage 1-X.

p =1.549¢ — 06, Figures 10(g) and 10(i)). Based on the nomo-
gram, in the TCGA dataset, the predicted AUCs for 1-, 3-,
and 5-year survival rates were 0.871, 0.804, and 0.787,
respectively (Figure 10(h)), and in the E-MTAB-1980 data-
set, the predicted AUCs for 1-, 3-, and 5-year survival rates
were 0.897, 0.917, and 0.896, respectively (Figure 10(j)),
indicating that the nomogram had good predictive power
and accuracy.

3.11. Validation of Prognosis-Related RRG Expression. We
used immunohistochemical results from the HPA online
database to determine the protein expression of these 14
prognostic-related RRGs. The results showed that EIF4EBPI,
FOXM]1, PLG, and VWF were highly expressed in renal car-
cinoma compared with normal renal tissue, and ADAMS,
CGN, G6PC, ITIH4, and MMP3 were low in expression in
renal carcinoma compared with normal renal tissue. How-
ever, there was no significant difference in the expression of
LTB4R and PRKCG between normal renal tissues and renal
carcinoma tissues (Figure 11) (Supplemental Table S4).

4. Discussion

According to the latest global cancer statistics, RCC accounts
for about 3% of all cancers and is increasing at 2% per year.
Approximately 99,200 new cases of RCC and 39,100 RCC-
related deaths were reported in Europe in 2018 [29]. As the
most common histological subtype of RCC, ccRCC is a
malignant parenchymal tumor derived from renal tubular
cells, with a 5-year survival rate of only 11.7% in advanced
patients [30-32]. However, approximately 25-30% of ccRCC

patients are diagnosed with advanced cancer, and 30% have
distant metastases after surgery for early cancer [3, 4]. And
the molecular mechanism is still unclear. Redox homeostasis
depends on the balance between antioxidant and oxidant
levels. During tumorigenesis and progression, when tumor
growth exceeds the capacity of the existing vascular system
to provide oxygen to tumor cells, tumor cells are often sub-
jected to oxidative stress caused by ischemia, hypoxia, and
independent anchored growth [33-35]. More and more evi-
dence showed that redox homeostasis played a fundamental
role in tumor genesis and metastasis progression [36-38].
Yet, current studies on cancer, including ccRCC, mainly
focus on changes in oxidative stress. The expression pattern
and role of RRGs in ccRCC is still unclear, and the redox
omics characteristics of ccRCC have not been further studied.

In our current study, we identified a total of 344 differen-
tially expressed RRGs between tumor and normal tissues
based on the transcriptome data of ccRCC in the TCGA data-
base. We systematically analyzed the biological functions and
molecular mechanisms of these RRGs using bioinformatics
techniques. In addition, by performing Cox regression analy-
sis, we identified fourteen prognosis-related RRGs and con-
structed a RRG-based prognosis-related signature. We also
explored the correlation between the prognostic signature
and clinical parameters and the role of these prognostic
RRGs in ccRCC. Moreover, we also explored the upstream
regulatory networks of these RRGs and their relationship
with immune cell infiltration.

After our thorough and in-depth analysis, we identified
fourteen RRGs that were most associated with prognosis,
including ADAMS, CGN, EIF4EBP1, FOXM1I, G6PC, HAMP,
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FiGURre 7: The expression differences of signature-based risk score stratified by different clinicopathological parameters. (a) Age. (b) Gender.

(c) Stage. (d) Grade. (e) T stage. (f) N stage. (g) M stage.

HTR2C, ITIH4, LTB4R, MMP3, PLG, PRKCG, SAAI, and
VWF. ADAMS is a member of the disintegrin and metallo-
proteases family with proteolytic activity, and plays an
important role in cell adhesion, migration, proteolysis, and
signal transduction. High expression of ADAMS in tumor
cells has been shown to be associated with invasion and
metastasis of cancer cells and is associated with poor progno-
sis in patients [39, 40]. CGN interactions with other proteins
are involved in the regulation of tight junction assembly, cell
growth, and gene expression [41]. Oliveto et al. [42] found

that highly expressed CGN was a predictor of survival in
mesothelioma patients, and miR-24-3p promoted tumor
progression and metastasis in mesothelioma patients by inhi-
biting the expression of CGN. The EIF4EBP1 gene encodes a
translation suppressor protein that competitively binds to
eukaryotic translation initiation factor 4E, thereby inhibiting
its protein expression [43]. Phosphorylated EIF4EBP1 is
thought to be an indicator of tumorigenic activity and is asso-
ciated with poor survival in cancer patients, while nonpho-
sphorylated EIF4EBP1 acts as a tumor suppressor [44].
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TaBLE 2: The relationship between prognosis-related redox genes and clinicopathologic parameters.
Grade Stage T stage N stage M stage
Gene Age (<65/>65)  Gender (male/female) () 5 55 4) (-II/II-IV) (T1-2/T3-4)  (NO/N1-X) (MO/MI-X)
N 353/186 353/186 249/282 331/205 349/190 241/298 428/109
0.733 NA* 6.708 6.059 5.807 0.995 4.203
ADAMS
0.919 0.942 <0.001 <0.001 <0.001 0.640 <0.001
CON t 2.333 1.735 4.626 5.274 4.749 1.748 1.245
p 0.140 0.387 <0.001 <0.001 <0.001 0.640 0.250
2.360 NA* NA* NA* NA* 0.779 NA*
EIF4EBP1
0.140 0.806 <0.001 <0.001 <0.001 0.655 <0.001
t 0.638 NA* NA* NA* NA* 0.869 NA*
FOXM1
p 0.919 0.530 <0.001 <0.001 <0.001 0.655 0.112
GEPC t 1.027 3.144 4,643 5.276 4.730 1.144 3.983
p 0.854 0.028 <0.001 <0.001 <0.001 0.640 <0.001
t NA* 1.529 6.518 5.939 4.891 0.999 2.855
HAMP
p 0.919 0.445 <0.001 <0.001 <0.001 0.640 0.012
t NA* 0.903 NA* NA* NA* 0.481 0.100
HTR2C
p 0.229 0.587 0.019 0.355 0.324 0.680 0.920
t 0.581 NA* NA* NA* 3.747 0.727 2.035
ITIH4
p 0.919 0.636 <0.001 <0.001 <0.001 0.655 0.065
t 1.189 NA* 2.676 3.679 3.906 1.086 NA*®
LTB4R
p 0.823 0.587 0.009 <0.001 <0.001 0.640 0.018
t 0.110 0.972 NA* NA* NA* 1.351 0.854
MMP3
p 0.954 0.587 <0.001 <0.001 <0.001 0.640 0.424
PLG t 0.258 1.314 4.076 NA* 5.230 1.238 2.766
p 0.945 0.529 <0.001 <0.001 <0.001 0.640 0.012
t 0.241 0.810 NA* NA* NA* 0.521 NA*
PRKCG
p 0.945 0.587 <0.001 <0.001 <0.001 0.680 0.214
SAAL t 0.289 2.725 NA* 7.910 7.124 0.126 4.796
p 0.945 0.049 <0.001 <0.001 <0.001 0.900 <0.001
VWE t 0.057 0.064 3.670 3.661 3.232 0.608 3.966
p 0.954 0.949 <0.001 <0.001 0.001 0.680 <0.001

NA: not available. “Nonparametric Mann-Whitney rank sum test.

FOXM1 plays an important role in balancing genomic stabil-
ity and maintaining cell proliferation and differentiation
[45]. Studies have shown that FOXM1 is abnormally elevated
in a variety of human malignancies and acts as a major acti-
vator of tumor cell invasion and metastasis [46]. G6PC plays
an important role in the glycogen breakdown pathway.
Studies have shown that glycogen plays a key role in pro-
moting the survival of cancer cells, and inhibition of gly-
cogen decomposition can induce apoptosis and early cell
senescence [47]. HAMP plays an important role in the prolif-
eration and metastasis of tumor cells [48]. Studies have

shown that dysregulated HAMP expression is associated
with an increased risk of hepatocellular carcinoma [49].
HTR2C was found to be involved in the non-small-cell lung
cancer pathway, directly affecting epidermal growth factor
receptor tyrosine kinase inhibitor resistance [50]. ITTH4 is
an acute-phase protein secreted by the liver into the blood
circulation system, and it is believed to be closely related to
the occurrence, progression, invasion, and metastasis of
many solid tumors. Li et al. [51] found that ITIH4 is an effec-
tive serum marker for early warning and diagnosis of hepato-
cellular carcinoma. LTB4R is a potent lipid mediator that
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Ficure 8: Multidimensional regulatory network of prognosis-related RRGs and differentially expressed miRNAs and the functional
enrichment analysis of these RRGs. (a) Heat map of 211 differentially expressed miRNAs in the normal renal tissues and ccRCC tissues.
(b) Sankey plot of the regulatory relationship between miRNAs and prognosis-related RRGs. (c) GO enrichment analysis of the
differentially expressed RRGs. The top 10 enrichment analysis results, including biological processes, cell components, and molecular
functions, are shown in the figure. (d) KEGG enrichment analysis of the differentially expressed RRGs. The first 30 results of functional

enrichment analysis are shown in the figure.
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FiGure 9: The infiltration difference of tumor-infiltrating immune cells between high-risk and low-risk groups in the TCGA cohort assessed
by fourteen RRG-based prognostic signature. (a) The stacked bar chart shows the distribution of 22 immune cells in each sample of the TCGA
cohort. ccRCC patients were grouped according to the median risk score. (b) Box plot shows the infiltration difference of tumor-infiltrating
immune cells between the high-risk and low-risk groups in the TCGA cohort. (c) Correlation matrix of the proportion of immune cells. Red
means positive correlation and blue means negative correlation.

regulates allergy, inflammation, and immune responses, and ~ with an increased risk of osteosarcoma. SAAI
has been shown to be upregulated in a variety of tumors and

is an
acute-phase high-density lipoprotein-associated apolipo-

to play a potential role in the early stages of tumor develop-  protein that is significantly upregulated in injury, inflam-

ment [52, 53]. MMP3 is an extracellular matrix-degrading
protease that plays an important role in a variety of tumors.
Polette et al. [54] found that MMP3 expression was a
prognostic marker for HNSCC invasion and lymph node
metastasis. Radisky et al. [55] found that overexpression

of MMP3 in breast epithelial cells was
epithelial-mesenchymal transformation in

promotion in vivo. PLG has broad substrate specificity,

which not only supports the migration

tumor cells due to the enzymatic properties of fibrinolytic
enzyme but also has antiangiogenesis and antitumor fac-
tors [56]. Zhao et al. [57] found that high expression of

PLG in advanced high-grade serous ova

favorable prognostic biomarker. The PRKCG gene encodes
yPKC, which plays an important role in tumor genesis,
proliferation, differentiation, and migration. Studies have
found that mutations in the PRKCG gene increase breast

cancer susceptibility [58]. Lu et al. [59]

PRKCG gene intron variation was significantly associated

mation, and cancer [60]. Studies have shown that SAA1
is involved in a variety of functions, including inducing
extracellular matrix-degrading enzymes for tissue repair,
recruiting immune cells to inflammatory sites, and lipid
transport and metabolism [61]. VWF is a multifunctional

associated with  adhesive glycoprotein. Elevated plasma VWF antigen con-
vitro and tumor  centrations have been found in a variety of malignancies

[62]. Aryal et al. [63] found that intraplatelet VWF could

and invasion of  independently predict the recurrence of early hepatocellu-

lar carcinoma after resection. These results suggested that
these fourteen RRGs may be involved in the occurrence
and progression of ccRCC. However, the exact molecular

rian cancer is a  mechanisms are unknown, and further exploration of pos-

sible mechanisms may be valuable.

Next, we established a redox-associated prognostic signa-
ture based on these fourteen prognostic-related RRGs.
Kaplan-Meier survival analysis found that patients in the

also found that  high-risk group had worse OS than those in the low-risk

group. ROC curve analysis showed that the prognostic
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FiGure 10: Continued.
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F1GURE 10: Cox regression analysis was performed on the common clinical characteristics and RRG-based signature in the TCGA cohort,
and the establishment and verification of the nomogram. (a) Univariate Cox regression analysis of correlations between risk score for OS
and clinical characteristics. (b) Multivariate Cox regression analysis of correlations between risk score for OS and clinical characteristics.
(c) Nomogram for predicting the 1-year, 3-year, and 5-year OS of ccRCC patients in the TCGA cohort. (d, e, f) Calibration curves of the
nomogram to predict OS at 1, 3, and 5 years. (g) Kaplan-Meier survival curve analysis of OS in the high- and low-risk subgroups of the
TCGA cohort based on the nomogram. (h) Time-dependent ROC curves for predicting OS in the TCGA cohort based on the
nomogram. The ROC curves and AUC were shown to predict ccRCC patients at 1, 3, and 5 years. (i) Kaplan-Meier survival curve
analysis of OS in the high- and low-risk subgroups of the E-MTAB-1980 cohort based on the nomogram. (j) Time-dependent ROC
curves for predicting OS in the E-MTAB-1980 cohort based on the nomogram. The ROC curves and AUC were shown to predict

ccRCC patients at 1, 3, and 5 years.

signature could better screen out ccRCC patients with poor
prognosis. Further analysis showed that after stratification
by different clinical parameters, the prognosis of patients in
each high-risk group was poor. And this prognosis-related
signature was also associated with disease progression of
ccRCC, and the higher the risk score, the more malignant
the ccRCC tumor, suggesting that this signature has a good
recognition in distinguishing the degree of malignancy of
the tumor and prognosis of the patient.

In addition, we used the TCGA database to construct
ccRCC network to explore the interaction between differen-
tially expressed miRNAs and prognosis-related RRGs. A net-
work of 9 differentially expressed miRNAs and 6 RRGs was
established based on the results of coexpression analysis.
These miRNAs may have the potential to activate oxidative
stress or act as a great regulator of cancer triggering and
deserve further investigation. To further understand the bio-
logical functions and molecular mechanisms of these differ-
entially expressed RRGs, we performed GO and KEGG
enrichment analysis. The results showed that these RRGs
were significantly enriched in reactive oxygen species meta-
bolic process, calcium ion homeostasis, antigen processing,
treatment, peptide antigen presentation, HIF-1 signaling

pathway, transcriptional misregulation in cancer, and PI3K-
Akt signaling pathway. The imbalance of the redox system
plays an important role in the pathogenesis and progression
of tumors. During tumor development, when tumor growth
exceeds the capacity of the existing vascular system to pro-
vide oxygen to tumor cells, tumor cells are often subjected
to oxidative stress caused by ischemia, hypoxia, and indepen-
dent anchored growth [33-36]. These by-products of oxida-
tive stress cause conformational changes in DNA, proteins,
and lipids that further lead to glycosylation, phosphorylation,
or oxidation, thereby affecting the function and stability of
biomolecules [64]. When these proteins and lipids undergo
apoptosis or oxidation, antigenic changes lead to tumor
resistance to radiation therapy and the host immune system
[65, 66]. Additionally, excessive ROS can react with residues
of various amino acids of proteins (such as cysteine, histi-
dine, lysine, arginine, proline, or threonine) to form car-
bonyl groups, changing the coding sequence and tertiary
and quarter-level structures of proteins [67]. These mutated
peptides may produce new epitopes. These results suggest
that genes may influence the occurrence and development
of tumors by regulating cell redox homeostasis and affecting
immune cell function. Further studies found that, based on
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F1GURE 11: Validation of the expression of the prognostic RRGs in
ccRCC and normal renal tissues in the HPA database.

the signature, there were differences in the degree of
immune cell infiltration between high- and low-risk ccRCC
groups.

Moreover, to expand the clinical application and avail-
ability of RRG-based prognostic signature and to establish a
quantitative method for predicting patient prognosis, we
constructed a nomogram combining clinical parameters.
After drawing the calibration curve of each time cutoff point
and verifying it with TCGA dataset and E-MTAB-1980 data-
set for many times, it is suggested that the performance and
accuracy of the nomogram are good.

Overall, our study provides new insights into the occur-
rence and progression of ccRCC from the perspective of
redox. Our prognostic signature can better predict the sur-
vival probabilities of ccRCC patients, which may become a
new prognostic biomarker for ccRCC. However, our study
also has some limitations. First, our study is mainly based
on a single bioomics information, and different characteris-
tics of different platforms may lead to patient heterogeneity.
Second, the model construction and validation of this study
were designed by retrospective analysis, and the model still
needs to be validated through a prospective clinical cohort.
Finally, the specific biological function and molecular
mechanism of prognostic RRGs in ccRCC are still unclear,
and need to be further analyzed by in vitro and in vivo
experiments.
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5. Conclusions

In conclusion, we systematically explored the biological func-
tion and prognostic value of these differentially expressed
RRGs in ccRCC by a variety of bioinformatics techniques.
We also constructed redox-associated prognostic signature
that could independently predict the prognosis of ccRCC
patients. To our knowledge, this is the first report on the
establishment of redox-associated prognostic signature of
ccRCC. Our results may have important significance in
revealing the mechanism of ccRCC and provide new thera-
peutic targets and prognostic biomarkers for ccRCC.
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TF IIB-related factor 1 (Brfl) is a key transcription factor of RNA polymerase III (Pol III) genes. Our early studies have
demonstrated that Brfl and Pol III genes are epigenetically modulated by histone H3 phosphorylation. Here, we have further
investigated the relationship of the abnormal expression of Brfl with a high level of phosphorylated AMPK«a (pAMPK«) and
explored the role and molecular mechanism of pAMPKa-mediated dysregulation of Brfl and Pol III genes in lung cancer. Brfl
is significantly overexpressed in lung cancer cases. The cases with high Brfl expression display short overall survival times.
Elevation of Brfl expression is accompanied by a high level of pAMPKa. Brfl and pAMPKa colocalize in nuclei. Further
analysis indicates that the carcinogen MNNG induces pAMPKa to upregulate Brfl expression, resulting in the enhancement of
Pol III transcription. In contrast, inhibiting pAMPKa decreases cellular levels of Brfl, resulting in the reduction of Pol III gene
transcription to attenuate the rates of cell proliferation and colony formation of lung cancer cells. These outcomes demonstrate
that high Brfl expression reveals a worse prognosis in lung cancer patients. pAMPKa-mediated dysregulation of Brfl and Pol
III genes plays important roles in cell proliferation, colony formation, and tumor development of lung cancer. Brfl may be a
biomarker for establishing the prognosis of lung cancer. It is a new mechanism that pAMPKa mediates dysregulation of Brfl
and Pol III genes to promote lung cancer development.

1. Introduction

Lung cancer is a common malignant tumor. In recent years,
the incidence of lung cancer in China has increased [1, 2].
It is a malignant tumor with the highest morbidity and mor-
tality in the country. Based on cytological and histological
characterization, lung cancer is divided into small-cell lung
cancer (SCLC) and non-small-cell lung cancer (NSCLC).
SCLC and NSCLC account for 15% and 80-85% of cases,
respectively [3, 4]. SCLC is a heterogeneous neoplastic
disease characterized by aggressiveness, rapid growth of can-
cer cells, and easy metastases [5], while NSCLC is a kind of

epithelial malignant disease apart from SCLC. NSCLC is
not sensitive to chemotherapy, which is mainly performed
by surgical resection with curative intent. The causes of lung
cancer are complex, such as environmental pollution and
genetic and epigenetic changes. The exact mechanism of lung
cancer is not fully understood. Lung carcinogenesis involves
multiple mechanisms: oncogene activation, such as K-Ras
[6]; inactivation of tumor suppressor genes (LKBI1) [7];
epidermal growth factor receptor (EGFR) mutation and
amplification [8]; inhibition of immune system activity [9,
10]; and epigenetic alterations (DNA methylation, histone
tail modifications, and small RNAs) [11]. To date, no studies
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elucidate the roles of dysregulation of TF IIB-related factor 1
(Brfl) and its target genes, RNA polymerase III-dependent
genes (Pol III genes) in lung cancer development, whereas
dysregulation of Brfl and Pol III genes is tightly related to
tumor development.

Brfl is a key transcription factor of tRNAs and 5S rRNA,
which are Pol IIT genes. Brfl specifically modulates the tran-
scription of these genes [12-15]. Dysregulation of tRNAs
and 5S rRNA genes is directly linked to cell transformation
and tumorigenesis [16-18], and it also helps to enhance the
cellular ability of protein synthesis for cell growth, prolifera-
tion and transformation, and tumor development. Increas-
ing Brfl expression elevates the activities of tRNA and 5S
rRNA genes. In contrast, repressing Brfl decreases the activ-
ity of these genes and inhibits cell proliferation and tumor
development [17, 18]. Recent studies of ours and others
indicate that Brfl overexpression is founded in hepatocyte
carcinoma (HCC), breast cancer, gastric carcinoma, and
prostate cancer [19-22]. This shows that Brfl plays an
important role in human cancer development and tumor
growth. However, it remains to be detected if Brfl expres-
sion is increased in human cases of lung cancer and what
is the significance of its expressional status in the diagnosis
and prognosis of this disease.

