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Abstract: Recent advances in the field of proteomics have allowed extensive insights into the molec-
ular regulations of the cell proteome. Specifically, this allows researchers to dissect a multitude of
signaling arrays while targeting for the discovery of novel protein signatures. These approaches
based on data mining are becoming increasingly powerful for identifying both potential disease
mechanisms as well as indicators for disease progression and overall survival predictive and prog-
nostic molecular markers for cancer. Furthermore, mass spectrometry (MS) integrations satisfy
the ongoing demand for in-depth biomarker validation. For the purpose of this review, we will
highlight the current developments based on MS sensitivity, to place quantitative proteomics into
clinical settings and provide a perspective to integrate proteomics data for future applications in
cancer precision medicine. We will also discuss malignancies associated with oncogenic viruses
such as Acquire Immunodeficiency Syndrome (AIDS) and suggest novel mechanisms behind this
phenomenon. Human Immunodeficiency Virus type-1 (HIV-1) proteins are known to be oncogenic
per se, to induce oxidative and endoplasmic reticulum stresses, and to be released from the infected
or expressing cells. HIV-1 proteins can act alone or in collaboration with other known oncoproteins,
which cause the bulk of malignancies in people living with HIV-1 on ART.

Keywords: quantitative proteomics; mass spectrometry; biomarkers; cancer; co-morbidity; HIV-
associated malignancies

1. Introduction

The introduction of mass spectrometry (MS) has become more popular in recent years,
making it an attractive approach to understanding the complexity of cancer-mediated
signaling; as such, this has allowed the assessment of individual unique biosignature
profiles [1,2]. Specifically, this platform provides insight into mechanistic processes such as
protein interaction, structure, function, and post-translational modifications occurring in
diseases with or without treatments [3]. Proteomic capabilities are constantly evolving as a
result of technological and methodological advances in the field, and as such, this provides
powerful tools for the study of cancer research.

Proteome profiling studies have been granted the ability to reveal diverse molecular
signatures and signaling pathways to monitor cancer progression and to assess the effi-
ciency of therapeutic treatments [4,5]. A variety of quantitative proteomics methods have
been developed, including label-free metabolic labeling and isobaric chemical labeling [6,7].
The integration of these techniques into oncological studies often uses multiplexed isobaric
mass tags to label peptide digest mixtures and has proven to be an effective method in iden-
tifying potential targets of cancer aggressiveness and behavior growth. These quantitative
proteomics studies can provide insight for developing novel therapeutics in future clinical
settings. Taken together, the information provided by proteomics allows for understanding
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the biology, and it pinpoints the altered signaling complex that either interferes with or
promotes tumor progression. Distinguishing anomalies in patients’ tumor profiles cre-
ates individual-specific cancer-related diseases, thus opening the avenue for personalized
therapeutics.

Large-scale datasets can be generated from a single proteomics analysis, which gives
rise to detailed information about the biological events surrounding tumor vitality and
aggressiveness [7,8]. Hence, this information can be used to directly target a particular
pathway of interest during treatment applications in translational studies. In this review,
we will direct our focus to clinically prepared samples for translational research and recent
potential biomarkers, as well as an in-depth analysis of the mechanistic signaling affecting
cancer [4,8]. In addition, we will acknowledge current advancements in predominant
malignancies via proteomics, with special emphasis on co-morbidity cases such as HIV-
associated malignancies.

2. Biomarker Discovery in Cancer Proteomics

Cancer biomarkers have transcended current treatments based on their validation and
efficacy. In recent years, there have been promising advances in quantitative proteomics
methodologies that play a major role in detecting novel cancer biomarkers. Quantitative
proteomics operates under the principle that a signal response from any given analyte is
related to its abundance within the mixture [9,10]. The implementation of a strong quality
control and maneuvering of samples is pivotal to ensure data acquisition (Figure 1A,B). In
this review, an overview of three main types of samples—tissue, blood and urine—originating
from cancer patients and healthy individuals will be discussed.

A key aspect of the proteomics process is the preservation of the tissue samples. There
are three main methods to preserve these: fresh frozen (FF) [11], formalin-fixed paraffin-
embedded (FFPE) [12], and optimal cutting temperature-embedded (OCT) [10,13]. Samples
preserved through the FFPE method are known for providing clinical follow-up and are
therefore considered a strong source in the field of proteomics, with emphasis in clinical
settings. Meanwhile, the FF method is preferred since it can provide better proteome
coverage. Previous studies have demonstrated that both FF and FFPE have strong precision
when it comes to total protein concentration [12]. Colon adenoma research studies have
focused on providing equivalence for proteomes coverage obtained from FF and FFPE
tissue specimens using shotgun proteomics [14]. Other recent studies have confirmed
that the improvements in terms of sample preparation have conducted to more efficient
de-crosslinking, thereby allowing overall protein species to be identified for the digestion
process to occur [15]. The determinant part of the experimentation that leads to a better
outcome for biomarker validation is the handling of samples, due to its efficiency and
accuracy in the purification process. Laser Capture Microdissection (LCM) represents a
useful tool for the separation and purification of cells used in a given study. Its usage
consists of analyzing the broad range of cancer-mediated signaling as well as metastatic
tendencies that can arise [16,17]. First, cells of interest are required to be fixed to maintain
and not disrupt cellular protrusions. Second, the cells are separated through lasers with the
purpose of melting the thermo-film that surrounds the capping structure (Figure 1A) [18].
After successful cap removal, the tissue samples adhere to this cap.