5" AMP-activated protein kinase or 5’ adenosine
monophosphate-activated protein kinase (AMPK) is an
enzyme. AMPK is composed of three subunits («, 3, and y)
to form a heterotrimeric protein complex, and these subunits
play critical roles in its activity and stability [23]. AMPK
increases glucose uptake and inhibits the synthesis of fatty
acids, cholesterol, and triglycerides and promotes fatty acid
uptake and S-oxidation [24]. It indicates that AMPK plays
critical roles in the regulation of energy metabolism. AMPK
is activated in low-energy cellular states by phosphorylating
its subunits [25]. AMPK is a primary component of the
LKB1 downstream pathway, while mutations of LKBI are
found in over 20% of patients with NSCLC and frequently
associated with activating K-RAS mutations [26-28]. Tumor
suppressor LKB1 mediates AMPK activity. As enhancements
of Brfl and Pol ITI gene activities are tightly related to human
cancers, this suggests that AMPK activation may involve the
modulation of Brfl and Pol III gene transcription to increase
cell proliferation and promote tumor development.

Our earlier studies have demonstrated that alcohol
increases Brfl expression in tissue culture and animal
models, which facilitates cell proliferation and transforma-
tion, and tumor formation [15, 17, 19, 20, 29-32]. Chronic
alcohol consumption results in the production of acetalde-
hyde and CYP2E1 induction (Cytochrome P450 2E1) [14].
Acetaldehyde is a by-product of alcohol metabolism cata-
lyzed by ADH (alcohol dehydrogenase), which has direct
mutagenic and carcinogenic effects in vitro and in vivo [14,
33]. CYP2E1 is associated with the release of ROS (reactive
oxygen species) and conversion of procarcinogens to carcin-
ogens [14]. Alcohol exposure increases cellular production of
ROS, causing cellular stress to result in tissue injury and dis-
eases [14]. ROS-induced oxidative stress activates the JNK1
pathway to increase Brfl expression [31]. A recent study also
indicates that levels of ROS of lung cancer cells are associated
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with the alteration of pAMPKa« [34], while AMPK activation
is associated with protein synthesis [24, 25], which is con-
trolled by Brfl and Pol III genes. This implies that ROS and
AMPK are potentially involved in Brfl expression, which
may be associated with lung cancer.

Here, we report, for the first time, that Brfl expression is
enhanced in human cases of lung cancer. High expression of
Brfl reveals short survival times (p =0.0013). Activation of
AMPK increases Brfl promoter activity to upregulate Brfl
expression, resulting in elevation of tRNAs and 5S rRNA
transcription. Repression of AMPK decreases cellular levels
of Brfl, tRNAs, and 5S rRNA expression, leading to reducing
the rates of cell proliferation and colony formation. Brfl and
PAMPKuw are colocalized in lung cancer cell nuclei, which
maybe synergistically regulate the transcription of Pol III
genes. The study identifies a new pathway, pAMPKa, which
modulates Brfl, tRNAs, and 5S rRNA transcription in lung
cancer cells. This shows that both Brfl and pAMPKa« play
an important role in lung cancer.

2. Materials and Methods

2.1. Human Tissue Samples. The 226 samples of paraffin-
embedded, archived lung cancer tissue samples used in this
study were histopathologically and clinically diagnosed at
the Guangdong Provincial People’s Hospital and Guang-
dong Academy of Medical Sciences and Shanghai Outdo
Biotech Ltd after obtaining written informed consent and
in accordance with the Institutional Review Board and the
Declaration of Helsinki. No patient received any chemo-
or radiotherapy prior to surgery [35]. The patients were
followed up regularly after the operation at three-month
intervals [35]. Eight freshly collected lung cancer tissues
and matched adjacent nontumoral lung tissues were frozen
and stored in liquid nitrogen until required for protein
extraction [35]. Informed consent was obtained from each
patient, and the study was approved by the Institute
Research Ethics Committee of Guangdong General Hospi-
tal, Guangdong Academy of Medical Sciences (ID number:
No. GDREC2016175H(R2)).

2.2. Cell Lines and Reagents. The lung cancer cell lines A549
and H1975, and normal human bronchial epithelial cell line
16HBE were purchased from the American Type Culture
Collection (Manassas, VA) and cultured in RPMI 1640 con-
taining 10% FBS, 100 IU/mL penicillin, and 100 pg/mL strep-
tomycin (HyClone, Utah, USA). All cells were tested for
negative mycoplasma contamination and authenticated
based on short tandem repeat fingerprinting before use.
AMPK inhibitor, S7306 (Dorsomorphin (Compound C)
2HCI, Cat No. S7306), was purchased from Selleck and dis-
solved in sterile water. N-Methyl-N'-nitro-N-nitrosoguani-
dine (MNNG) was purchased from Accu. Standard, Inc
(Cat No. R-081N) and dissolved in DMSO. Brfl antibody
was from Bethyl Laboratories Inc (Cat No. A301-228A).
The MTT assay kit was from Boster Biotech (Cat No.
ARI1156).
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2.3. Immunohistochemistry. We performed immunohisto-
chemical staining with Brfl antibody (1:200). Its details were
described in our previous study [20, 30].

The levels of Brfl immunostaining were evaluated inde-
pendently by two pathologists who were blinded to the sur-
vival outcomes of the participants based on the proportion
of positively stained tumor cells (stain area) and the intensity
of staining [20]. The immunostaining results were performed
by multiplying the staining intensity by the stained area
(staining index (SI)) as previously described [30, 36, 37].
The Brfl expression levels in lung cancer lesions were deter-
mined by the SI, which was 0, 1, 2, 3, 4, 6,9, or 12. An optimal
cutoff value was identified as follows: an SI score of >6 was
used to define tumors as high Brfl expression, and an SI
score of <4 as low [30, 36, 37].

2.4. Immunoblot Analysis. Tissue samples of lung cancer
were ground into powder with liquid nitrogen and lysed in
lysis buffer with phosphatase and protease inhibitors [20].
Lung cancer cells were treated with 4uyM MNNG or
10 uM AMPK inhibitor, S7306, to extract total cell lysates,
and the protein concentrations were measured using the
BCA Protein Assay (Thermo Fisher Scientific, Cat No.
23225) [35]. Equal amounts of cell protein were subjected
to electrophoresis in SDS-PAGE gels and then transferred
to PVDF membranes (Millipore) for antibody blotting
[35]. Bound primary antibody was visualized using horse-
radish peroxidase-conjugated secondary antibodies (Pro-
teintech, Cat No. SA00001-1 or SA00001-2) and enhanced
chemiluminescence reagents (Beyotime, Cat No. P0018S).
Antibodies used in our study were as follows: Brfl
(1:2000), pAMPKa (CST, Cat No. 2535S, 1:1000), AMPK«
(CST, Cat No. 27938, 1:1000), and f-actin (Proteintech, Cat
No. 20536-1-AP, 1:5000). All of the experiments were
repeated at least three times [20].

2.5. Quantitative Real-Time PCR. Total RNAs were iso-
lated with TRIzol (Invitrogen, Cat No0.15596026) following
the manufacturer’s protocol. Then, reverse transcription
was performed (Takara, Cat No. RR036A). Target mRNA
levels were determined by performing RT-qPCR with a
TB Green® Premix Ex Taq™ II (Tli RNaseH Plus) kit
(Takara, Cat No. RR820A). GAPDH expression was used
for normalization. The sequences of the primers were
described previously [17, 18].

2.6. Immunofluorescence. For colocation detection, the
lung cancer cells were fixed for 30 min in 4% formaldehy-
de/PBS, washed with 0.2% Triton-X 100/PBS [37]. The cell
slices were blocked with 1% BSA/PBS for 1h at room tem-
perature and were incubated with Brfl antibodies (1:200)
overnight at 4°C and then incubated with anti-rabbit IgG
(Proteintech, Cat No. SA00013-4, 1:200) for 1h as sec-
ondary antibodies. The cell slices were immersed in Ix
PBS and heated in a microwave oven at 42°C for 3 min
to remove nonspecific bindings. Subsequently, pAMPK«
antibodies (1:200) were incubated overnight at 4°C and
then incubated with anti-rabbit IgG (Proteintech, Cat No.
SA00013-2, 1:200) for 1h as secondary antibodies [20].

Cell nuclei were counterstained with 2 yug/mL DAPI (Bio-
froxx, Cat No. 1155MGO010) for 5min, and the slides were
mounted in an antifade reagent (Life Technologies, Cat
No. P36934). The cells were visualized under a fluores-
cence microscope (ZEISS, Germany) [30, 37].

2.7. siRNA Transfection and Brfl-Luc Reporter Assays. For
siRNA knockdown, Brfl siRNAs, AMPKa siRNA, and a con-
trol siRNA (mismatch RNA: mmRNA) were purchased from
RiboBio. The sequences of primers and siRNAs used were as
previously described [17, 18]. Transfections were performed
using Lipofectamine 3000 and OPTI-MEM reagent (Life
Technologies, Cat No. L3000015 and 11058021) when cells
were approximately 40% confluent and transfected according
to the manufacturer’s instruction [37]. For Brfl-Luc pro-
moter activity, cells were transfected with 0.5ug of the
Brfl-Luc report constructs for 48h. Cells were starved in
FBS-free RPMI 1640 for 4h and treated with different con-
centrations of MNNG for another 2h. Cell pellets were dis-
solved in Promega reporter lysis buffer. The luciferase
activities of these lysates were determined by a luminometer
and the Promega Luciferase Kit (Promega, Cat No. E1910).
The luciferase activities of the lysates were normalized to
their protein amounts as described [31, 32]. The changes in
luciferase activity were compared to the luciferase activity
in the absence of MNNG. Means + SE is at least three inde-
pendent experiments.

2.8. Colony Formation Assay. A549 cells were transfected
with mismatch RNA (mmRNA), Brfl siRNAs, and AMPK«
siRNAs as described [31]. The transfected A549 cells
(1x10* cells/well in 6-well plates) were mixed with equal
volumes of 0.7% soft agar dissolved in RPMI 1640 (10%
FBS) with or without 4 yM MNNG and layered in triplicate
onto 0.7% (RPMI 1640, 10% FBS) solidified agar. Cells were
fed fresh complete media with MNNG twice weekly. Colo-
nies were counted 2-3 weeks or longer after under a micro-
scope and photographed as described previously [38].

2.9. Statistical Analyses. We carried out statistical analysis
with Student’s t-test, ANOV A and Tukey’s multiple compar-
isons test, Kaplan-Meier and log-rank test, ROC curve, and
Cox analysis. The details of the statistical analysis were
described previously [37].

3. Results

3.1. Brfl Expression in Lung Cancer Tissues and Its
Significance. Brfl plays an increasingly important role in
human cancers. Emerging evidence indicates that Brfl
expression is elevated in the cases of human liver, breast,
gastric, and prostate cancers [19-22]. To test Brfl expres-
sion in the cases of lung cancer, we utilized the samples of
this disease to determine the levels of Brfl expression in
tumor foci and paracarcinoma tissues by immunohisto-
chemistry (IHC) staining. The result indicates that a
strong signal of Brfl was detected in tumor foci tissue
(Figure 1(a), left panel), while a very weak reaction of
Brfl with its antibody was observed in paracarcinoma tis-
sue (Figure 1(a), right panel). The overall reaction of Brfl
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F1GurE 1: Immunohistochemical staining of Brfl in lung cancer. (a) Comparison of Brfl staining in tumor foci tissue with paracancer tissue
(para-can) of lung cancer patients. Strong staining signals of Brfl expression are seen in tumor foci of lung cancer (a, left panel). Weak signals
of Brfl staining are detected in para-can tissue of this disease (a, right panel). Top panel: 100x magnification (scale bar = 200 ym); bottom
panel: 630x magnification. (b) Comparison of Brfl IHC and H&E staining in the same cases of lung cancer. IHC staining about the
signals of Brfl expression in both cytoplasm and nuclei of tumor tissues of lung cancer; (b, left panel) H&E staining of tumor tissues of
lung cancer; (b, right panel) 100x magnification (scale bar = 200 ym); 400x magnification. (c) Comparison of Brfl expression in tumor foci
with adjacent noncancerous tissue (ANT). The levels of Brfl expression were detected in four lung cancer lesions (c, upper panel) and
their paired ANT (c, lower panel). 400x magnification (scale bar = 50 ym). The results indicate that Brfl expression was increased in the
tumor tissues at different stages of lung cancer, compared to noncancerous tissues, ANT.

staining in tumor foci of lung cancer is markedly higher than
that in paracarcinoma tissue (Figure 1(a)). Figure 1(b) reveals
the results of Brfl staining (Figure 1(b), left panel) and H&E
staining (Figure 1(b), right panel). There are strong signals of
Brfl in the cytoplasm and nuclei of the tumor tissues of lung
cancer (Figure 1(c), upper panel), whereas there are very
weak or no signal of Brfl expression in the corresponding
adjacent noncancerous tissues (ANT) (Figure 1(c), lower
panel). Results indicate that Brfl expression in both early
and advanced stages of lung cancer reveals strong signals in
tumor tissues (Figure 1(c), upper panel). To further detect
the relationship between Brfl overexpression and clinical
grades of lung cancer, we analyzed Brfl expression in differ-
ent stages of this disease. The paired analysis of Brfl expres-

sion in tumor and normal tissues of lung cancer indicates
that the levels of Brfl expression in different clinical stage
tumor tissues are significantly higher than that of normal tis-
sues (Figure 2(a)). This implies that once tumorigenesis hap-
pens in the lung tissue, Brfl expression will be significantly
increased.

Furthermore, we determined the relationship between
Brfl expression and the overall survival period of lung cancer
patients. The clinical information for the patients does not
reveal any significant correlation of Brfl expression with
age, sex, and classification (Figure 2(c), Tables 1 and 2). We
used four levels of intensity of Brfl expression: negative
staining, weak staining, moderate staining, and strong stain-
ing in these cases of lung cancer (Figures S1A and S1B). The
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F1GuURk 2: High Brfl expression correlated with a poor prognosis of lung cancer. (a) The ITHC staining scores of Brfl expression. 185 cases in
paired different clinical stages of lung cancer tumor tissues show high Brfl expression, compared to low expression of Brfl expression
corresponding to normal tissues of these cases (N =185). (b) 226 cases of human lung cancer patients were performed for Kaplan-Meier
analysis of the overall survival period. Lung cancer patients (N = 226) with low versus high expression of Brfl (Kaplan-Meier analysis with
the log-rank test, p < 0.01). (c) Histological classification of the 226 cases of lung cancer. (d) ROC curve analysis. The result reveals that
patients with high Brfl expression display short survival times.

TaBLE 1: Correlation between Brfl expression and clinicopathological features in 226 primary lung cancers.

Low Brfl expression High Brfl expression

Parameters N =89 (39.4%) N = 137 (60.6%) Chi-squared test p value Fisher’s exact test p value
Age

<48 7 (7.9%) 6 (4.4%)

>48 82 (92.1%) 131 (95.6%) 0.272 0.381
Gender

Male 53 (59.6%) 114 (83.2%)

Female 36 (40.4%) 23 (16.8%) 0.000 0.000
Differentiation status

Well/moderate 53 (59.6%) 77 (56.2%)

Poor and others 36 (40.4%) 60 (43.8%) 0.619 0.680
Lymph node invasion (N stage)

Absent 72 (80.9%) 91 (66.4%)

Present 17 (19.1%) 46 (33.6%) 0.018 0.022
Clinical stage

I II 27 (30.3%) 75 (54.7%)

III, IV 62 (69.7%) 62 (45.3%) 0.000 0.000

*p values determined by using SPSS 20.0. All statistical tests were two-sided.
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TaBLE 2: Effect of factors on overall survival in lung cancer patients in the univariate and multivariate Cox regression model.

Factors Univariate* Mult*ivariate* o

HR (95% CI) p HR (95% CI) p
Age (<48/>48) 2.69 (0.85-8.49) 0.091 _ —_
Gender (male/female) 1.34 (0.85-2.12) 0.206 — —
Differentiation (poor/well, moderate) 1.12 (0.76-1.65) 0.563 — —
Lymph node invasion (present/absent) 0.49 (0.33-0.71) 0.000 — —
Clinical stage (IIT-TV/I-II) 2.85 (1.92-4.22) 0.000 2.71 (1.82-4.02) 0.000
Brfl (high/low) 0.55 (0.36-0.84) 0.006 0.60 (0.39-0.93) 0.021

*Hazard ratios and p values were obtained from Cox proportional hazards regression. All statistical tests were two-sided. "For the multivariate model, HR and p
values were shown for the final set of stepwise selected variables only. *The parameters with p value less than 0.05 in the univariate were included in the

multivariate Cox analysis using SPSS 20.0.
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FiGure 3: The relationship of AMPKa activation with Brfl high expression in lung cancers. (a) Immunoblotting analysis of Brfl and
PAMPKu in 8 paired lung cancer tissues (T1: adenocarcinoma ITIB stage; T2: squamous cell carcinoma IIB stage; T3: adenocarcinoma ITA
stage; T4: adenocarcinoma IA3 stage; T5: squamous cell carcinoma ITA stage; T6: adenocarcinoma IA1 stage; T7: adenocarcinoma IA3
stage; T8: adenocarcinoma IITA stage). (b, c) The quantification of cellular levels of Brfl (b) and pAMPKa« (c) in the indicated lung cancer
tissues was calculated and compared with the corresponding ANT. p values were determined by a two-tailed t-test. Data are presented as
the mean + SD of at least three independent experiments. *p < 0.05, **p < 0.01.

strong staining of Brfl in lesion tissues with staining
index (SI) >6 was classified as high expression of Brfl.
The result shows that about 60% of cases of lung cancer
with high Brfl expression display significant short overall
survival times (Figure 2(b)). In addition, we also performed
the ROC (receiver operator characteristic) curve analysis.
The AUC result indicates that the accuracy of high Brfl
expression is a little low as a diagnostic biomarker for lung
cancer (Figure 2(d)). Together, these studies indicate that
Brfl is overexpressed in lung cancer patients, and as a
result, high expression of Brfl reveals a worse prognosis.
Brfl may be a biomarker for the prognosis of the disease.

3.2. The Relationship between AMPK Activation and Brfl
Expression in Lung Cancer. The tumor suppressor gene,
LKBI, is an upstream component and regulator of AMPK
activation, but it is the most frequently mutated gene in lung
cancer [26-28]. This suggests that mutant LKBI1 loses its
tumor suppressor function, leading to lung cancer develop-
ment. Activated AMPK may be detected by its phosphoryla-
tion antibody in lung cancer samples, while the activated
AMPK may mediate Brfl expression and Pol III gene
transcription. To test this hypothesis, we collected samples
of human lung cancer to detect the levels of Brfl proteins
and phosphorylated AMPKa (pAMPKa) by immunoblot
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FIGURE 4: Brfl expression in the cell lines of lung cancer and Brfl promoter activity. (a) Immunoblotting analysis of Brfl protein levels
in the normal human bronchial epithelial cell line (16HBE) and lung cancer cell lines (A549 and H1975). (a) Is a representative result
of immunoblotting. (b) RT-qPCR analysis of Brfl mRNA levels in lung cancer cell lines (A549 and H1975) and nontumor line, 16HBE.
(¢, d) Brfl promoter-luciferase activity. The A549 cells were transfected with 0.5 ug Brfl-Luc plasmids. Luciferase assay indicates that
the carcinogen MNNG increases the activity of the Brfl promoter. All error bars represent the SD of at least three independent
experiments. p values were determined by a two-tailed t-test. *p < 0.05, **p <0.01.

analysis and explore the correlation of the levels of
pPAMPKa with Brfl expression. The results indicate that
Brfl expression is significantly increased in tumor tissues
of lung cancer, compared to adjacent noncancerous tissue
(ANT) samples in the same case (Figure 3(a)). Interest-
ingly, pAMPKa levels in the tumor tissues are also much
higher than those in corresponding ANT samples
(Figure 3(a)). The quantitation of the immunoblot results
of these samples indicates that the cellular levels of Brfl
(Figure 3(b)) and pAMPK« (Figure 3(c)) in tumor tissues
are significantly higher than those in corresponding ANT
samples. In addition, we also determined the cellular levels
of Brfl in the bronchial epithelial cells and lung cancer
cell lines of humans. The immunoblot analysis reveals that
the cellular levels of Brfl in lung cancer cell lines, A549
and H1975, are higher than those in no lesion bronchial
epithelial cell line, 16HBE (Figure 4(a)). We also deter-
mined the levels of Brfl mRNA in the cell lines by RT-
qPCR. The results indicate that the levels of Brfl mRNA
in A549 and H1975 cell lines are dramatically higher than
those in bronchial epithelial cells (Figure 4(b)). High Brfl
expression is consistent with pAMPKa elevation in tumor
tissues of lung cancer. We established the Brfl promoter-
luciferase reporter construct to test whether AMPK medi-
ates Brfl promoter activity. Figures 4(c) and 4(d) indicate
that MNNG increases Brfl transcription.

3.3. pAMPKa Mediates Brfl Expression Resulting in the
Enhancement of Pol III Gene Transcription. Given Brfl
expression with high levels of pAMPKa in the cases of
human lung cancer (Figure 3), we further determine whether
PAMPKa mediates Brfl expression and Pol III gene tran-
scription. A549 cells were cultured in 10% FBS/RMPI 1640
medium to 80-85% confluence and starved in FBS-free
medium for 4h. The cells were treated with different doses
of carcinogen, MNNG. The resultant lysates and RNA were
used to detect the protein and mRNA levels of Brfl and
pAMPKa. The results indicate that MNNG markedly
induced pAMPKa« (Figure 5(a), middle). More interestingly,
MNNG also increases the accompanied cellular levels of
Brfl proteins and mRNAs in various MNNG doses in A549
cells (Figures 5(a), top and 5(b)). Since MNNG enhances
Brfl promoter activity in A549 cells (Figures 4(c) and 4(d)),
similar results are also observed in the lung cancer cell line,
H1975 (Figures S2 and S3C). Thus, we further determined
whether MNNG-activated AMPK, pAMPKa, affects the
target genes of Brfl. The results show that MNNG
increases Pol III gene, tRNAM" 55 rRNA, and tRNA™"
transcription in A549 (Figures 5(c)-5(e)) and H1975 cell
lines (Figures S2B and S2C). This points out that pAMPK«
really modulates the activities of Brfl and Pol III genes.

To further confirm the roles of pAMPKw in Brfl and Pol
III gene expression, we pretreated A549 cells with pAMPKa«
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FIGURe 5: MNNG induces Brfl expression and Pol III gene transcription. A549 cells were treated with different doses of the carcinogen
MNNG. The resultant cell lysis and total RNA were extracted from the cells for immunoblotting analysis and RT-qPCR. (a)
Immunoblotting analysis of cellular levels of Brfl and pAMPKa. (b-e) RT-qPCR. Brfl mRNA (b) and transcription levels of
tRNA (), 55 rRNA (d), and tRNA™" (e). The results indicate that MNNG activated pAMPKa and enhanced Brfl expression and
Pol IIT gene transcription. All error bars represent the SD of at least three independent experiments. p values were determined by a

two-tailed t-test. *p <0.05, **p < 0.01.

specific inhibitor, S7306, and then treated the cells with
MNNG as indicated in Figures 6(a) and 6(b). The result
displays that S7306 specifically decreases the level of
MNNG-induced pAMPKa and also reduces the levels of
Brfl protein and mRNA, compared to control cells without
the pretreatment by S7306 (Figures 6(a) and 6(b)). This
shows that S7306 reduces the activation of AMPK« to result
in a decrease in MNNG-induced Brfl expression. Similar
results were also observed in H1975 cells (Figures S3A and
S3B). Besides, we transfected A549 cells with Brfl siRNA to
repress its expression. The results reveal that Brfl siRNA
can significantly reduce the cellular levels of Brfl, either
protein or mRNA (Figures 6(c) and 6(d)), but not the levels

of pAMPKa and AMPKw (Figure 6(c)). Furthermore, our
results reveal that repression of Brfl expression dramatically
inhibits the induction of pre-tRNA™" (Figure 6(e)) and 5S
rRNA (Figure 6(f)) caused by MNNG in A549 cells. Our
studies have demonstrated that repressing Brfl expression
decreases Pol IIT gene transcription (Figures 6(e) and 6(f))
[13, 17-19]. Thinking about the effect of nonspecific
inhibition of the chemical inhibitor, S7306, we also
utilized a specific inhibitor, AMPKa siRNA. Compared
to control RNA (mismatch RNA, mmRNA), AMPK«
siRNA markedly reduced the levels of Brfl protein and
mRNAs (Figures 7(a) and 7(b)) and also repressed the
transcription of Pol III genes (Figures 7(c)-7(e)). These
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results (Figures 6 and 7 and Figure S2-3) support the point
that pAMPKa modulates the expression of Brfl and Pol III
gene transcription.

The above results indicate that AMPKa inhibitions
(S7306 and AMPKa« siRNA) reduce the cellular levels of
Brfl, leading to decreases in Pol III gene activities
(Figures 6 and 7). Therefore, we further determine the colo-
calization of Brfl and pAMPK« in MNNG-treated lung can-

cer cells. Immunofluorescent staining indicates that Brfl
reaction with its specific antibody can be observed in the
nuclei and plasma of A549 cells (Figure 8(a), red) and
H1975 cells (Figure S4, red), while the pAMPK« signal is
only in the nuclei of the cells (Figure 8(b), green; Figure S4,
green). The colocalization signals of Brfl and pAMPKa« are
seen in the nuclei of the cells (Figure 8, yellow-green and
Figure S$4). The colocalization of Brfl and pAMPKa« implies
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that pAMPKa« and Brfl may synergistically modulate Pol III
gene activity [20, 30].

3.4. pAMPKa-Mediated the Alteration of Brfl Results in
Cellular Phenotypic Changes. The studies of ours and others
have demonstrated that decreasing the expression of Brfl

and Pol IIT genes represses cell proliferation, cell transforma-
tion, and xerograph tumor growth [13, 17-19]. The above
results have shown that activated AMPKa by the carcinogen
MNNG increases the activities of Brfl and Pol III genes
(Figures 5-7, Figure S2). In contrast, inhibiting pAMPKa
by its specific inhibitor decreases the activities of these
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F1GURE 8: Colocalization of Brfl and pAMPKa in lung cancer cells.
Localizations of Brfl and pAMPKa: Brfl (red) and pAMPKa
(green) and cell nuclei were stained with DAPI (blue) in A549
cells. The signals of Brfl (red) and pAMPKa (green) were
determined by immunofluorescence staining. The merging picture
clearly shows that the colocalization signals of Brfl and pAMPKa
are seen in the nuclei of A549 cells (scale bar = 50 um).

genes (Figures 6 and 7 and Figure S3). Therefore, we further
determine whether inhibiting AMPK« activity causes cellular
phenotypic alteration. A549 cells were pretreated with the
AMPKue inhibitor S7306 and then treated with MNNG to
test the changes in cell phenotypes. The results indicate that
inhibiting AMPKa by S7306 represses the proliferation of
A549 cells, compared to control cells (Figures 9(a) and
9(b)). A higher dose of the inhibitor displays more
inhibition of cell growth by S7306 (Figure 9(a)).

In addition, we also determined whether inhibiting
AMPKa reduced the rate of colony formation of A549 cells.
The results reveal that MNNG treatment significantly pro-
motes colony formation of the cells, compared to the cells
without MNNG treatment (Figure 9(c)), whereas inhibiting
AMPKa dramatically decreases the rate of colony formation,
which displays a significant difference between with and
without S7306 treatment (Figure 9(d)). Moreover, we further
transfected A549 cells with Brfl siRNA and AMPKa siRNA.
The results indicate that repression of either Brfl or AMPK«
by their siRNA, the rates of colony formation were signifi-
cantly attenuated, compared to mm siRNA (Figures 9(e)
and 9(f)). These results clearly prove that pAMPKa modu-
lates Brfl expression and Pol III gene transcription, causing
cell phenotypic alteration of lung cancer cells.

4. Discussion

In the present study, we report that Brfl expression is
increased in the cases of human lung cancer. The cases with
high Brfl expression show a short survival period, which
means that the prognosis of these cases is worse. Brfl overex-
pression in lung cancer cases is accompanied by higher
PAMPKa levels. Further analysis indicates that pAMPK«
modulates the activities of Brfl and Pol III genes. MNNG-
increased pAMPKa enhances the cellular levels of Brfl and
Pol III gene expression. In contrast, inhibiting AMPKa acti-
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vation reduces Brfl expression, resulting in decreasing Pol III
gene transcription. Brfl and pAMPKa are colocalized in
nuclei of lung cancer cells, which suggests that Brfl and
PAMPKa may synergistically modulate the activities of Pol
III genes [20, 30]. Moreover, inhibiting AMPKea activity
decreases the rates of proliferation and colony formation of
lung cancer cells. These studies, for the first time, demon-
strate that overexpression of Brfl and higher levels of
PAMPKa are in human lung cancer samples. The activated
AMPKa, pAMPKa, upregulates Brfl expression and Pol III
gene transcription to accelerate cell proliferation and colony
formation (Figure 10). These studies indicate that pAMPKa«
and Brfl play an important role in lung cancer formation.

Brfl is a key transcription factor. It specifically regulates
its target genes, tRNAs and 5S rRNA transcription. Studies
have demonstrated that dysregulation of Pol III genes is
directly linked to cell transformation and tumorigenesis
[16-18]. Upregulation of Pol III genes would serve to
enhance the protein biosynthesis to promote cell prolifera-
tion and transformation and tumor development and
growth, while Brfl alteration in cells directly affects the prod-
ucts of tRNAs and 5S rRNA genes. Recent studies indicate
that Brfl expression is increased in human cancers of the
liver, breast, stomach, and prostate [15, 19-22]. This implies
that Brfl overexpression is required for cancer cell growth in
humans. Here, we report that Brfl expression was enhanced
in the cases of lung cancer (Figures 1-3, Figure S1). High Brfl
expression displays a worse prognosis (Figure 2). It suggests
that Brfl is a novel prognostic biomarker for human lung
cancer.

LKBI1 was originally defined as a tumor suppressor [39].
It is a component of AMPK upstream. Studies have demon-
strated that LKB1 mutation in lung cancer is up to 20% or
more [26-28]. The mutation of LKB1 often accompanies K-
Ras activation in the disease, while activated oncogene, Ras,
is able to increase the TFIIIB activity to upregulate Pol IIT
gene transcription [39-41]. Brfl is an important subunit of
the TFIIIB complex. This points out that there may be an
underlying relationship between Brfl and lung cancer. Here,
we report that Brfl is overexpressed in cases of lung cancer. It
proves the direct relationship between Brfl and lung cancer.
On the other hand, LKBI activates AMPK activity, while
activated AMPKa upregulates Brfl and Pol III gene tran-
scription (Figures 6 and 7) to promote lung cancer develop-
ment in the status of K-Ras activation [41, 42]. A basic
feature of cancer cells is the requirement of high nutrient
intakes, macromolecular synthesis, and energy consumption
to support tumor cell growth and survival [43]. The biologi-
cal functions of Brfl and Pol III genes are responsible for
protein synthesis, whereas protein synthesis is essential for
tumor cell growth. Eichner and his colleagues reported that
AMPK is needed in glucose deprivation to induce Tfe3
activation, while Tfe3 activity increases the growth of rodent
lung tumors [42]. Here, our study further demonstrates that
the carcinogen MNNG activates AMPKa to increase the
expression of Brfl and Pol III genes (Figure 5). In contrast,
inhibiting AMPKa« decreases the expression of these genes
(Figures 6 and 7). It shows that there is a new and much more
important pathway, namely, pAMPKa, which upregulates
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FiIGUrRe 10: Schematic illustration of pAMPKa mediates
dysregulation of Brfl and Pol III gene transcription. In the study,
high levels of Brfl expression and pAMPKa are detected in
human samples of lung cancer. Mechanism analysis indicates that
the carcinogen MNNG induces pAMPKa to enhance Brfl
promoter activity, resulting in Brfl expression and Pol III gene
transcription, which increase the rates of cell proliferation and
colony formation, eventually resulting in cancer development.

the activities of Brfl and Pol III genes to promote human
lung cancer development except AMPK-mediated Tfe3.

The studies of signaling events indicate that MAP kinases
mediate Pol III gene transcription [39]. Hereafter, JNK1 and
JNK2 were identified to differently mediate the activity of
Brfl and Pol III genes: JNK1 positively regulated the activities
of Brfl and Pol III genes to increase cell proliferation [44, 45].
In contrast, JNK2 negatively modulated Brfl and Pol III
genes to repress cell growth [44, 45]. Activated JNK1 upregu-
lates Brfl expression through the c-Jun and Elk1 pathways to
promote liver tumor development [15, 31], whereas activa-
tion of JNK1 increases the Brfl and Pol III gene activities to
elevate the rates of breast cell growth and colony formation
through ERa to facilitate cell transformation [17]. Here, we
report that the carcinogen MNNG induces the activation of
AMPKa to upregulate the expression of Brfl and Pol III
genes, resulting in increasing the rate of cell proliferation
and colony formation (Figure 9) [20]. These studies indicate
that dysregulation of Brfl and Pol III genes is going through
different signaling pathways in various organs. In other
words, the modulations of Brfl expression are of tissue spec-
ificity [14]. Furthermore, we have demonstrated that carcin-
ogens (EGF and DEN) induce histone H3 phosphorylation at
serine 10 and 28, while phosphorylated H3 epigenetically
upregulates the transcription of Brfl and Pol III genes [18,
38]. It implies that epigenetic regulation plays a key role in
cancer development and tumor growth. These studies have
been going in our laboratory.

5. Conclusion

In summary, our studies demonstrate that Brfl is overex-
pressed in human lung cancer. High Brfl expression displays
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short survival times. The overexpression of Brfl is accompa-
nied by a high level of pAMPKu« in the cases of lung cancer.
Mechanism study reveals that activated AMPKa, pAMPKa,
upregulates the activities of Brfl and Pol III genes, while
repressing AMPKa decreases Brfl expression and Pol III
gene transcription, resulting in the reduction of cell prolifer-
ation and colony formation (Figure 10) [29]. These studies
demonstrate that pAMPKa-mediated Brfl expression and
Pol III gene transcription is a novel and direct pathway,
which is tightly linked to protein synthesis, supporting cell
growth and cell survival of lung cancer. Therefore, develop-
ing a specific inhibitor to repress the growth of cancer cells
is a new strategy for the therapy of human lung cancer.
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Triple-negative breast cancer (TNBC) is characterized by poor outcome and the most challenging breast cancer type to treat
worldwide. TNBC manifests distinct profile of mitochondrial functions, which dictates reprogrammed metabolism, fosters
tumor progression, and notably serves as therapeutic targets. Mitochondrial microRNAs (mitomiRs) are a group of microRNAs
that critically modulate mitochondrial homeostasis. By a pathway-centric manner, mitomiRs tightly orchestrate metabolic
reprogramming, redox status, cell apoptosis, mitochondrial dynamics, mitophagy, mitochondrial DNA (mtDNA) maintenance,
and calcium balance, leading to an emerging field of study in various cancer types, including TNBC. We herein review the
recent insights into the roles and mechanism of mitomiRs in TNBC and highlight its clinical value in diagnosis and prognosis as

well as vital advances on therapeutics of preclinical and clinical studies.

1. Introduction

Breast cancer (BC) is the most common cancer in women
globally, accounting for about a quarter of female cancer [1,
2]. In spite of recent improvements in molecular and imaging
diagnosis and treatments including hormone therapy, target
therapy, chemotherapy, and radiotherapy, BC remains the
leading cause of cancer death worldwide [1-3]. Based on
the expression of estrogen receptor (ER), progesterone recep-
tor (PR), human epidermal growth factor 2 (HER2), and pro-
liferation marker protein Ki-67, BC can be categorized into
four subtypes including luminal A, luminal B, HER2, and
triple-negative breast cancer (TNBC) [4].

TNBC is tested negative for ER, PR, and HER2 by immu-
nohistochemical staining, accounting for 15-20% of BC cases
[5]. Advanced breast cancer comprises inoperable locally
advanced breast cancer and metastatic (stage IV) breast can-

cer. As shown in Figure 1(a), the bone, the liver, and the lungs
account, respectively, for about 67%, 40.8%, and 36.9% of the
common metastatic sites, wherein basal-like BC (BLBC,
accounting for 75% of the TNBC subtypes [6]) hits 40%,
35%, and 35%, respectively, of the metastatic BC [7]. More
than 70% of the metastatic TNBC cases fails to survive after
five years of diagnosis and exhibits worse prognosis than
other BC subtypes [8]. Due to the lack of ER/PR/HER2
receptors, TNBC is unresponsive to endocrine and target
therapy, such as tamoxifen, aromatase inhibitors, and/or
anti-HER2-targeted therapies. As such, surgery, radiother-
apy, and predominantly nonspecific chemotherapy (e.g.,
anthracycline and taxane regimens) remain the mainstay
for management of these patients, yet with severe side effects
worsening quality of life [9, 10]. Although the combination
uses of chemotherapy regimens (e.g., capecitabine in con-
junction with taxanes) have shown increased response rates,


https://orcid.org/0000-0002-9035-5408
https://orcid.org/0000-0001-7336-2465
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5517777

2 Oxidative Medicine and Cellular Longevity
Stage IT Stage III Stage IV BC metastasis% BLBC% (mostly TNBC)
67% Sl
0,1
4
'l
40.8% - > 35%
-——>
36.9%
\\A - > 35%
>
R R e R R R e O o e O e e e e R R et bbb e bdbebdbt?
‘...........‘........;.;;“....;‘;.........‘........".;;.;.."‘.;...‘.'.“‘.‘....“'.“.‘.. .Q..'......‘.(.‘...‘.‘.‘...‘..'........
(b) Dicer
/ XPOS RISC
Ran- GTP m1R
DROSHA, Metabolic Redox homeostasis
DGCRS8 reprogramming and apoptosis
M E mitomiRs i =
\
Pri-miR Pre-miR —
T 'AAAAA
Target mRNA ] B
\ 7 / // ) Mitochondrial mtDNA maintenance
5t quality control and Ca’* balance

N

F1GURE 1: Graphic overview depicting the roles of mitomiRs in modulating mitochondrial homeostasis and its involvements in the scenario of
TNBC progression. (a) TNBC stages classified by TNM system [7]. Advanced breast cancer comprises inoperable locally advanced breast
cancer and metastatic (stage IV) breast cancer. The bone, the liver, and the lungs account, respectively, for about 67%, 40.8%, and 36.9%
of the common metastatic sites, wherein basal-like BC (BLBC, accounting for 75% of the TNBC subtypes [6]) hits 40%, 35%, and 35%,
respectively, of the metastatic BC [7]. (b) The mitomiR biogenesis and its impacts on mitochondrial dimensions. The precursor transcripts
(pri-miR) are transcribed and posttranscriptionally cleaved by microprocessor (DROSHA and DGCRS) in the nucleus to liberate the pre-
miR hairpin. The pre-miR is then exported to the cytoplasm by exportin 5 (XPO5) bound to guanosine 5'-triphosphate (Ran-GTP). In
the cytoplasm, the DICER endoribonuclease cleaves the loop of the pre-miR to produce the mature miR. The resulting miR embeds in a
groove of Argonaute (AGO) of the RNA-induced silencing complex (RISC) and ultimately targets a strand of mRNA by base pairing its
3" untranslated region (UTR). When bound to an mRNA, RISC inhibits translation, yet the main effect is to degrade the mRNA through
deadenylation. mitomiRs are a particular cluster of miRs that predominantly occupy a sphere of influence on dimensions of mitochondrial
homeostasis, including metabolic reprogramming, redox homeostasis, mitochondrial quality control, mtDNA maintenance, and Ca**

balance.

the multiagent approach led to increased toxicities [11, 12].
Therefore, treatments for TNBC have since a major challenge
for oncologists due to the absence of unambiguous molecular
targets.

Mitochondria are dynamic organelles that produce
energy through oxidative phosphorylation (OXPHOS) for
the sophisticated biochemical reactions of a cell. Originated
from eubacterial endosymbiosis, each of them has multiple
copies of mitochondrial DNA (mtDNA), which is a circular,
double-stranded DNA (16,569-base pairs in human) encod-
ing 37 genes, including 13 proteins, 22 tRNAs, and 2 rRNAs
[13]. Structurally, mitochondria have double-membrane sys-
tem, composed of outer membrane and inner membrane,
which compartmentalize intermembrane space, crista, and

matrix where OXPHOS takes place to generate ATP [13].
More than intracellular powerhouses, mitochondria play a
central role in controlling physiological process and cellular
fate by orchestrating metabolism, redox status, apoptosis,
dynamics, mitophagy (a mechanism selectively degrading
mitochondria by autophagy), mtDNA maintenance, and cal-
cium balance [14, 15]. More recently, approaches aiming at
disturbances of cellular metabolism and mitochondrial func-
tions for the treatment of cancer, including BC, have been
emerging [15, 16].

MicroRNAs (miRs) are small, approximately 22-
nucleotide noncoding RNAs. miR genes are derived from
within the introns and are subject to similar types of epige-
netic regulation as are the protein-coding genes [17]. As



Oxidative Medicine and Cellular Longevity

TaBLE 1: Roles and mechanisms of mitomiRs in metabolic reprogramming.

mitomiR Function = Target gene Mechanism of action Outcome PMID Reference
Glucose metabolism
TApoptosis
| Proliferation
miR-29a (-)TNBC ARG2 JAGR2— |HIF-1a | Migration 33223849  Vamgetal, 2020
s [28]
|Invasion
| Tumor growth
|GPD1L—THIF- | Apoptosi
miR-210 (+)INBC GPDIL, CYGB la—Tglycolysis poprosis 32908121 Du et al., 2020 [29]
gycoy TTumor growth
1CYGB— |p53—Tglycolysis
TOCR/|ECAR
miR-140 (-)TNBC GLUTI |GLUT1- | glycolysis | Proliferation 31184216 He et al., 2019 [30]
glycoly:
| Tumor growth
let-7a  (-)TNBC STAT3 ISTAT3 f}‘gﬁf‘ﬁ;ﬁjw‘m |Proliferation 30368881 Yao et al., 2019 [31]
PIGRI |PI3K/| FOXO3a—1cMYC
miR-155 (+)TNBC FOXO:)'C’l —THK2/TPKM2/TLDHA TTumor growth 29527004 Kim et al., 2018 [32]
—1Glycolysis
LINSR/|INS1—|p- | Mitochondrial bioenergetics
miR-128 (-)TNBC INSR, IRS1 AKT/|HK2/|PFK |Proliferation 29116653 Xiao et al., 2018 [33]
— | Glycolysis | Tumor growth
. |Proliferation Romero-Cordoba
miR-342 (-)TNBC MCT1 IMCT1—|lactate uptake | Migration 30115973 et al,, 2018 [34]
g
TOCR/|ECAR
| Proliferation
miR-30a (JTNBC ~ LDHA |LDHA- |glycolysis lfﬁi%;:;"n“ 28461244  Liet al, 2017 [35]
| Tumor growth
| Tumor metastasis
TProliferation
. CAB39L, |CAB39L, |SESN1—|p- TMigration Pulito et al., 2017
miR-21 - (+)TNBC SESN1 AMPK—]mTOR TInvasion 28698800 [36]
TTumor growth
LATP production
2+ .
miR-340 (-)TNBC MCU lMCU:ll[G(l:;coL‘:;;lLD H lLaCﬁZgﬂg‘ii}‘ftmn 29137386 Yu et al, 2017 [37]
| Tumor metastasis
miR-101 (-)TNBC AMPK |AMPK— | glycolysis | Proliferation 27145268 Liu et al., 2016 [38]
glycoly
. ) |HIF-1a— |hypoxic gene | Tumor growth Krutilina et al., 2014
miR-18a  (-)TNBC HIFIA expression | Tumor metastasis 25069832 [39]
TApoptosis
miR-143 (-)TNBC HK2 |HK2— | glycolysis |Proliferation 22354042 Jiang et al., 2012 [40]
| Tumor growth
. . TmiR-155— | C/EBPf— .
miR-155 (+)TNBC mir-143 | miR-143—THK2— Tglycolysis TTumor growth 22354042 Jiang et al., 2012 [40]
Fatty acid metabolism
miR |Proliferation
1 219 1_ (-)TNBC ESRRA |ERRa— |CPT1C | Tumor growth 32641987 Chen et al., 2020 [41]
TTNBC sensitivity to 2-DG
|SCD, |G6PD, |FASN, |Proliferation Sereuienko et al
let-7a (-)TNBC SCD |ASSDHPPT TTNBC sensitivity to 25669981 g’2015 [42] N
—TOCR/TECR/TA¥Ym doxorubicin
. . JEMT
| Cellular triglyceride . .
miR-195 (JTNBC AC4LE FASK | Cellular cholesterol “Iﬁgf:ﬁgﬁn 26632252 Singh etal, 2015 [43]
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TaBLE 1: Continued.

mitomiR Function = Target gene Mechanism of action Outcome PMID Reference

Glutaminelcystine metabolism
|Mammosphere formation
| CSC markers
TTNBC sensitivity to
doxorubicin and paclitaxel

|xCT— | cystine uptake

miR-27a |CTH— | cystine production

(-)INBC SLC7All, CTH 32066826 Ueda et al., 2020 [36]

OXPHOS
. TCell death .
miR- (-)TNBC 16S rRNA 116S rRNA— |ETC enzymes | Proliferation 28220193 Sripada et al,, 2017
4485 [44]
| Tumor growth
TOXPHOS subunits
miR-663 ()TNBC ~ UQCC2  |UQCC2—|complex III activity |Invasion 29066615 Crden etal, 2017

| Tumor growth [45]

(+): oncogenic; (-): tumor suppressor; “1”: enhanced; “|”: reduced; A¥'m: mitochondrial membrane potential; AASDHPPT: 4-phosphopantetheinyl transferase;
ACACA: acetyl-CoA carboxylase; AGR2: anterior gradient 2; [Ca**] : mitochondrial calcium; AMPK: AMP-activated protein kinase; CAB39L: calcium-
binding protein 39-like; C/EBPf: CCAAT-enhancer-binding protein 3; CPT1C: carnitine palmitoyltransferase 1C; CTH: cystathionine gamma-lyase; CYGB:
cytoglobin; ECAR: extracellular acidification rate; EMT: epithelial-mesenchymal transition; ERRa (encoded by ESRRA): estrogen-related receptor alpha;
FASN: fatty acid synthase; FOXO3a: forkhead box O3; G6PD: glucose-6-phosphate dehydrogenase; GLUTI: glucose transporter 1; GPD1L: glycerol-3-
phosphate dehydrogenase 1; HIFIA/HIF-1a: hypoxia-inducible factor 1-alpha; HK2: hexokinase 2; HMGCR: 3-hydroxy-3-methylglutaryl CoA reductase;
INSR: insulin receptor; IRS1: insulin receptor substrate 1; LDHA: lactate dehydrogenase A; MCT1: monocarboxylate transporter 1; MCU: mitochondrial
calcium uniporter; mtDNA: mitochondrial DNA; mt-ROS: mitochondrial reactive oxygen species; OCR: oxygen consumption rate; OXPHOS: oxidative
phosphorylation; PFK: phosphofructokinase; PI3K: phosphoinositide 3-kinases; PKM2: pyruvate kinase M1/2; SCD: stearoyl-CoA desaturase; SESNI:
sestrin-1; STAT3: signal transducers and activators of transcription 3; UQCC2: ubiquinol-cytochrome ¢ reductase complex assembly factor 2; xCT (encoded

by SLC7A11): cystine/glutamate transporter.

shown in Figure 1(b), a miR gene is initially transcribed by
RNA polymerase II into a primary miRNA (pri-miRNA)
and then processed in the nucleus by microprocessor com-
plex comprising an endoribonuclease Drosha and a double-
stranded RNA-binding protein DiGeorge syndrome critical
region 8 (DGCRS8) into a ~70nt precursor miR (pre-miR)
[18], which are then exported to the cytoplasm by an expor-
tin 5/guanosine 5'-triphosphate (XPO5/RanGTP) complex.
In the cytoplasm, the loop of a pre-miRNA is cleaved by
the endonuclease Dicer to generate a mature miR [19]. The
regulatory functions of a mature miR are accomplished by
associating with the Argonaute (AGO) of the RNA-induced
silencing complex (RISC) [20]. As such, a miR ultimately tar-
gets a strand of mRNA by base pairing its 3’ untranslated
region (UTR) and negatively regulates mRNA expression in
most cases. When bound to an mRNA, RISC inhibits transla-
tion, yet the main effect is to degrade the mRNA through
deadenylation [17].

mitomiRs are a group of miRs that intimately regulate
mitochondrial functions. mitomiRs can exert the repressive
effect on gene expression to modulate mitochondrial func-
tions by two ways: one major type of mitomiRs targets
mRNAs in the cytoplasm; the other type of mitomiRs is
imported into mitochondria to target mtDNA-encoded
mRNAs. With regard to the gene origin of the mitomiRs,
the vast majority of them are nuclear-encoded, while few of
the mitomiRs are encoded by mtDNA (e.g., miR-1974,
miR-1977, and miR-1978) [21].

Mounting evidence in recent years has noted the transla-
tional implication of mitomiRs in metabolic disorder, degen-
erative diseases, and cancer [22-24]. Their functions in
modulating multiple aspects of mitochondrial homeostasis
permit alterations in cancer metabolism, growth, metastasis,

and sensitivity to clinical drugs. More importantly, mito-
miRs’ potential as a predictive panel and therapeutic targets
is notably emerging. As such, we herein focus on the novel
biological roles and mechanisms of mitomiRs on the
mitochondria-centric metabolic network in the context of
TNBC (Figure 1). Moreover, we highlight recent insights into
the advanced understating of predictive value and therapeu-
tic implication of mitomiRs.

2. Roles of mitomiRs in Regulating Metabolic
Reprogramming of TNBC

Cancer cells are characterized by significant metabolic repro-
gramming which facilitate survival and rapid proliferation in
a nutrient-deprived tumor microenvironment [25, 26]. Otto
Warburg firstly identified that cancer cells maintain high
levels of glycolysis for ATP production, regardless of oxygen
availability, a phenomenon thereafter termed as the Warburg
effect [27]. Since then, an increasing volume of study focused
on cancer-associated metabolic reprogramming within cru-
cial metabolic pathways, including altered metabolism of
glucose, fatty acid, and amino acids as well as perturbed
OXPHOS, in an attempt to find out metabolic susceptibilities
during cancer progression. The potential preclinical/clinical
reagents targeting metabolic reprogramming of TNBC have
been reviewed (32296646). In this regard, we summarized a
number of mitomiRs that have been reported to significantly
regulate TNBC progression by acting to metabolic repro-
gramming (Table 1).

Several lines of study noted that mitomiRs perturb
glycolysis-associated targets to inhibit TNBC. Jiang et al. have
demonstrated that miR-155/miR-143 axis modulates tumor
development by dictating glycolysis [40]. They showed that
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complex assembly factor 2; xCT: cystine/glutamate transporter.

miR-155 and miR-143 have TNBC-promoting and TNBC-
inhibiting effect, respectively. Mechanistically, tumorigenic
inflammatory signals augment glycolysis through miR-155,
which suppresses miR-143 by targeting CCAAT-enhancer-
binding protein 8 (C/EBPf3). The resulting decrease in miR-
143 leads to an unleashed targeting inhibition on hexokinase
2 (HK?2), leading to an increase in HK2 and consequently an
induced glycolysis [40]. miR-18a was demonstrated to inhibit
TNBC growth and metastasis in both in vivo and in vitro
models and expression of hypoxic genes [39]. The molecular
basis of miR-18a lies in the direct binding to the HIFIA
UTR [39]. Inhibition of TNBC proliferation in vitro can be
achieved by the overexpression of miR-101, which exerts
repressive effect on gene expression of AMPK [38]. Yu et al.
have shown that miR-340 inhibits glycolysis through modulat-
ing mitochondrial calcium homeostasis in TNBC [37]. Specif-
ically, miR-340 targets the UTR of mitochondrial calcium
uniporter (MCU) gene and represses the expression to reduce
tumor growth and metastasis [37]. Li et al. demonstrated that
miR-30a inhibits glycolysis and enhances mitochondrial respi-

ratory activity by targeting lactate dehydrogenase A (LDHA),
whereby the growth and metastasis of TNBC is reduced [35].
miR-342 was reported to disturb glucose metabolism and lac-
tate uptake of TNBC by targeting monocarboxylate trans-
porter 1 (MCT1) [34]. miR-128 was shown to specifically
inhibit insulin receptor (INSR) and insulin receptor substrate
1 (IRS1) to abate glycolytic signaling pathway and mitochon-
drial respiration, resulting in decreased tumor growth [33].
Both miR-148a and miR-152 were shown to directly target
pyruvate kinase M1/2 (PKM2) to counteract glycolytic
metabolism of TNBC cells, leading to decreased cancer cell
proliferation and angiogenesis [46]. Yao et al. have identified
that let-7a represses signal transducers and activators of tran-
scription 3 (STAT3) expression level to subsequently mediate
hnRNPA1/PKM2 signaling, leading to a decrease in glucose
metabolism and TNBC proliferation [31]. miR-140 showed
antiglycolytic and antiproliferative effect on TNBC through
direct binding to glucose transporter 1 (GLUT1) [30]. Li
et al. showed that miR34a inhibitor promotes cell prolifera-
tion and glucose uptake, indicating the anti-TNBC effect of
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TaBLE 2: Roles and mechanisms of mitomiRs in the perturbation of redox homeostasis.

S . Target . .
mitomiR Function gene Mechanism of action Outcome PMID Reference

i ) ) IBCL-2/TBAX |Mammosphere formation Abhir et al., 2020
miR-34a (-)TNBC  BCL-2 ROS/ AP m | Tumor growth 32319481 (54]

SLCTAIL |Mammosphere formation

. |xCT, |CTH, |[NRF2 1 CSC markers Ueda et al., 2020

miR-27a - ()TNBC  CTH —TROS, |autophagic flux 1TNBC sensitivity to doxorubicin 32066826 [36]
NFE2L2 .
and paclitaxel

. |ACK1-TROS— | Proliferation Zhang et al., 2019
miR-324 (-JTNBC  ACKI TDNA oxidative damage |Tumor growth 31751910 [52]
miR- (. TNBC 16S 116S rRNA— |ETC enzyme ll’foellilf::lr?ggn 28220193 Sripada et al., 2017
4485 rRNA activity—TROS/| A¥m | Tumor growth [44]

TSOD2, TXNRDI, HO-1
let-7a  (-JTNBC  SCD ISCD—TOCR—-TROS |Proliferation 25669081 erguienko etal,
TCell cycle arrest 2015 [42]
TTNBC sensitivity to doxorubicin
TEMT
| TXNIP—TTRX— | ROS—THIE- o o
miR-373 (+)TNBC TXNIP 14— TTWIST TMigration and invasion 26196741 Chen et al,, 2015
. TTumor growth [53]
1-TmiR-373 .
TTumor metastasis

miR- |KEAP1—nuclear translocation of TAntioxidant pathway Eades et al., 2011
200a (-)TNBC KEAPI1 NRF2—TNQO1 |Anchorage-independent cell ~ 21926171 [51]

growth

(+): oncogenic; (-): tumor suppressor; “1”: enhanced; “|”: reduced; A¥'m: mitochondrial membrane potential; ACKI: activated CDC42 kinase 1; BAX: Bcl-2-
associated X protein; BCL-2: B cell lymphoma 2; CTH: cystathionine gamma-lyase; CSCs: cancer stem cells; ETC: electron transport chain; HAX-1: HCLS1-
associated protein X-1; HO-1: heme oxygenase 1; NQOI: NAD(P)H quinone dehydrogenase 1; NRF2 (encoded by NFE2L2): nuclear factor erythroid 2-
related factor 2; ROS: reactive oxygen species; SCD: stearoyl-CoA desaturase; SOD2: superoxide dismutase mitochondrial; TRAIL: tumor necrosis factor-
related apoptosis-inducing ligand; TNBCSC: triple-negative breast cancer stem cell; TRX: thioredoxin; TWIST1: twist family BHLH transcription factor 1;
TXNIP: thioredoxin-interacting protein; TXNRD1: thioredoxin reductase 1; xCT (encoded by SLC7A11): cystine/glutamate transporter.

miR34a [47]. More recently, Wang et al. demonstrated that
miR-29a overexpression exerts inhibitory effect on prolifera-
tion, migration, and invasion of TNBC cells through target-
ing the anterior gradient 2 (ARG2)/HIF-la axis [28].
Furthermore, circular RNA circPVT1 was identified as a
miR sponge, leading to suppressing the expression of miR-
29a and promoting in vivo tumor growth [28].

In addition to glucose metabolism, some mitomiRs act
toward fatty acid metabolism to exert inhibitory effect on
TNBC. For example, miR-195 was shown to target acetyl-
CoA carboxylase (ACACA), fatty acid synthase (FASN),
and 3-hydroxy-3-methylglutaryl CoA reductase (HMGCR)
to suppress epithelial-mesenchymal transition (EMT), pro-
liferation, migration, and invasion [43]. Serguienko et al.
have demonstrated that let-7a targets SCD (stearoyl-CoA
desaturase) to reduce cell proliferation and sensitivity to
doxorubicin [42]. More recently, Chen et al. reported that
miR-1291 targets estrogen-related receptor alpha (ERR«)
to inhibit the expression level of carnitine palmitoyltrans-
ferase 1C (CPT1C), causing a decrease in cell proliferation
in vitro and tumor growth in vivo [41].

With regard to amino acid metabolism, Ueda et al. dem-
onstrated that miR-27a play a suppressive role over TNBC by
disturbing glutamine/cystine dynamics. Specifically, miR-27a
directly bind to UTR of cystine/glutamate transporter (xCT)
and cystathionine gamma-lyase (CTH), whereby cystine
uptake and production, respectively, are compromised, lead-

ing to a decrease in mammosphere formation and cancer
stem cell markers as well as an increase in sensitivity to doxo-
rubicin and paclitaxel [36]. On the other hand, some mito-
miRs were shown to curb TNBC by impeding OXPHOS.
miR-4485 and miR-663 have been identified to hinder mito-
chondrial function by direct binding to the UTR of mtDNA-
encoded 16S rRNA and ubiquinol-cytochrome ¢ reductase
complex assembly factor 2 (UQCC2), respectively [44, 45].

In contrast, some reports have explored that a group of
mitomiRs responsible for metabolic reprogramming can
act to promote the development of TNBC. In this regard,
miR-21 was shown to exert its function by targeting
calcium-binding protein 39-like (CAB39L) and sestrin-1
(SESN1) to promote proliferation and invasion of TNBC
[48]. Kim et al. have reported that miR-155 promotes glycol-
ysis and growth of TNBC by targeting an axis comprising
phosphoinositide 3-kinase regulatory subunit 1, forkhead
box O, and ¢-MYC (PI3R1-FOXO3a-cMYC axis) [32]. A
recent report conducted by Du et al. identified that miR-
210 exerts a positive effect in glucose metabolism, lactate
production, extracellular acidification rate (ECAR), prolifer-
ation, and starvation-induced apoptosis. The molecular
underpinnings were found to lie in direct binding of miR-
210 to GPDIL and CYGB, whereby HIF-la stabilization
and p53 suppression can, respectively, be maintained [29].
An integrative network summarizing the roles and pathways
of mitomiRs is illustrated in Figure 2.
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TaBLE 3: Roles and mechanisms of mitomiRs in cell apoptosis.

Target

mitomiR Function gene Mechanism of action Effect on TNBC PMID Reference
TApoptosis
. | Migration .
miR-34a (-)INBC  BCL2 |BCL-2—TBAX | Mammosphere formation 32319481 Ahir et al., 2020 [54]
| Tumor growth
| Apoptosis
. i TProliferation Zhang et al,, 2019
miR-224 (+)TNBC CASP9 |Caspase-9 TMigration 30886656 [60]
TInvasion
. . TPhospho-p53
‘fgﬁ; 125a/miR- yrNBe BCL2 |BCL-2—TBAX TPARP cleavage 31541355 Majzoub et al.,, 2019
TApoptosis
TApoptosis
. |BCL-2—1BAX | Proliferation
miR-20b ()INBC  VEGF  Caspase-9/3 | Migration 28550685 Lu et al., 2018 [59]
|Invasion
|BCL-2/TBAX/TBID 1Cell death
miR-15/16 (-)TNBC BMI1 — | A¥Ym—Tcaspase- |Proliferation 27596816 Patel et al., 2016 [58]
9/3 | Migration
miR-223 ()INBC  HAX1 JHAX-1 TTRAIL-induced apoptosis of 710431 qun et al, 2016 [57]
TNBCSC
. |cIAP—TFADD— . . Zheng et al., 2016
miR-145 (-)TNBC cIAP 1Caspase-8/3— TtBID TTNF-a-induced apoptosis 26733177 [56]
TApoptosis
. |Proliferation .
miR-101 ()INBC  MCLI IMCL-1—|A¥m | Tumor growth 26036638 Liu et al.,, 2015 [55]

TTNBC sensitivity to paclitaxel

2-DG: 2-deoxy-D-glucose; A¥m: mitochondrial membrane potential; BAX: Bcl-2-associated X protein; BCL-2: B cell lymphoma 2; BID: BH3 interacting-
domain death agonist; CASP9: caspase-9; cIAP: cellular inhibitor of apoptosis; FADD: Fas-associated protein with death domain; HAX-1: HCLS1-associated
protein X-1; MCL-1: induced myeloid leukemia cell differentiation protein Mcl-1; PARP: poly ADP-ribose polymerase; tBID: truncated BH3 interacting-
domain death agonist; TRAIL: tumor necrosis factor-related apoptosis-inducing ligand; TNBCSC: triple-negative breast cancer stem cell; VEGF: vascular

endothelial growth factor.

3. Roles of mitomiRs in Redox Homeostasis and
Cell Apoptosis

The increased demand for cellular ATP and accelerated oxi-
dation of nutrient molecules trigger the generation of reactive
oxygen species (ROS) derived from electron transport chain
of mitochondria [49]. A moderate elevated ROS benefits cel-
lular proliferation, whereas excessive ROS production can
lead to oxidative damage to proteins, lipids, and DNA [50].
As such, intracellular ROS status plays a critical role in cell
growth and survival. Indeed, a cluster of miRs functions to
dictate the imbalance between the production of ROS and
the activity of antioxidant defence system, resulting in the
disruption of redox homeostasis and ultimately cancer cell
apoptosis [22]. A study conducted by Eades et al. has demon-
strated that miR-200a serves as repressor on TNBC cells by
perturbing antioxidant defence mechanism [51]. Specifically,
miR-200a directly targets Kelch-like ECH-associated protein
1 (KEAP1), leading to the NF-E2-related factor 2 (NRF2) sta-
bilization and nuclear translocation to act forward the activa-
tion of Nrf2-dependent NAD(P)H-quinone oxidoreductase 1
(NQO1) gene transcription [51]. By targeting SCD, let-7a is
able to alter fatty acid metabolism, leading to boosted mito-
chondrial activity and oxidative stress, as evidenced by an

increase in oxygen consumption rate (OCR), ROS expression
level, and the expression level of superoxide dismutase 2
(SOD2), thioredoxin reductase 1 (TXRND1), and heme oxy-
genase 1 (HO-1) [42]. Likewise, miR-27a was shown to disrupt
glutathione- (GSH-) associated antioxidant mechanism by
targeting xCT, which mediates the uptake of cystine, a pre-
cursor for GSH biosynthesis [36]. miR-324 has been reported
to induce ROS level through inhibiting a driver of tumor pro-
gression, activated CDC42 kinase 1 (ACK1) [52]. In contrast,
miR-373 plays an anti-ROS role in TNBC by targeting
thioredoxin-interacting protein (TXNIP), which functions
to inhibit antioxidant protein thioredoxin (Trx) by interact-
ing with its redox-specific active cysteine residues [53]. The
ROS-suppressing hallmark of miR-373/TXNIP acted to pro-
mote HIF-la/twist family BHLH transcription factor 1
(TWIST1) pathway, leading to increased invasive behaviour
of TNBC cells [53].

Furthermore, some mitomiRs induce ROS production by
targeting genes involved in the integrity of mitochondria. In
this regard, miR-4485 was demonstrated to translocate to
mitochondria to exert direct binding activity to mtDNA-
encoded 16S rRNA, resulting in a decrease in electron trans-
port chain (ETC) enzyme activity and mitochondrial ATP
production, as well as an increase in expression level of
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ROS [44]. The tumor-suppressive effect in vivo was verified
by overexpression of miR-4485 in TNBC cells [44]. In addi-
tion, Ahir et al. recently identified that miR-34a is implicated
in effectively suppressing growth and mammosphere forma-
tion of TNBC [54]. The inhibitory role of miR-34a on B cell
lymphoma 2 (BCL-2) permits the formation of perme-
abilization pore on the outer membrane of the mitochondria
(OMM), promoting the intracellular ROS production [54].
Table 2 summarizes the mitomiRs acting toward the regula-
tion of redox homeostasis and the biological roles and mech-
anisms in TNBC.

Several lines of study have revealed a group of mitomiRs
modulate the carcinogenesis and sensitivity to drugs of
TNBC by targeting genes implicated in apoptotic signaling.
Liu et al. have demonstrated that miR-101 play a positive role
in the induction of TNBC apoptosis by targeting induced
myeloid leukemia cell differentiation protein Mcl-1 (MCL-
1), a prosurvival member of the Bcl-2 family [55]. Overex-
pression of miR-101 was shown to inhibit tumor growth
and sensitize cells to paclitaxel-induced apoptosis [55]. Sim-

ilarly, Zheng et al. demonstrated that miR-145 has a promo-
tive role in receptor-interacting protein Fas-associated
protein with death domain caspase-8 (RIP1-FADD-casp8)
apoptosis signaling induced by TNF-« [56]. By targeting cel-
lular inhibitor of apoptosis (cIAP1), miR-145 can exert
TNBC-suppressive function, leading to the activation of the
extrinsic pathway, whereby activated casp8 act to cleave
BH3 interacting-domain death agonist (BID) to initiate the
mitochondrial apoptotic pathway [56]. miR-233 has been
shown to specifically suppress the expression of HCLSI1-
associated protein X-1 (HAX-1), an antiapoptotic protein
that inhibits the activation of caspase-9 [57]. miR-223 over-
expression potentiated proapoptotic effect induced by TNEF-
related apoptosis-inducing ligand (TRAIL) over triple-
negative breast cancer stem cells (TNBCSCs) [57]. Patel el
al. revealed that miR-15a/miR-16 overexpression in TNBC
cells results in increased intrinsic pathway of apoptosis
through direct of B cell-specific Moloney murine leukemia
virus integration site 1 (BMI1), an oncogene involving mito-
chondrial homeostasis [58]. miR-20b was shown to target
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VEGF and cause deceased BCL-2 and increased BAX and
activation of cell apoptosis, resulting in an inhibitory effect
on proliferation, migration, and invasion of TNBC cells
[59]. Both groups, Ahir et al. and Majzoub et al, have
recently shown that BCL-2 is a specific target of miR-34a
[54] and miR-125a/miR-181a [55]. These mitomiRs can
exert suppressive effect on TNBC cells by inducing apoptosis
as well as reducing cell migration [55] and tumor growth
[54]. Conversely, miR-224 has been reported to be tumor-
promotive in TNBC. Zhang et al. showed that miR-224 pro-
vides apoptotic resistance and enhances proliferation, migra-
tion, and invasion by targeting caspase-9 [60]. Collectively,
the recent understandings of mitomiRs in targeting apoptosis
pathway in the context of TNBC are listed in Table 3. The
schematic sophisticated network encompassing tumor-sup-
pressive/tumor-promotive mitomiRs targeting molecules
central to redox homeostasis and apoptosis is illustrated in
Figure 3.

4. Roles of mitomiRs in Regulating
Mitochondrial Dynamics and Mitophagy

Mitochondria are highly dynamic organelles. The dynamic
properties comprising fusion, fission, and degradation not
only play critical role for their optimal function in energy gen-

eration but also have profound impact on human diseases,
including cancer [61]. The multiple events of mitochondrial
fusion require hydrolysis of GTP and mitochondrial mem-
brane potential [62]. Mitofusins 1 and 2 (MFN1/2) are both
GTP-hydrolyzing enzymes of the dynamin superfamily.
They are located on the outer membrane of mitochondria
(OMM) and required for OMM fusion [63]. The fusion of
inner membrane of mitochondria (IMM) is mediated by
another member of the dynamin superfamily, optic atrophy
1 (OPA1), located in IMM [64]. On the other hand, the mito-
chondrial fission largely relied on the activity of dynamin-
related protein 1 (DRP1), a GTP-hydrolyzing enzyme [65,
66]. DRP1 is recruited from the cytosol to associate with cor-
responding receptors residing on OMM, including mito-
chondrial fission 1 protein (FIS1), mitochondrial fission
factor (MFF), mitochondrial dynamics protein MID49
(MID49), and mitochondrial dynamics protein MID51
(MID51) [67-69]. Mitochondrial fission acts to promote seg-
regation of damaged mitochondria, which subsequently facil-
itates mitochondrial fragments of the appropriate size for
engulfment by autophagosomes. The degradation of dys-
functional mitochondria by autophagy, or mitophagy, is a
major mechanism for mitochondrial quality control [61].
More recently, the emerging role of mitomiRs in TNBC
progression via regulating the mitochondrial quality control
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TaBLE 4: Roles and mechanisms of mitomiRs in mitochondrial homeostasis on dynamics, mitophagy, calcium transport, and mtDNA

maintenance.
S . Target . .
mitomiR  Function gene Mechanism of action Outcome PMID Reference
Mitochondrial dynamics
TMitochondrial fission
|MFN2 lOCR .
miR-195 (-)TNBC  MFN2 LOPA1 IMitochondrial ATP 30932749 © umh’t[%;‘l" 2019
TDRP1 TROS
TApoptosis
Mitophagy
TMitochondrial
biogenesis
miR-137  (+)BCSC  FUNDCI lFUNB f&f:lff/ ALC3-IT |ROS 32045512 1Y et[;‘;'i 2020
phagy TATP production
| Apoptosis
wos  MNCSGIDU
miR-1 (-)BCSC  GPD2 —>TPINgK1—>TLC3—H GO/G1 31765945 J 7
LRPPRC —Mitophagy | Tumor growth
Mitochondrial calcium transport
o IMCU (TNBC)— | Angiogenesis
E;; (.)TNBC  CX3CLI TmiR-4488 EVs (TNBC)— | Tumor metastasis 33067576 2178 E’; :]1" 2020
LCX3CL1 (ECs) TSurvival time of mice
|Glucose uptake
LATP production
miR-340  (-)TNBC MCU lMCU—)l[Ca2+]m —|LDH |Lactate production 29137386 Yuetal, 2017 [37]
| Migration
| Tumor metastasis
1(Ca”] L .
miR-195 ()TNBC ~CYP27bI T[Ca?] [Proliferation 355, Singh et al,, 2015
LA c |Migration [43]
m |Invasion
mtDNA maintenance
. TTumorigenic genes
2191;;' (+)INBCSC ~ POLB TPOLB—TmtDNA stability TCSC genes 33278391 Manda [";6‘]‘1" 2020
TProliferation
| Mitochondrial
. INSR, bioenergetics Xiao et al., 2018
miR-128  (-)TNBC 1RSI LINSR/|INS1— | mtDNA content |Proliferation 29116653 3]
|Tumor growth
. TCisplatin-induced
’11;1;' ()INBC  TFAM |TFAM— | mtDNA content apoptosis 28126676 L0 Et[;;] 2017
|Proliferation
. TCell death .
miR- 16S 116S rRNA— |ETC enzyme . . Sripada et al., 2017
4485 (-JTNBC rRNA activity— | mitochondrial ATP {Proliferation 28220193 [44]

| Tumor growth

(+): oncogenic; (-): tumor suppressor; “T”: enhanced; “|”: reduced; A¥m: mitochondrial membrane potential; BCSC: breast cancer stem cell; T[Ca**]: cytosolic
calcium; [Ca*'],,;: mitochondrial calcium; CX3CL1: C-X3-C motif chemokine ligand 1; CYP27B1: cytochrome P450 family 27, subfamily B, polypeptide 1;
DRP1: dynamin-related protein 1; ECs: endothelial cells; EVs: extracellular vesicles; FUNDC1: FUN14 domain containing 1; GPD2: glycerol-3-phosphate
dehydrogenase 2; INSR: insulin receptor; IRS1: insulin receptor substrate 1; LC3: microtubule-associated proteins 1A/1B light chain 3B; LDH: lactate
dehydrogenase; LRPPRC: leucine-rich pentatricopeptide-repeat containing; MCU: mitochondrial calcium uniporter; MEN: mitofusin; MINOSI:
mitochondrial inner membrane organizing system 1; NIX: NIP-3-like protein X; OPA1: optic atrophy 1; PINK1: PTEN-induced kinase 1; POLB: DNA
polymerase beta; ROS: reactive oxygen species; TFAM: mitochondrial transcription factor A; UQCC2: ubiquinol-cytochrome C reductase core protein 2.

machinery has been revealed (Figure 4). In this regard, Puro-
hit et al. reported that miR-195 exerts anti-TNBC effect by
targeting NFN2. The dysregulated mitochondrial dynamics
was evidenced by decreased MFN2 and OPAI, increased

DRP1, and enhanced mitochondrial fission. miR-195 also
led to declined mitochondrial OXPHOS and bioenergetics
and increased ROS level and cell apoptosis [70]. Zhang
et al. demonstrated that overexpression of miR-1 exerts a
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tumor-suppressive effect by simultaneously targeting
mitophagy-associated genes including MINOSI (mitochon-
drial inner membrane organizing system 1), GPD2 (glyc-
erol-3-phosphate dehydrogenase 2), and LRPPRC (leucine-
rich pentatricopeptide-repeat containing), leading to an
induction of mitophagy in breast cancer stem cells [71]. On
the other hand, Hu et al. showed that miR-137 play a
tumor-promotive role in breast cancer stem cells [72]. By
direct targeting FUN14 domain containing 1 (FUNDCI),
miR-137 repressed the mitophagy by reducing the expression
of FUNDCI1, NIP-3-like protein X (NIX), and LC3-II, result-
ing in an increase in mitochondrial biogenesis and bioener-
getics and a decrease in ROS level and cell apoptosis [72].
Table 4 highlights the mitomiRs involved in mitochondrial
dynamic and mitophagy.

5. mitomiRs and Calcium Transport

A growing body of literature has revealed the implications
of mitochondrial calcium uptake in tumorigenesis [73].
Indeed, some of the studies unravelled the roles of a cluster
of mitomiRs in inhibiting TNBC progression by disturbing
mitochondrial calcium uptake. Table 4 outlines the recent
findings regarding this issue. Specifically, Singh et al. demon-

strated that miR-195 acts toward increased mitochondrial
calcium by targeting cytochrome P450 family 27, subfam-
ily B, polypeptide 1 (CYP27B1), leading to dysfunctional
mitochondria as evidenced by loss of mitochondrial mem-
brane potential. They confirmed its antitumor role by
showing that overexpression of miR-195 impedes EMT,
proliferation, migration, and invasion of TNBC cells [43].
Yu et al. showed that miR-340 negatively regulates mito-
chondrial calcium uniporter (MCU) by direct interacting
with MCU 3'UTR. Downregulated MCU was shown to
inhibit tumor Warburg effect, leading to a significant
decrease in cell migration and invasion in vitro and lung
metastasis in vivo [37]. Interestingly, Zheng el al. revealed
that knockdown of MCU induces generation and secretion
of miR-4488-containing extracellular vesicles (EVs) from
TNBC cells. The miR-4488-containing EVs uptaken by
endothelial cells acted to target an angiogenic activator C-
X3-C motif chemokine ligand 1 (CX3CL1), resulting in sup-
pressed angiogenic activity. Furthermore, the administration
of miR-4488-containing EVs inhibited tumor metastasis and
increased survival time of tumor-bearing mice [74]. The
schematic pipeline regarding the roles and mechanisms of
mitomiRs directing at mitochondrial calcium balance is illus-
trated in Figure 5.
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TaBLE 5: Clinicopathological relevance of mitomiRs.
mitomiRs  Specimen Expression Clinical relevance PMID Reference
miR-4488 Serum EVs l Low expression in TNBC patients 33067576 Zheng et al., 2020 [74]
miR-21 Serum l Decreased level in BC patients after metformin treatment 28698800 Pulito et al., 2017 [48]
. Serum . . . 31616515 Li et al.,, 2019 [47]
miR-34a Tissue l Low expression predicts poor OS of TNBC patients 31897330 Kim et al, 2019 [77]
miR-29a Tissue l Low expression predicts poor OS of BC patients 33223849 Wang et al., 2020 [28]
miR-1 Tissue l Low expression in BC patients 31765945 Zhang et al., 2019 [71]
. . Low expression correlated with large tumor size and
miR-324 Tissue 1 advanced TNM stage (III-IV) of BC patients 31751910 Zhang et al., 2019 [52]
miR-342 Tissue l Low expression predicts poor OS of TNBC patients 30115973 Romerozb(igrfd;ga etal,
miR-128 Tissue l Low expression predicts poor OS and DFS of TNBC patients 29116653  Xiao et al., 2018 [33]
miR-125b Tissue 1 Low expression in BC tissue and TNBC cell line 29434858 Hu et al., 2018
miR-4485  Tissue l Low expression in BC patients 28220193 Sripada et al., 2017 [44]
miR-663 Tissue l Low expression predicts poor OS of BC patients 29066618 Carden et al., 2017 [45]
miR-195 Tissue l Low expression in TNBC patients 29183284 Qattan et al., 2017 [79]
m%R—148a, Tisste ! Low expression in TNBC tlss.ue compared to adjacent 25703326 Xu et al, 2015 [46]
miR-152 normal tissue
. . Low expression associated with advanced TNM stage .
miR-101 Tissue l (III-1V) and lymph node infiltration of TNBC patients 26036638 Liu etal, 2015 (5]
miR-195 Plasma T High expression in TNBC patients 29183284 Qattan et al., 2017 [79]
miR-210 Plasma T High expression in TNBC patients 29183284 Qattan et al., 2017 [79]
miR-16 Plasma T High expression in TNBC patients 29183284 Qattan et al., 2017 [79]
miR-221 ,Srigfel T High expression in serum and tumor tissue of BC patients ~ 26503209  Ye et al., 2016 [80]
miR-27a Serum T High expression in BC patients and in TNBC cell line 26662313  Zhou et al., 2016 [81]
. . High expression in tumor tissue indicates elevated glucose .
miR-155 Tissue T uptake of TNBC patients 29527004 Kim et al., 2018 [32]
miR-210 Tissue T High expression in TNBC patients 29183284 Qattan et al., 2017 [79]
miR-16 Tissue T High expression in TNBC patients 29183284 Qattan et al., 2017 [79]
miR-373 Tissue T High expression predicts lymph node metastasis of BC patients 26196741  Chen et al., 2015 [53]

“1”: enhanced; “|”: reduced; BC: breast cancer; DFS: disease-free survival; EVs: extracellular vesicles; OS: overall survival; TNBC: triple-negative breast cancer;

TNM: tumor, node, metastasis.

6. mitomiRs and mtDNA Maintenance

A line of research identified a group of mitomiRs functioning
to modulate the maintenance of mtDNA in the context of
TNBC (Table 4). Sripada et al. showed that miR-4485 sup-
presses tumor growth and cell proliferation of TNBC by
targeting 16S rRNA encoded by mtDNA [44]. Fan et al.
demonstrated that miR-199a directly targets mitochondrial
transcription factor A (TFAM) and causes a significant
decrease in mtDNA content, leading to reduced proliferation
and potentiate proapoptotic effect induced by cisplatin
[75]. In addition, Xiao et al. reported that miR-128 exerts
a mtDNA-reducing effect through targeting INSR/IRSI,
resulting in a decrease in mitochondrial bioenergetics, prolif-
eration, and tumor growth of TNBC [33]. More recently,
miR-499a was identified as a driver of TNBCSC develop-
ment. In this regard, Manda et al. showed that miR-499a acts
to mediate the suppression of DNA polymerase beta (POLB),
which plays a master role in the repair and genome stability

of mtDNA [76]. We summarized the mechanisms of mito-
miRs acting on mtDNA maintenance of TNBC in Figure 5.

7. Prognostic Value, Therapeutic Implications,
and Future Perspective

The expression of several mitomiRs can potentially be
regarded as predictive, diagnostic, and prognostic bio-
markers for TNBC (Table 5). A cluster of low-expressed
mitomiRs is identified in tumor tissue [28, 33, 34, 44-47,
52, 55, 71, 77-79], while some of them are high-expressed
[32, 53,79, 80]. Of note, some mitomiRs showed clinical sig-
nificance in predicting disease outcome. There are a group of
mitomiRs enabling predicting survival time [33, 34, 45, 47,
77], while another set of them indicates advanced stage or
metastasis [52, 53, 55]. Importantly, circulating mitomiRs
identified as relevant biomarkers provide an opportunity to
establish a rapid clinical panel which can be less invasive
and more accessible [47, 48, 74, 79-81].
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TaBLE 6: mitomiR-based therapeutics and targeting mechanisms in preclinical study of TNBC.

Approach/reagent Effecting mitomiR Experimental model PMID Reference
Metabolic reprogramming

siRNA-circPVT1 TmiR-29a In vivo, in vitro 33223849 Wang et al., 2020 [28]
Lentivirus-miR-128 TmiR-128 In vivo, in vitro 29116653 Xiao et al., 2018 [33]
Small molecule (metformin) ImiR-21 In vitro, in vivo 28698800 Pulito et al., 2017 [48]
Apoptosis

Nanoparticle-loaded miR-34a TmiR-34a In vivo, ex ovo, in vitro 32319481 Ahir et al., 2020 [54]
Nanoparticle-loaded anti-miR-10b |miR-10b In vivo, ex ovo, in vitro 32319481 Ahir et al., 2020 [54]
Cisplatin+thiosemicarbazone compound 4 ~ TmiR-125a, TmiR-181a In vitro 31541355 Majzoub et al., 2019
shRNA-IncCAMTA1 TmiR-20b In vitro 28550685 Lu et al., 2018 [59]
Anti-miR-221 |miR-221 In vitro 26503209 Ye et al., 2016 [80]
Redox signaling

Natural product (ursolic acid) | miR-499a Ex ovo, in vitro 33278391 Manda et al., 2020 [76]
Physical agent (ultrasound) TmiR-200c In vitro 32313093 Shi et al., 2020 [85]
Natural product (parthenolide) TmiR-29b In vitro 31313842 De Blasio, 2019 [84]
shRNA-LINC00963 TmiR-324 In vitro, in vivo 31751910 Zhang et al., 2019 [52]
Adenovirus-MDA-7 |miR-221 In vitro, in vivo 30842276  Pradhan et al., 2019 [82]
CuO-Nw-FA TmiR-425 In vivo, ex ovo, in vitro 26520043 Ahir et al., 2016 [83]
Histone deacetylase inhibitor (SAHA) TmiR-200a In vitro 21926171 Eades et al., 2011 [51]
Mitochondrial calcium transport

Exosome TmiR-4488 In vivo, in vitro 33067576 Zheng et al., 2020 [74]

“1”: enhanced; “|”: reduced; circPVT1: circular RNA PVT1; CuO-Nw-FA: copper oxide nanowire conjugated with folic acid; IncRNA: long noncoding RNA;
MITF: melanogenesis-associated transcription factor; SAHA: suberoylanilide hydroxamic acid.

TABLE 7: Interventional clinical trials for mitomiRs.

Intervention Effecting mitomiR

Cancer type

Trial number Phase (status)

Metabolic reprogramming

Cobomarsen (MRG-106) |miR-155 T-cell lymphoma/mycosis fungoides NCT03713320; NCT03837457 Phase 2 (terminated)
TargomiRs TmiR-16 Me?\? ;}éeﬁlgma NCT02369198 Phase 1 (completed)
Apoptosis

Liver cancer

Lymphoma

SCLC

MRX-34 TmiR-34a NSCLC NCT01829971 Phase 1 (terminated)

Melanoma

Multiple myeloma

Renal cell carcinoma

“1”: enhanced; “|”: reduced; NSCLC: non-small-cell lung cancer; SCLC: small cell lung cancer.

Recent insights into therapeutic approaches in preclinical
model pave new paths to potential treatments for TNBC
(Table 6). These strategies exert treatment effect by targeting
various aspects implicated in mitochondrial homeostasis,
including metabolic reprogramming, apoptosis, redox sig-nal-
ing, and mitochondrial calcium transport. Most common
approaches employed genetic manipulation, including siRNA,
shRNA, and antisense for mitomiR inhibition [28, 52, 59, 80].
Although some approaches conducted by virus-based gene
delivery demonstrated treatment efficiency [33, 82], the poten-
tial adverse effects to humans must be taken into consideration

in the future should they be registered for clinical trials. The
use of chemotherapeutics combo could be promising but still
need more advanced study, such as in vivo model
(31541355). Nanoparticle-loaded mitomiRs provide a poten-
tial way to achieve highly efficient delivery into tumor
(32319481). Interestingly, Ahir et al. demon-strated a
mitomiR-promoting nanotechnology using copper oxide
nanowire fabricated with folic acid (CuO-Nw-FA) that
enables enhanced cellular uptake in TNBC cells without
imparting significant toxicity in normal cellular system [83].
Oral hypoglycemic drug [48], natural products [76, 84],
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epigenetic modifier [51], and physical agent [85] have been
shown to effectively inhibit TNBC cell proliferation. More
notably, the notion of using mitomiR-containing EVs may
offer a treatment strategy with advantage of high purity, spec-
ificity, and biodistribution as less safety concern [74]. Of note,
some clinical trials utilizing mitomiR-based treatment for sev-
eral types of cancer have been registered (Table 7). Unfortu-
nately, due to the occurrence of immune-related serious
adverse events, the trial using miR-34a was ter-minated
(NCT01829971). The termination of anti-miR-155-based
drug is due to business reasons, but not concerns regarding
safety or lack of efficacy (NCT03713320). The miR-26-based
approach, TargomiRs, may be a next glimmer of hope for can-
cer treatment. The first-in-human, phase 1 trial of TargomiR
patients with malignant pleural mesothe-lioma has completed.
The results showed acceptable safety profile and early signs of
activity of TargomiRs in patients [86], supporting the feasibil-
ity of further study.

8. Conclusions

Due to the absence of unambiguous molecular targets for
TNBC, its clinical treatment is still a challenging issue. The
hallmarks of altered metabolism and mitochondrial fitness
in TNBC provide an opportunity for advancing new diagnos-
tic/prognostic tools and therapeutic approaches. mitomiRs
are a subgroup of microRNAs that closely regulate mito-
chondrial functionality by targeting genes present in the
cytosol or mitochondria. Growing evidence has elucidated
its effectiveness and mechanism of action in the context of
TNBC, making mitomiRs an emerging field of study. Indeed,
the predictive, prognostic, and diagnostic value of a number
of mitomiRs has been revealed. There is increasing novel
mitomiR-based therapeutics aiming for efficient inhibition
on tumor growth. It is important to note that some mitomiRs
were qualified for the early stage of clinical trial. In spite of
these inspiring advances, there is still a need to gain deeper
insight into mitomiR-dictated mechanisms with respect to
mitochondrial homeostasis, to develop accessible prediction
panel with satisfactory sensitivity/specificity and to explore
interventions suitable for clinical use. To summarize, mito-
miRs represent attractive therapeutic targets for the treat-
ment of TNBC.

Data Availability

No data were used to support this study.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

The authors would like to thank James Waddell for his assis-
tance with the proofreading and revision of this article. This
research was funded by the Ministry of Science and Technol-
ogy, Taiwan (MOST 106-2314-B-442-001-MY3, MOST 109-

Oxidative Medicine and Cellular Longevity

2314-B-442-001, and MOST 109-2314-B-075B-002),
National Health Research Institutes (NHRI-109BCCO-ME-
202015-01), and Show Chwan Memorial Hospital, Taiwan
(SRD-109023, SRD-109024, SRD-109025, and RD107063).

References

[1] C. Fitzmaurice, D. Abate, N. Abbasi et al., “Global, regional,
and national cancer incidence, mortality, years of life lost,
years lived with disability, and disability-adjusted life-years
for 29 cancer groups, 1990 to 2017,” JAMA Oncology, vol. 5,
no. 12, pp. 1749-1768, 2019.

[2] F. Bray, J. Ferlay, I. Soerjomataram, R. L. Siegel, L. A. Torre,
and A. Jemal, “Global cancer statistics 2018: GLOBOCAN esti-
mates of incidence and mortality worldwide for 36 cancers in
185 countries,” CA: a Cancer Journal for Clinicians, vol. 68,
no. 6, pp. 394-424, 2018.

[3] L. A. Torre, R. L. Siegel, E. M. Ward, and A. Jemal, “Global
cancer incidence and mortality rates and trends—an update,”
Cancer Epidemiology, Biomarkers ¢ Prevention, vol. 25,
no. 1, pp. 16-27, 2016.

[4] A. Goldhirsch, W. C. Wood, A. S. Coates, R. D. Gelber,
B. Thurlimann, and H. J. Senn, “Strategies for subtypes—deal-
ing with the diversity of breast cancer: highlights of the St Gal-
len International Expert Consensus on the Primary Therapy of
Early Breast Cancer 2011,” Annals of Oncology, vol. 22, no. 8,
pp. 1736-1747, 2011.

[5] F. Fabbri, S. Salvi, and S. Bravaccini, “Know your enemy:
genetics, aging, exposomic and inflammation in the war
against triple negative breast cancer,” Seminars in Cancer Biol-
ogy, vol. 60, pp. 285-293, 2020.

[6] A. Angius, P. Cossu-Rocca, C. Arru et al., “Modulatory role of
microRNAs in triple negative breast cancer with basal-like
phenotype,” Cancers, vol. 12, no. 11, p. 3298, 2020.

[7] N. Harbeck, F. Penault-Llorca, J. Cortes et al., “Breast cancer,”
Nature Reviews. Disease Primers, vol. 5, no. 1, p. 66, 2019.

[8] M. Bonotto, L. Gerratana, E. Poletto et al., “Measures of out-
come in metastatic breast cancer: insights from a real-world
scenario,” The Oncologist, vol. 19, no. 6, pp. 608-615, 2014.

[9] J. D. Brenton, L. A. Carey, A. A. Ahmed, and C. Caldas,
“Molecular classification and molecular forecasting of breast
cancer: ready for clinical application?,” Journal of Clinical
Oncology, vol. 23, no. 29, pp. 7350-7360, 2005.

[10] A. A.]Jitariu, A. M. Cimpean, D. Ribatti, and M. Raica, “Triple
negative breast cancer: the kiss of death,” Oncotarget, vol. 8,
no. 28, pp. 46652-46662, 2017.

[11] G. Bianchini, J. M. Balko, I. A. Mayer, M. E. Sanders, and
L. Gianni, “Triple-negative breast cancer: challenges and
opportunities of a heterogeneous disease,” Nature Reviews.
Clinical Oncology, vol. 13, no. 11, pp. 674-690, 2016.

[12] A.K. Conlin and A. D. Seidman, “Taxanes in breast cancer: an
update,” Current Oncology Reports, vol. 9, no. 1, pp. 22-30,
2007.

[13] R. M. Andrews, I. Kubacka, P. F. Chinnery, R. N. Lightowlers,
D. M. Turnbull, and N. Howell, “Reanalysis and revision of the
Cambridge reference sequence for human mitochondrial
DNA,” Nature Genetics, vol. 23, no. 2, p. 147, 1999.

[14] S. W. Tait and D. R. Green, “Mitochondrial regulation of cell
death,” Cold Spring Harbor Perspectives in Biology, vol. 5,
no. 9, 2013.


https://clinicaltrials.gov/ct2/show/NCT01829971
https://clinicaltrials.gov/ct2/show/NCT03713320

Oxidative Medicine and Cellular Longevity

(15]

(16]

(17]

(18]

(19]

[20]

(21]

(22]

(23]

[24]

[25]

(26]

(27]

(28]

[29]

(30]

(31]

T. Rodrigues and L. S. Ferraz, “Therapeutic potential of target-
ing mitochondrial dynamics in cancer,” Biochemical Pharma-
cology, vol. 182, p. 114282, 2020.

A. Reda, A. Refaat, A. A. Abd-Rabou et al., “Role of mitochon-
dria in rescuing glycolytically inhibited subpopulation of triple
negative but not hormone-responsive breast cancer cells,” Sci-
entific Reports, vol. 9, no. 1, p. 13748, 2019.

G. J. Goodall and V. O. Wickramasinghe, “RNA in cancer,”
Nature Reviews. Cancer, vol. 21, no. 1, pp. 22-36, 2021.

R. W. Carthew and E. J. Sontheimer, “Origins and mechanisms
of miRNAs and siRNAs,” Cell, vol. 136, no. 4, pp. 642-655,
2009.

K. Saito, A. Ishizuka, H. Siomi, and M. C. Siomi, “Processing of
pre-microRNAs by the Dicer-1-Loquacious complex in Dro-
sophila cells,” PLoS Biology, vol. 3, no. 7, article €235, 2005.
S.Li, S. L. Lian, J. J. Moser et al., “Identification of GW182 and
its novel isoform TNGW1 as translational repressors in Ago2-
mediated silencing,” Journal of Cell Science, vol. 121, no. 24,
pp. 4134-4144, 2008.

S. Bandiera, S. Ruberg, M. Girard et al., “Nuclear outsourcing
of RNA interference components to human mitochondria,”
PLoS One, vol. 6, no. 6, article 20746, 2011.

C. Lu, D. Zhou, Q. Wang et al., “Crosstalk of microRNAs and
oxidative stress in the pathogenesis of cancer,” Oxidative Med-
icine and Cellular Longevity, vol. 2020, Article ID 2415324, 13
pages, 2020.

M. A. Ortega, O. Fraile-Martinez, L. G. Guijarro et al., “The
regulatory role of mitochondrial microRNAs (MitomiRs) in
breast cancer: translational implications present and future,”
Cancers, vol. 12, no. 9, p. 2443, 2020.

P. K. Purohit and N. Saini, “Mitochondrial microRNA (Mito-
miRs) in cancer and complex mitochondrial diseases: current
status and future perspectives,” Cellular and Molecular Life
Sciences, vol. 78, no. 4, pp. 1405-1421, 2021.

R.J. DeBerardinis and N. S. Chandel, “Fundamentals of cancer
metabolism,” Science Advances, vol. 2, no. 5, article 1600200,
2016.

N. N. Pavlova and C. B. Thompson, “The emerging hallmarks
of cancer metabolism,” Cell Metabolism, vol. 23, no. 1, pp. 27-
47, 2016.

W. H. Koppenol, P. L. Bounds, and C. V. Dang, “Otto War-
burg’s contributions to current concepts of cancer metabo-
lism,” Nature Reviews. Cancer, vol. 11, no. 5, pp. 325-337,
2011.

J. Wang, K. Huang, L. Shi, Q. Zhang, and S. Zhang, “<
p>CircPVT1 promoted the progression of breast cancer by
regulating MiR-29a-3p-mediated AGR2-HIF-1«
pathway</p>,” Cancer Management and Research, vol. -
Volume 12, pp. 11477-11490, 2020.

Y. Du, N. Wei, R. Ma, S. Jiang, and D. Song, “A miR-210-3p
regulon that controls the Warburg effect by modulating HIF-
la and p53 activity in triple-negative breast cancer,” Cell Death
& Disease, vol. 11, no. 9, p. 731, 2020.

Y. He, F. Deng, S. Zhao et al., “Analysis of miRNA-mRNA net-
work reveals miR-140-5p as a suppressor of breast cancer gly-
colysis via targeting GLUT1,” Epigenomics, vol. 11, no. 9,
pp. 1021-1036, 2019.

A. Yao, Y. Xiang, Y. R. Si et al,, “PKM2 promotes glucose
metabolism through a let-7a-5p/Stat3/hnRNP-A1 regulatory
feedback loop in breast cancer cells,” Journal of Cellular Bio-
chemistry, vol. 120, no. 4, pp. 6542-6554, 2019.

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

(42]

(43]

(44]

(45]

[46]

(47]

15

S. Kim, E. Lee, J. Jung et al., “MicroRNA-155 positively regu-
lates glucose metabolism via PIK3R1-FOXO3a-cMYC axis in
breast cancer,” Oncogene, vol. 37, no. 22, pp. 2982-2991, 2018.
M. Xiao, C. Lou, H. Xiao et al., “MiR-128 regulation of glucose
metabolism and cell proliferation in triple-negative breast can-
cer,” The British Journal of Surgery, vol. 105, no. 1, pp. 75-85,
2018.

S. L. Romero-Cordoba, S. Rodriguez-Cuevas, V. Bautista-Pina
et al,, “Loss of function of miR-342-3p results in MCT1 over-
expression and contributes to oncogenic metabolic repro-
gramming in triple negative breast cancer,” Scientific Reports,
vol. 8, no. 1, p. 12252, 2018.

L. Li, L. Kang, W. Zhao et al., “miR-30a-5p suppresses breast
tumor growth and metastasis through inhibition of LDHA-
mediated Warburg effect,” Cancer Letters, vol. 400, pp. 89-
98, 2017.

S. Ueda, M. Takanashi, K. Sudo, K. Kanekura, and M. Kuroda,
“miR-27a ameliorates chemoresistance of breast cancer cells
by disruption of reactive oxygen species homeostasis and
impairment of autophagy,” Laboratory Investigation,
vol. 100, no. 6, pp. 863-873, 2020.

C.Yu, Y. Wang, J. Peng et al., “Mitochondrial calcium unipor-
ter as a target of microRNA-340 and promoter of metastasis
via enhancing the Warburg effect,” Oncotarget, vol. 8, no. 48,
pp- 83831-83844, 2017.

P. Liu, F. Ye, X. Xie et al., “mir-101-3p is a key regulator of
tumor metabolism in triple negative breast cancer targeting
AMPK,” Oncotarget, vol. 7, no. 23, pp. 35188-35198, 2016.

R. Krutilina, W. Sun, A. Sethuraman et al., “MicroRNA-18a
inhibits hypoxia-inducible factor 1« activity and lung metasta-
sis in basal breast cancers,” Breast Cancer Research, vol. 16,
no. 4, p. R78, 2014.

S. Jiang, L. F. Zhang, H. W. Zhang et al., “A novel miR-
155/miR-143 cascade controls glycolysis by regulating hexoki-
nase 2 in breast cancer cells,” The EMBO Journal, vol. 31, no. 8,
pp. 1985-1998, 2012.

Y. Chen, Y. Zhou, F. Han et al., “A novel miR-1291-ERRa-
CPT1C axis modulates tumor cell proliferation, metabolism
and tumorigenesis,” Theranostics, vol. 10, no. 16, pp. 7193-
7210, 2020.

A. Serguienko, I. Grad, A. B. Wennerstrom et al., “Metabolic
reprogramming of metastatic breast cancer and melanoma
by let-7a microRNA,” Oncotarget, vol. 6, pp. 2451-2465, 2015.
R. Singh, V. Yadav, S. Kumar, and N. Saini, “MicroRNA-195
inhibits proliferation, invasion and metastasis in breast cancer
cells by targeting FASN, HMGCR, ACACA and CYP27B1,”
Scientific Reports, vol. 5, no. 1, p. 17454, 2015.

L. Sripada, K. Singh, A. V. Lipatova et al., “hsa-miR-4485 reg-
ulates mitochondrial functions and inhibits the tumorigenicity
of breast cancer cells,” Journal of Molecular Medicine (Berlin,
Germany), vol. 95, no. 6, pp. 641-651, 2017.

T. Carden, B. Singh, V. Mooga, P. Bajpai, and K. K. Singh,
“Epigenetic modification of miR-663 controls mitochondria-
to-nucleus retrograde signaling and tumor progression,” The
Journal of Biological Chemistry, vol. 292, no. 50, pp. 20694—
20706, 2017.

Q. Xu, L. Z. Liu, Y. Yin et al., “Regulatory circuit of PKM2/NF-
xB/miR-148a/152-modulated tumor angiogenesis and cancer
progression,” Oncogene, vol. 34, no. 43, pp. 5482-5493, 2015.
Z.Li, X. Gong, W. Zhang et al., “Inhibition of miRNA-34a pro-
motes triple negative cancer cell proliferation by promoting



16

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(5]

(56]

(57]

(58]

(59]

[60]

[61]

[62]

glucose uptake,” Experimental and Therapeutic Medicine,
vol. 18, pp. 3936-3942, 2019.

C. Pulito, F. Mori, A. Sacconi et al., “Metformin-induced abla-
tion of microRNA 21-5p releases Sestrin-1 and CAB39L anti-
tumoral activities,” Cell discovery, vol. 3, no. 1, p. 17022, 2017.
G. Barja, “Mitochondrial oxygen radical generation and leak:
sites of production in states 4 and 3, organ specificity, and rela-
tion to aging and longevity,” Journal of Bioenergetics and Bio-
membranes, vol. 31, no. 4, pp. 347-366, 1999.

D. Trachootham, J. Alexandre, and P. Huang, “Targeting can-
cer cells by ROS-mediated mechanisms: a radical therapeutic
approach?,” Nature Reviews. Drug Discovery, vol. 8, no. 7,
Pp. 579-591, 2009.

G. Eades, M. Yang, Y. Yao, Y. Zhang, and Q. Zhou, “miR-200a
regulates Nrf2 activation by targeting _Keapl mRNA in
breast cancer cells,” The Journal of Biological Chemistry,
vol. 286, no. 47, pp. 40725-40733, 2011.

N. Zhang, X. Zeng, C. Sun et al., “LncRNA LINC00963 pro-
motes tumorigenesis and radioresistance in breast cancer by
sponging miR-324-3p and inducing ACK1 expression,” Molec-
ular Therapy-Nucleic Acids, vol. 18, pp. 871-881, 2019.

D. Chen, B. L. Dang, J. Z. Huang et al., “MiR-373 drives the
epithelial-to-mesenchymal transition and metastasis via the
miR-373-TXNIP-HIFlalpha-TWIST signaling axis in breast
cancer,” Oncotarget, vol. 6, pp. 32701-32712, 2015.

M. Ahir, P. Upadhyay, A. Ghosh et al,, “Delivery of dual miRNA
through CD44-targeted mesoporous silica nanoparticles for
enhanced and effective triple-negative breast cancer therapy,”
Biomaterials Science, vol. 8, no. 10, pp. 2939-2954, 2020.

X. Liu, H. Tang, J. Chen et al., “MicroRNA-101 inhibits cell
progression and increases paclitaxel sensitivity by suppressing
MCL-1 expression in human triple-negative breast cancer,”
Oncotarget, vol. 6, no. 24, pp- 20070-20083, 2015.

M. Zheng, Z. Wu, A. Wu, Z. Huang, N. He, and X. Xie, “MiR-
145 promotes TNF-a-induced apoptosis by facilitating the for-
mation of RIP1-FADDcaspase-8 complex in triple-negative
breast cancer,” Tumour Biology, vol. 37, no. 7, pp. 8599-
8607, 2016.

X. Sun, Y. Li, M. Zheng, W. Zuo, and W. Zheng, “MicroRNA-
223 increases the sensitivity of triple-negative breast cancer
stem cells to TRAIL-induced apoptosis by targeting HAX-1,”
PLoS One, vol. 11, no. 9, article e0162754, 2016.

N. Patel, K. R. Garikapati, M. J. Ramaiah, K. K. Polavarapu,
U. Bhadra, and M. P. Bhadra, “miR-15a/miR-16 induces mito-
chondrial dependent apoptosis in breast cancer cells by sup-
pressing oncogene BMI1,” Life Sciences, vol. 164, pp. 60-70,
2016.

P.Lu, Y. Gu, L. Li, F. Wang, X. Yang, and Y. Yang, “Long non-
coding RNA CAMTAL1 promotes proliferation and mobility of
the human breast cancer cell line MDA-MB-231 via targeting
miR-20b,” Oncology Research, vol. 26, no. 4, pp. 625-635,
2018.

L. Zhang, X. Zhang, X. Wang, M. He, and S. Qiao, “Micro-
RNA-224 promotes tumorigenesis through downregulation
of caspase-9 in triple-negative breast cancer,” Disease Markers,
vol. 2019, Article ID 7378967, 9 pages, 2019.

D. C. Chan, “Mitochondrial dynamics and its involvement in
disease,” Annual Review of Pathology, vol. 15, no. 1, pp. 235-
259, 2020.

F. Legros, A. Lombes, P. Frachon, and M. Rojo, “Mitochon-
drial fusion in human cells is efficient, requires the inner mem-

[63]

[64]

[65]

[66]

(67]

(68]

[69]

(70]

(71]

(72]

(73]

(74]

[75]

(76]

(771

Oxidative Medicine and Cellular Longevity

brane potential, and is mediated by mitofusins,” Molecular
Biology of the Cell, vol. 13, no. 12, pp. 4343-4354, 2002.

T. Koshiba, S. A. Detmer, J. T. Kaiser, H. Chen, J. M. McCaft-
ery, and D. C. Chan, “Structural basis of mitochondrial tether-
ing by mitofusin complexes,” Science, vol. 305, no. 5685,
Pp. 858-862, 2004.

P. Mishra, V. Carelli, G. Manfredi, and D. C. Chan, “Proteolytic
cleavage of Opal stimulates mitochondrial inner membrane
fusion and couples fusion to oxidative phosphorylation,” Cell
Metabolism, vol. 19, no. 4, pp. 630-641, 2014.

A. Pagliuso, P. Cossart, and F. Stavru, “The ever-growing com-
plexity of the mitochondrial fission machinery,” Cellular and
Molecular Life Sciences, vol. 75, no. 3, pp. 355-374, 2018.

J. R. Jimah and J. E. Hinshaw, “Structural insights into the
mechanism of dynamin superfamily proteins,” Trends in Cell
Biology, vol. 29, no. 3, pp. 257-273, 2019.

O. C. Loson, Z. Song, H. Chen, and D. C. Chan, “Fisl, Mff,
MiD49, and MiD51 mediate Drpl recruitment in mitochon-
drial fission,” Molecular Biology of the Cell, vol. 24, no. 5,
pp. 659-667, 2013.

L. D. Osellame, A. P. Singh, D. A. Stroud et al., “Cooperative
and independent roles of the Drpl adaptors Mff, MiD49 and
MiD51 in mitochondrial fission,” Journal of Cell Science,
vol. 129, no. 11, pp. 2170-2181, 2016.

H. Otera, N. Miyata, O. Kuge, and K. Mihara, “Drpl-depen-
dent mitochondrial fission via MiD49/51 is essential for apo-
ptotic cristae remodeling,” The Journal of Cell Biology,
vol. 212, no. 5, pp. 531-544, 2016.

P. K. Purohit, R. Edwards, K. Tokatlidis, and N. Saini, “MiR-
195 regulates mitochondrial function by targeting mitofusin-
2 in breast cancer cells,” RNA Biology, vol. 16, no. 7, pp. 918-
929, 2019.

S. Zhang, C. Liu, and X. Zhang, “Mitochondrial damage medi-
ated by miR-1 overexpression in cancer stem cells,” Molecular
Therapy-Nucleic Acids, vol. 18, pp. 938-953, 2019.

Q. Hy, Y. Yuan, Y. Wu, Y. Huang, Z. Zhao, and C. Xiao,
“MicroRNA-137 exerts protective effects on hypoxia-induced
cell injury by inhibiting autophagy/mitophagy and maintain-
ing mitochondrial function in breast cancer stem-like cells,”
Oncology Reports, vol. 2020, p. 1, 2020.

R. Peruzzo, R. Costa, M. Bachmann, L. Leanza, and 1. Szabo,
“Mitochondrial metabolism, contact sites and cellular calcium
signaling: implications for tumorigenesis,” Cancers, vol. 12,
no. 9, p. 2574, 2020.

X. Zheng, S. Lu, Z. He et al., “MCU-dependent negative sorting
of miR-4488 to extracellular vesicles enhances angiogenesis
and promotes breast cancer metastatic colonization,” Onco-
gene, vol. 39, no. 46, pp. 6975-6989, 2020.

X. Fan, S. Zhou, M. Zheng, X. Deng, Y. Yi, and T. Huang,
“MiR-199a-3p enhances breast cancer cell sensitivity to cis-
platin by downregulating TFAM (TFAM),” Biomedicine ¢
Pharmacotherapy, vol. 88, pp. 507-514, 2017.

S. Mandal, N. Gamit, L. Varier, A. Dharmarajan, and
S. Warrier, “Inhibition of breast cancer stem-like cells by a tri-
terpenoid, ursolic acid, via activation of Wnt antagonist,
sFRP4 and suppression of miRNA-499a-5p,” Life Sciences,
vol. 265, p. 118854, 2021.

D. Kim, J. Lee, J. Kang et al., “Notchl in tumor microvascular
endothelial cells and tumoral miR-34a as prognostic markers
in locally advanced triple-negative breast cancer,” Journal of
Breast Cancer, vol. 22, no. 4, pp. 562-578, 2019.



Oxidative Medicine and Cellular Longevity

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

G. Hu, X. Zhao, J]. Wang et al., “miR-125b regulates the drug-
resistance of breast cancer cells to doxorubicin by targeting
HAX-1,” Oncology Letters, vol. 15, pp. 1621-1629, 2017.

A. Qattan, H. Intabli, W. Alkhayal, C. Eltabache, T. Tweigieri,
and S. B. Amer, “Robust expression of tumor suppressor miR-
NA's let-7 and miR-195 detected in plasma of Saudi female
breast cancer patients,” BMC Cancer, vol. 17, no. 1, p. 799,
2017.

Z.Ye, R. Hao, Y. Cai, X. Wang, and G. Huang, “Knockdown of
miR-221 promotes the cisplatin-inducing apoptosis by target-
ing the BIM-Bax/Bak axis in breast cancer,” Tumour Biology,
vol. 37, no. 4, pp. 4509-4515, 2016.

S. Zhou, Q. Huang, S. Zheng, K. Lin, J. You, and X. Zhang,
“miR-27a regulates the sensitivity of breast cancer cells to cis-
platin treatment via BAK-SMAC/DIABLO-XIAP axis,”
Tumour Biology, vol. 37, no. 5, pp. 6837-6845, 2016.

A. K. Pradhan, P. Bhoopathi, S. Talukdar et al., “MDA-7/IL-24
regulates the miRNA processing enzyme DICER through
downregulation of MITFE,” Proceedings of the National Acad-
emy of Sciences of the United States of America, vol. 116,
no. 12, pp. 5687-5692, 2019.

M. Ahir, S. Bhattacharya, S. Karmakar et al., “Tailored-CuO-
nanowire decorated with folic acid mediated coupling of the
mitochondrial-ROS generation and miR425-PTEN axis in fur-
nishing potent anti-cancer activity in human triple negative
breast carcinoma cells,” Biomaterials, vol. 76, pp. 115-132,
2016.

A. De Blasio, R. Di Fiore, G. Pratelli et al., “A loop involving
NREF2, miR-29b-1-5p and AKT, regulates cell fate of MDA-
MB-231 triple-negative breast cancer cells,” Journal of Cellular
Physiology, vol. 235, no. 2, pp. 629-637, 2019.

D. Shi, L. Guo, X. Sun et al., “UTMD inhibit EMT of breast
cancer through the ROS/miR-200c/ZEB1 axis,” Scientific
Reports, vol. 10, no. 1, p. 6657, 2020.

N. van Zandwijk, N. Pavlakis, S. C. Kao et al., “Safety and activ-
ity of microRNA-loaded minicells in patients with recurrent
malignant pleural mesothelioma: a first-in-man, phase 1,
open-label, dose-escalation study,” The Lancet Oncology,
vol. 18, no. 10, pp. 1386-1396, 2017.

17



Hindawi

Oxidative Medicine and Cellular Longevity
Volume 2021, Article ID 6633867, 9 pages
https://doi.org/10.1155/2021/6633867

Research Article

Hindawi

HIF-1 Inhibitor YC-1 Reverses the Acquired Resistance of EGFR-
Mutant HCC827 Cell Line with MET Amplification to Gefitinib

Qian Jin

, Jisheng Zheng, Ming Chen, Na Jiang, Xianrong Xu, and Feihua Huang

Department of Respiratory Medicine, Tongde Hospital of Zhejiang Province, Hangzhou, Zhejiang 310012, China

Correspondence should be addressed to Qian Jin; jinqian0504@hotmail.com and Feihua Huang; 042111364@fudan.edu.cn

Received 17 October 2020; Revised 30 January 2021; Accepted 14 February 2021; Published 3 March 2021

Academic Editor: Kanhaiya Singh

Copyright © 2021 Qian Jin et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Background. Acquired resistance occurred in the majority of nonsmall cell lung cancer (NSCLC) patients receiving epidermal
growth factor receptor-tyrosine kinase inhibitors (EGFR-TKIs) therapy, and this may be related to the activation of the HIF-1
pathway. Therefore, we examined the influence of the hypoxia-inducible factor-1 (HIF-1) pathway inhibition on the sensitivity
of HCCB827 gefitinib-resistant (HCC827 GR) cells with MET amplification to gefitinib. Methods. We established HCC827 GR
cell line with MET amplification and set four groups with different treatment. An MTT assay, a colony formation analysis, and a
wound healing assay were performed to determine the sensitivity change of HCC827 GR cells after different treatments. HIF-1q,
p-EGFR, and p-Met levels were detected with western blot. Correlations among HIF-1a, p-EGFR, and p-Met levels of HCC827
GR cells with different treatments were analyzed with Pearson’s correlation analysis. Results. HIF-1 inhibitor YC-1 enhanced the
sensitivity of HCC827 GR cells to gefitinib. p-Met level was correlated with HIF-1« level, while there was no correlation between
p-Met level and p-EGER level. Conclusion. HIF-1 inhibitor YC-1 is able to reverse the acquired resistance of HCC827 GR to

gefitinib, and the regulation of the HIF-1 pathway on MET may be one of the mechanisms.

1. Introduction

The acquired resistance of anticancer drugs is a major cause
for therapeutic failure in nonsmall cell lung cancer (NSCLC)
leading to tumor recurrence, progression, and poor progno-
sis [1]. For NSCLC patients with EGFR sensitive mutation,
epidermal growth factor receptor-tyrosine kinase inhibitors
(EGFR-TKIs) have been used clinically as the first-line treat-
ment [2-4]. However, tumor progression inevitably occurred
in the majority of NSCLC patients receiving EGFR-TKIs
therapy despite the initial obvious and rapid effects of
EGFR-TKIs [5]. Many mechanisms such as T790M muta-
tion, human EGFR-2 amplification, and MET amplification
may lead to acquired resistance of EGFR-TKIs [6, 7], but
there must be many other mechanisms that need further
researches.

Hypoxia is a remarkable characteristic of lung cancer [8].
Tumors in hypoxia condition are easier to have gene muta-
tion, more resistant to antitumor therapy, more invasive,
and more antiapoptotic [9]. Under hypoxia condition, the
hypoxia-inducible factor 1 (HIF-1) signaling pathway is acti-

vated and plays an important role on the biological effects of
hypoxia [8]. HIF-1 consists of a functional « submit and a 3
subunit [10]. In a previous study, the quantity of NSCLC
stem cells which were resistant to EGFR-TKIs in EGFR
mutant NSCLC was increased under hypoxia condition,
and the HIF-1a level was elevated in acquired EGFR-TKI-
resistant NSCLC cells [11, 12]. Therefore, we aim at the
HIF-1 pathway as a potential target to affect the sensitivity
of NSCLC cells to EGFR-TKIs.

In our previous published research, we used HIF-1 inhib-
itor and activator to regulate the activity of the HIF-1 path-
way and found that HIF-1 inhibitor can enhance the
sensitivity of HCC827 cells (EGFR-TKIs sensitive EGFR
exon 19 mutant NSCLC cell line) to EGFR-TKIs [13]. In
order to learn the effect of the HIF-1 pathway on EGFR-
TKI acquired resistant NSCLC, we design the present
research.

3-(5'-hydroxymethyl-2'-furyl)-1-benzylindazole (YC-1)
is a kind of benzyl indazole by chemically synthetizing [14].
It had been found as a HIF-1 inhibitor without cytotoxicity
[15]. For the present study, YC-1 and gefitinib were selected
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F1cure 1: HCC827 GR cell line was established. (a) Gefitinib sensitivity between parental HCC827 cells and HCC827 GR cells was compared.
Cell viability was measured by MTT assay. Data are presented as mean + standard deviation from three independent experiments. *P < 0.05
and **P <0.01 for HCC827 GR cells versus parental cells. (b) Morphological changes from parental HCC827 cells to HCC827 GR cells.
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FiGure 2: Effect of YC-1 on cell viability of parental HCC827 cells and HCC827 GR cells. (a) Cells were exposed to 10, 20, 30, 40, 50, and
60 uM YC-1 and 0.066% DMSO for 24 h. YC-1 concentrations higher than 40 yuM were not able to further inhibit the viability of HCC827
and HCC827GR cells. (b) Cells were treated with 40 uM YC-1 for different incubation times, and an increase of the YC-1 exposure time
resulted in a decrease of the cell viability. Cell viability was measured by MTT assay. Data are presented as mean + standard deviation

from three independent experiments.

as HIF-1 inhibitor and EGFR-TKI, respectively. HCC827
gefitinib-resistant (HCC827 GR) cell line was selected as
the acquired EGFR-TKI resistant NSCLC cell line. HCC827
GR is generated by exposing HCC827 cells to increasing con-
centrations of gefitinib, and MET amplification is the mech-
anism of its acquired resistance [7, 16, 17]. In EGFR-TKI-
sensitive NSCLC cells, EGFR was able to regulate MET level
through the HIF-1 pathway [18]. In acquired EGFR-TKI-
resistance NSCLC cells with MET amplification, EGFR lost
its regulation on MET, and whether the HIF-1 pathway
remained the regulation on MET kept unclear [7]. In order
to make clear the correlation between HIF-1 and MET,
acquired gefitinib-resistant HCC827 GR cells with MET

amplification was considered to be the ideal cell line for the
present study.

Here, we researched whether HIF-1 inhibiting can
reverse the acquired gefitinib resistance of HCC827 GR and
detected the levels of p-EGFR, HIF-1q, and p-Met to explore
whether the relative mechanism was associated with the reg-
ulation of HIF-1 on MET.

2. Materials and Methods

2.1. Reagents. Reagents and suppliers were as follows: Droplet
Digital PCR QX200 system (Bio-Rad Laboratories Inc., Her-
cules, CA, USA); antibodies against phosphorylated
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hepatocyte growth factor receptor (p-Met), c-Met, phosphor-
ylated EGFR (p-EGFR), and EGFR protein (Abcam, Cam-
bridge, MA, USA); and QIAamp DNA Mini Kit (Qiagen,
Hilden, Germany). Other reagents and suppliers had been
described in our previous research of Jin et al. 2019 [13].

2.2. Establishment of HCC827 GR Cell Line. Human commer-
cially available HCC827 cell line was bought from China
Academy of Cell Resource Center, Shanghai Institutes for
Biological Sciences as the parental cell. Cell viability of
HCCB827 in different gefitinib concentrations was measured
by MTT assay. HCC827 was continuously exposed to gefi-
tinib beginning at 0.001 uM (equivalent to IC20 in parental
HCCB827) and increased in a stepwise manner to 1 uM to
generate a resistant cell line. The gefitinib concentrations
was increased stepwise to 0.006 uM, 0.05uM, 0.1uM,
0.5uM, and 1uM, equivalent to IC30, IC40, IC50, IC60,
and IC70 in parental cells, respectively, until these cells
recovered near-normal growth kinetics. The total procedure
took 6 months. In order to confirm the successful establish-
ment of HCC827 GR cell line, cell viability of HCC827 GR
in different gefitinib concentrations was measured by MTT
assay after culturing HCC827 GR in gefitinib-free condition
for at least 4 days. At the same time, HCC827 cells were cul-
tured in gefitinib-free condition concomitantly, and their
sensitivity to gefitinib was not changed through the gefitinib
sensitivity examination every 5 passages [19].

2.3. MET Amplification Detection. In the process of HCC827
GR cell line established, MET levels from parental HCC827
cell to HCC827 GR cell (the gefitinib concentration was
increased gradually from OuM to 1uM) were detected.
MET levels of HCC827 GR cell with different treatment were
detected too. Cells were collected and washed with PBS for 2
times. DNA was abstracted and purified with QIAamp DNA
Mini Kit. MET amplifications were analyzed with ddPCR
copy number variation (CNV) assay. QX200 ddPCR system
was used to perform ddPCR. All procedures were performed
according to instructions.

We followed the methods of Jin et al. 2019 [13] for the
method of cell culture, medication treatment of YC-1, west-
ern blot assay, MTT assay, colony formation assay, cell
migration assay, and statistical analyses. Concrete contents
were described in supplementary material (available here)

3. Result

3.1. HCC827 GR Cell Line Was Established. The parental cell
HCC827 was continuously exposed to gefitinib beginning at
0.001 uM and increased in a stepwise manner to 1uM.
Finally, the HCC827 GR cell line was established as shown
in Figure 1(a). Gefitinib had less effect on HCC827 GR cells
than that on HCC827 cells. The IC50 of gefitinib on
HCC827 GR cells and HCC827 cells was 26.53 +0.96 uM
and 0.08 + 0.02 uM. Moreover, the morphology of HCC827
GR cells were more elongated than their parental HCC827
cells (Figure 1(b)).

3.2. YC-1 Enhances the Sensitivity of HCC827 GR Cells to
Gefitinib. The concentration of YC-1 on HCC827 GR cells
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FiGUure 3: MTT assay in parental HCC827 cells and HCC827 GR
cells with different treatments. Cell viability of cells with different
treatments (blank control, YC-1, gefitinib, YC-1, and gefitinib
combined, for 16h and 28h) was evaluated by MTT assay. The
concentration of YC-1 was 40 M, and the final concentration of
gefitinib was 20nM. Error bars represented the mean + standard
deviation (SD). Data were obtained from three independent
experiments. *P < 0.05 and **P < 0.01.

was determined through an MTT assay. The concentration
of 40 uM was finally chosen for this experiment, for a higher
concentration of YC-1 was not able to further inhibit the via-
bility of HCC827 GR cells (Figure 2(a)). Increase of the YC-1
exposure time resulted in a decrease of the cell viability, and
the effect of 40 uM YC-1 on HCC827 GR cells started at the
time of 12h and reached its optimum at the time of 24-28 h
(Figure 2(b)). In order to avoid a false negative result caused
by large groups of cell death while YC-1 and gefitinib com-
bined, two time points of 16 h and 28 h were set for this study.
Colony formation analysis, MTT assay, and wound healing
assay were utilized to evaluate the sensitivity of HCC827
GR cells to gefitinib. In MTT assay, compared with gefitinib
alone treated HCC827 GR cells, a reduction in cell viability
was shown when HCC827 GR cells were treated with YC-1
and gefitinib combined for both 16h and 28h (P <0.01;
Figure 3), though this phenomenon was also presented in
HCC827 cells (P < 0.05; Figure 3). In the colony formation
analysis, YC-1 alone for both 16h and 28h can inhibit the
colony formation ability of HCC827 GR cells (P <0.05;
Figure 4). Gefitinib and YC-1 together can also inhibit the
colony formation ability of HCC827 GR cells (P <0.01;
Figure 4). In the wound healing assay, compared with gefi-
tinib treatment alone, gefitinib and YC-1 combined treat-
ment was able to inhibit cell migration (P < 0.01; Figure 5).
YC-1 treatment alone for both 16 h and 28 h can also inhibit
cell migration ability (P < 0.05; Figure 5).

3.3. Sensitivity of HCC827 Cells and HCC827 GR Cells to
Gefitinib before and after Treatment with YC-1. HCC827 cells
and HCC827 GR cells were treated with gefitinib at different
concentrations (0.001, 0.01, 0.1, 1, 10, and 100 uM) and
40uM  YC-1 combined with gefitinib at different
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F1GURE 4: Colony formation analysis in HCC827 GR cells with different treatments. HCC827 GR cells were seeded and cultured on dishes
with different treatments (blank control, YC-1, gefitinib, YC-1, and gefitinib combined, for 16 h and 28h), then, cells were culture for 2
weeks in media without drugs. (a) Colony formation of HCC827 GR cells observed by naked eyes. (b) Colony formation of HCC827 GR
cells observed under microscope (magnification, x40). (c) Quantified results of colony formation analysis. The concentration of YC-1 was
40 uM, and the final concentration of gefitinib was 20 nM. Error bars represented the mean +SD. Data were obtained from three
independent experiments. *P < 0.05 and **P < 0.01.

concentrations. Cell viability was measured by MTT. Com- tively). Compared with gefitinib alone-treated HCC827 GR
pared with gefitinib alone-treated HCC827 cells, a reduction  cells, cell viability was reduced when HCC827 GR cells were
in cell viability was observed when HCC827 cells were treated ~ treated with 40 uM YC-1 and gefitinib at concentrations of 0,
with 40 uM YC-1 and gefitinib at concentrations of 0.01, 0.1, ~ 0.001, 0.01, 0.1, 1, and 10 uM (P =0.0089, P =0.0075, P =
and 1uM (P =0.0348, P=0.0085, and P =0.01726, respec-  0.00116, P <0.001, P <0.001, and P <0.001, respectively).
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FI1GURE 5: Wound healing assay in HCC827 GR cells with different treatments. HCC827 GR cells were pretreated with different treatments
(blank control, YC-1, gefitinib, YC-1, and gefitinib combined, for 16 h and 28h) before receiving the wound healing assay. (a) Wound
healing status of HCC827 GR cells with different treatments for 16 h was presented after wounding for 12 and 24 h (magnification, x100).
(b) Wound-healing percentages after wounding for 12 and 24 h were calculated to evaluate cell migration ability of HCC827 GR cells with
different treatments for 16h. (c) Wound healing status of HCC827 GR cells with different treatments for 28 h was presented after
wounding for 12 and 24 h (magnification, x100). (d) Wound-healing percentages after wounding for 12 and 24h were calculated to
evaluate cell migration ability of HCC827 GR cells with different treatments for 28 h. The concentration of YC-1 was 40 M, and the final
concentration of gefitinib was 20 nM. Error bars represented the mean + SD. Data were obtained from three independent experiments. *P

<0.05 and **P < 0.01.

At the gefitinib concentration of 0.1 uM, the sensitivity to
gefitinib of HCC827 GR cells treated with 40 uM YC-1 was
enhanced compared with that of HCC827 cells treated with
40 uM YC-1 (P =0.0062). At other gefitinib concentrations,
there was no significant difference at the sensitivity to gefi-
tinib between HCC827 cells and HCC827 GR cells treated
with 40 uM YC-1 (Figure 6). These indicated that 40 uM
YC-1 was able to reverse the resistance of HCC827 GR cells
to gefitinib and even presented enhanced sensitivity of

HCC827 GR cells to gefitinib at treatment concentration
compared with the parental cells.

3.4. The Detection of MET Amplification in HCC827 GR Cells
and the Influence of HIF-1 Pathway Downregulation to MET
Amplification. After the HCC827 GR cell line was estab-
lished, MET amplification was detected. The MET level of
HCC827 GR cells reached to more than 5 times of its parental
cell. In the process of the HCC827 GR cell line established in
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a stepwise manner, the level of MET increased gradually.
When the concentration of gefitinib reached to 1 uM, a high
level of MET amplification emerged.

In different treatment groups of HCC827 GR, MET
amplification was inhibited in the YC-1-treated group and
YC-1 and gefitinib combined group for both 16h and 28h
(P <0.001 of both groups for 16 h and 28 h). It indicated that
downregulation of the HIF-1 pathway was able to inhibit
MET amplification (Figure 7).

3.5. Correlation between p-Met and HIF-1a Levels in HCC827
GR Cells with Different Treatments. Protein levels of p-EGFR,
EGFR, HIF-1a, c-Met, and p-Met in different HCC827 GR
groups were tested with western blot analysis. In the blank
control group, the HIF-1a level and p-Met level were much
higher than those in their parental HCC827 cells (P = 0.0029
and P < 0.001, respectively). In groups containing YC-1 treat-
ment, levels of HIF-1a and p-Met were decreased compared
with groups without YC-1 treatment (for HIF-1a levels com-
parison, P =0.0359, P=0.0125, P=0.0297, and P =0.0101,
respectively; P <0.001 for all p-Met levels comparison;
Figure 8). In the above groups, the p-Met level was correlated
with HIF-1a level (P < 0.001; R? =0.959; Figure 9(a)), but
there was no correlation between the p-Met level and p-
EGER level (P = 0.697; R? = 0.027; Figure 9(b)).

4. Discussion

In the present study, the inhibition of the HIF-1 pathway by
YC-1 can make the HCC827 GR cell more sensitive to gefi-
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FiGure 7: MET amplification detected by ddPCR CNV assay. In the
process of the HCC827 GR cell line established, MET levels from
parental HCC827 cell to HCC827 GR cell (the gefitinib
concentration was increased gradually from 0uM to 1uM) were
shown. MET levels of HCC827 GR cell with different treatment
(blank control, YC-1, gefitinib, and YC-1 and gefitinib combined
for 16 h and 28 h) were shown too. The concentration of YC-1 was
40 uM, and the final concentration of gefitinib was 20 nM. Data
were obtained from three independent experiments and presented
as mean + SD. **P < 0.01.

tinib. Through the comparison of gefitinib sensitivity among
HCC827 cells, HCC827 GR cells, HCC827 cells treated with
YC-1, and HCC827 GR cells treated with YC-1, it finally
revealed that HIF-1 inhibitor YC-1 reversed the acquired
resistance of HCC827 GR cells to gefitinib. In our previous
research, we also found that the HIF-1 inhibitor was able to
enhance the sensitivity of HCC827 cells to gefitinib [13].
Hypoxic tumor cells activate a series of signal pathways
to adapt to the hypoxic condition. In these signal pathways,
the HIF-1 signal pathway is the most well-defined and
important pathway. HIF-1 pathway has more than 100 target
genes which allow the tumor cells to survive and proliferate
in hypoxic condition [20, 21]. HIF-1 keeps a stable construc-
tion in hypoxia. Then, it transfers to the nucleus and activates
the expression of its target genes [8]. These activated genes
prevent apoptosis and promote therapy resistance by regulat-
ing cell metabolism, survival, drug efflux, signaling, and DNA
repair [22-26]. Thus, inhibiting the HIF-1 pathway is able to
enhance the sensitivity of anticancer therapy theoretically.
For the HIF-1 pathway in EGFR-TKI therapy resistance,
previous research showed the upregulation of HIF-1a [12].
Furthermore, the quantity of NSCLC stem cells which were
resistant to EGFR-TKIs in EGFR mutant NSCLC was
increased under hypoxic condition [11]. In acquired EGFR-
TKI-resistant NSCLC cells with MET amplification, EGFR
lost its regulation on MET, and whether the HIF-1 pathway
remained the regulation on MET kept unclear [7]. Mean-
while, HCC827 GR is generated by exposing HCC827 cells
to increasing concentrations of gefitinib, and MET amplifica-
tion is the mechanism of its acquired resistance [16, 17]. In
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FIGURE 8: Expression of p-EGFR, EGFR, HIF-1a, p-Met, and c-Met in HCC827 GR cells with different treatments. (a) Western blot analysis
was performed to detect p-EGFR, EGFR, HIF-1a, p-Met, and c-Met protein expression levels in HCC827 GR cells with different treatments
(blank control, YC-1, gefitinib, YC-1, and gefitinib combined, for 16 h and 28h). (b) Quantified densitometric scanning of the blots. The
concentration of YC-1 was 40 M, and the final concentration of gefitinib was 20 nM. Error bars represented the mean + SD. Data were

obtained from three independent experiments. **P < 0.01.
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FIGURE 9: Pearson’s correlation analysis between p-Met, HIF-1a, and p-EGFR levels. (a) There was a positive correlation between HIF-1a and
p-Met levels in HCC827 GR cells with different treatments (P < 0.001; R* = 0.959). (b) There was no correlation between p-Met and p-EGFR
levels in HCC827 GR cells with different treatments (P = 0.697; R? = 0.027).

our study, MET amplification of HCC827 GR was presented
by ddPCR CNV assay, and the correlations between HIF-1«,
p-EGFR, and p-Met levels were analyzed by Pearson’s corre-
lation analysis. Our study showed that the p-Met level was
correlated with the HIF-1« level, but there was no correlation
between p-Met level and p-EGER level. So, we speculated that
the HIF-1 pathway keeps its regulation on MET while EGFR
loses its regulation on MET in HCC827 GR cells with MET
amplification. Accordingly, the regulation of the HIF-1 path-
way on MET may be one of the mechanisms of YC-1 revers-
ing the acquired resistance of HCC827 GR to gefitinib.
Despite the necessity of further researches to find out
other possible mechanisms of YC-1 reversing the acquired

resistance of HCC827 GR to gefitinib, the present study dis-
covers that HIF-1 inhibitor YC-1 is able to reverse the
acquired resistance of HCC827 GR with MET amplification
to gefitinib. Therefore, the HIF-1 pathway may be a signifi-
cant target for reversing the acquired resistance of NSCLC
with MET amplification to EGFR-TKIs.

5. Conclusions

HIF-1 inhibitor YC-1 is able to reverse the acquired resis-
tance of HCC827 GR to gefitinib, and the regulation of
HIF-1 pathway on MET may be one of the mechanisms.



Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no competing interests.

Acknowledgments

The authors would like to thank Miss Guizhi Zhao, Professor
Jianying Zhou, and the respiratory research laboratory staft
of First Affiliated Hospital of Zhejiang University School of
Medicine for providing technical assistance. This study was
funded by Medicine and Health Projects of Zhejiang Prov-
ince [2016KYBO053] and Chinese Medicine Scientific Projects
of Zhejiang Province [2018ZA020].

Supplementary Materials

The supplementary material described methods of cell cul-
ture, medication treatment, western blot assay, MTT assay,
colony formation assay, cell migration assay and statistical
analyses. (Supplementary Materials)

References

[1] V. Sosa Iglesias, L. Giuranno, L. J. Dubois, J. Theys, and
M. Vooijs, “Drug resistance in non-small cell lung cancer: a
potential for NOTCH targeting?,” Frontiers in oncology,
vol. 8, p. 267, 2018.

[2] A. C. Z. Gelatti, A. Drilon, and F. C. Santini, “Optimizing the
sequencing of tyrosine kinase inhibitors (TKIs) in epidermal
growth factor receptor (EGFR) mutation-positive non-small
cell lung cancer (NSCLC),” Lung Cancer, vol. 137, pp. 113-
122, 2019.

[3] J. Franek, J. C. Cappelleri, K. A. Larkin-Kaiser, K. D. Wilner,
and R. Sandin, “Systematic review and network meta-
analysis of first-line therapy for advanced EGFR-positive
non-small-cell lung cancer,” Future Oncology, vol. 15, no. 24,
pp. 2857-2871, 2019.

[4] W.H. Hsu,]J. C. Yang, T. S. Mok, and H. H. Loong, “Overview
of current systemic management of EGFR-mutant NSCLC,”
Annals of Oncology, vol. 29, supplement_1, pp. i3-19, 2018.

[5] S.M.Lim, N. L. Syn, B. C. Cho, and R. A. Soo, “Acquired resis-
tance to EGFR targeted therapy in non-small cell lung cancer:
mechanisms and therapeutic strategies,” Cancer Treatment
Reviews, vol. 65, pp. 1-10, 2018.

[6] D. Westover, J. Zugazagoitia, B. C. Cho, C. M. Lovly, and
L. Paz-Ares, “Mechanisms of acquired resistance to first- and
second-generation EGFR tyrosine kinase inhibitors,” Annals
of Oncology, vol. 29, supplement_1, pp. i10-i19, 2018.

[7] J. A. Engelman, K. Zejnullahu, T. Mitsudomi et al., “MET
amplification leads to gefitinib resistance in lung cancer by
activating ERBB3 signaling,” Science, vol. 316, no. 5827,
pp. 1039-1043, 2007.

[8] S. K. Burroughs, S. Kaluz, D. Wang, K. Wang, E. G. Van Meir,
and B. Wang, “Hypoxia inducible factor pathway inhibitors as
anticancer therapeutics,” Future Medicinal Chemistry, vol. 5,
no. 5, pp. 553-572, 2013.

Oxidative Medicine and Cellular Longevity

[9] W. Wilson and M. Hay, “Targeting hypoxia in cancer ther-
apy,” Nature Reviews. Cancer, vol. 11, no. 6, pp. 393-410,
2011.

[10] G. L. Wang, B. H. Jiang, E. A. Rue, and G. L. Semenza, “Hyp-
oxia-inducible factor 1 is a basic-helix-loop-helix-PAS hetero-
dimer regulated by cellular O2 tension,” Proc Natl Acad Sci
USA, vol. 92, no. 12, pp. 5510-5514, 1995.

[11] A. Murakami, F. Takahashi, F. Nurwidya et al., “Hypoxia
increases gefitinib-resistant lung cancer stem cells through
the activation of insulin-like growth factor 1 receptor,” PLoS
One, vol. 9, article 86459, 2014.

[12] F. Morgillo, “Antitumour efficacy of MEK inhibitors in human
lung cancer cells and their derivatives with acquired resistance
to different tyrosine kinase inhibitors,” British Journal of Can-
cer, vol. 105, no. 3, pp- 382-392, 2011.

[13] Q.]Jin,]. Zhou, X. Xu, F. Huang, and W. Xu, “Hypoxia-induc-
ible factor-1 signaling pathway influences the sensitivity of
HCC827 cells to gefitinib,” Oncology Letters, vol. 17, no. 4,
pp. 4034-4043, 2019.

[14] F.N.Ko, C.C. Wu, S. C. Kuo, F. Y. Lee, and C. M. Teng, “YC-
1, a novel activator of platelet guanylate cyclase,” Blood, vol. 84,
no. 12, pp. 4226-4233, 1994.

[15] Y. S. Chun, E. J. Yeo, E. Choi et al,, “Inhibitory effect of YC-1
on the hypoxic induction of erythropoietin and vascular endo-
thelial growth factor in Hep3B cells',” Biochemical Pharmacol-
ogy, vol. 61, no. 8, pp. 947-954, 2001.

[16] W.]. Jang, S. K. Jung, J. S. Kang et al., “Anti-tumor activity of
WKS88-1, a novel geldanamycin derivative, in gefitinib-
resistant non-small cell lung cancers with Met amplification,”
Cancer Science, vol. 105, no. 10, pp. 1245-1253, 2014.

[17] J. K. Rho, Y.J. Choi, S. Y. Kim et al., “MET and AXL inhibitor
NPS-1034 exerts efficacy against lung cancer cells resistant to
EGFR kinase inhibitors because of MET or AXL activation,”
Cancer Research, vol. 74, no. 1, pp. 253-262, 2014.

[18] L. Xu, M. B. Nilsson, P. Saintigny et al., “Epidermal growth
factor receptor regulates MET levels and invasiveness
through hypoxia-inducible factor-la in non-small cell lung
cancer cells,” Oncogene, vol. 29, no. 18, pp. 2616-2627,
2010.

[19] J. A. Engelman, T. Mukohara, K. Zejnullahu et al., “Allelic
dilution obscures detection of a biologically significant resis-
tance mutation in EGFR-amplified lung cancer,” The Journal
of Clinical Investigation, vol. 116, no. 10, pp. 2695-2706,
2006, Epub 2006 Aug 10.

[20] C. Wigerup, S. Pdhlman, and D. Bexell, “Therapeutic targeting
of hypoxia and hypoxia-inducible factors in cancer,” Pharma-
cology & Therapeutics, vol. 164, pp. 152-169, 2016.

[21] N. A. Warfel and W. S. El-Deiry, “HIF-1 signaling in drug
resistance to chemotherapy,” Current Medicinal Chemistry,
vol. 21, no. 26, pp. 3021-3028, 2014.

[22] K. M. Comerford, T. J. Wallace, J. Karhausen, N. A. Louis,
M. C. Montalto, and S. P. Colgan, “Hypoxia-inducible
factor-1-dependent regulation of the multidrug resistance
(MDR1) gene,” Cancer Research, vol. 62, no. 12, pp. 3387-
3394, 2002.

[23] M. C. Brahimi-Horn, G. Bellot, and J. Pouysségur, “Hypoxia
and energetic tumour metabolism,” Current Opinion in Genet-
ics & Development, vol. 21, no. 1, pp. 67-72, 2011.

[24] L.Liu, X. Ning, L. Sun et al., “Hypoxia-inducible factor-1 alpha
contributes to hypoxia-induced chemoresistance in gastric
cancer,” Cancer Science, vol. 99, no. 1, pp. 121-128, 2008.


http://downloads.hindawi.com/journals/omcl/2021/6633867.f1.docx

Oxidative Medicine and Cellular Longevity

(25]

[26]

D. Wu, B. Chen, F. Cui, X. He, W. Wang, and M. Wang, “Hyp-
oxia-induced microRNA-301b regulates apoptosis by target-
ing Bim in lung cancer,” Cell Proliferation, vol. 49, no. 4,
pp. 476-483, 2016.

F. Liu, L. Hu, Y. Ma et al,, “Increased expression of mono-
amine oxidase A is associated with epithelial to mesenchymal
transition and clinicopathological features in non-small cell
lung cancer,” Oncology Letters, vol. 15, no. 3, pp. 3245-3251,
2018.