To compare the sample effect between FF and FFPE, two studies will be discussed in
which the researchers aimed to compare the performance of paired FF and FFPE tissues in
both genomics and proteomics experiments, respectively. The objective of both studies was
to determine which tissue type yielded better results in terms of genomic and proteomic
analysis. The experiments involved obtaining paired FF and FFPE tissue samples from the
same individuals to evaluate their performance. The first study to be discussed focused on
examining protein retrieval in different types of kidney tissues from human biopsies [19].
Initially, the researchers analyzed 15 µm thick formalin-fixed (FF) kidney tissues and
compared the results obtained using various protocols. They found that the highest
number of identified proteins (630 ± 80) was obtained from 15 µm FF tissues using a buffer
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containing Rapigest. This was followed by ProteaseMax (498 ± 51) and PPS (297 ± 188)
buffers. Subsequently, they applied these developed protocols to 4 µm thick FF and FFPE
(formalin-fixed paraffin-embedded) kidney tissue sections. In the case of 4 µm FFPE tissues,
the buffer with PPS yielded the highest protein recovery (265 ± 44). Since FF tissue samples
results were higher than FFPE, this demonstrates that FF is better than FFPE in terms of
protein quantification and identification. Furthermore, their findings indicate the similarity
in physicochemical properties of proteins extracted from 4 µm FF and FFPE tissues, further
supporting the appropriateness of the in-solution protocol used in this study. Overall, the
study concluded that FF tissues are superior to FFPE tissues in proteomics experiments.
The findings highlight the importance of using FF tissues when high-quality genomic and
proteomic data are required.
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Figure 1. Diagram depicting quantitative proteomic workflow using tumor and HIV-infected tissue
samples. (A) Flowchart illustrating proteomic strategies for biomarkers discovery in clinical cancer
with three main types of samples: tumor tissue, body fluids, and cell line cultures. Tumor samples are
micro-dissected using LCM microscope. Individual cells are harvested from a complex tissue in situ,
lysed, followed by protein extraction/quantification, electrophoresis/staining to protein digestion,
peptide recovery, and mass spectrometry. (B) Summary of prominent quantitative proteomics
techniques that are used in sample preparation. Unlabeled methods consist of ion peak intensity and
spectral counter, while labeled techniques are classified by metabolic and chemical labeling. Image
created with BioRender.
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In terms of the genomic study, the researchers aimed to evaluate the feasibility and
reliability of microarray studies analyzing transcriptome data from FF and FFPE tissues
obtained from striatal areas of post-mortem rat brains and hippocampus biopsies from
humans [20]. The whole-genome analyses demonstrated a high degree of agreement
between FF and FFPE arrays. However, when examining individual genes, a higher
variability in data was observed in FFPE arrays compared to FF. The researchers attributed
this variation to the inherent fragmentation of RNA materials in FFPE tissue samples
caused by formalin fixation. Consequently, the use of FF tissue samples resulted in more-
precise and accurate results. Furthermore, FFPE tissue blocks, despite exhibiting strong
in-situ hybridization signals, do not necessarily yield high-quality RNA, leading to limited
meaningful data in downstream experiments [20]. Overall, results demonstrated that
FF tissues outperformed FFPE tissues in both genomics and proteomics analyses. In
the genomics experiments, FF tissues showed higher-quality RNA microarrays with less
degradation compared to FFPE tissues. This allowed for more accurate and reliable genomic
profiling. Similarly, in the proteomics experiments, FF tissues exhibited better protein
retrieval compared to FFPE tissues. The FF samples yielded a higher number of identified
proteins with less variability, indicating the better preservation and extraction of proteins.

Among some of the commonly-used screening techniques are: Matrix-Associated
Laser Desorption Ionization Time of Flight Mass Spectrometry (MALDI-TOF-MS) [21],
multiplex quantitation using isobaric chemical tags such as Tandem Mass Tag (TMT) [22],
Isobaric Tag for Relative and Absolute Quantification (iTRAQ) [23], Isotope-Coded Affinity-
Tag-based protein profiling (ICAT) [24] and Isotope-Coded Protein Label (ICPL) [25] for
cell culturing and the collection of samples in the form of biofluids (Figure 1 and Table 1).
The labeling methods described previously have their own strengths and weaknesses
ranging from cost effectiveness to limitations in project design (Table 1). In this review
chapter we will focus on the usage of these proteomic tools. Isobarically labeled TMT
peptides in protein digests, which can arise through treatment, allow us to quantify protein
species, proteoforms, and proteome complexity [26]. Each TMT tag is composed of four
regions. There is a protein reactive group that will bind to peptide samples and a mass
normalizer group that serves to stabilize or normalize the isotopes of carbon and nitrogen,
so the entire tag weights the same. This is followed by a mass reporter group, which when
fragmented during the second-stage mass spectrometry (MS/MS) will yield a reporter of a
different mass, and finally, there is a cleavable linker, which is cleaved by higher-energy
collision dissociation (HCD) during MS2 and yields the reporter ion [26–28]. In relation to
iTRAQ, this technique allows multiple samples to be processed at once (up to eight) in one
experiment through the use of peptide labeling [29]. The effective integration of iTRAQ
has also contributed to research in HIV-1 latent infections with cluster of differentiation 4
(CD4)-positive cells. This has allowed the detection of altered protein species and signaling
complexity that arises in HIV-1-infected CD4+ cells, including oncogenic disturbances [30].
The incorporation of iCAT into quantitative proteomics has been demonstrated to be a
precise tool to measure the proteoform changes for quantification purposes. This technique
is known for its convenience of use in any given sample of organisms and its ease of use.
However, its usage is limited to cysteine residues in peptides. Similarly, the ICPL labeling
tool benefits protein species rich in lysine residues and also holds N termini. ICPL has
demonstrated precise high-sequence information [31,32]. The most common methods used
to detect biomarkers are labeled and unlabeled quantitative proteomics techniques. The
labeled approach includes metabolic and chemical. A few popular examples of metabolic
techniques are Stable Isotope Labeling by Amino Acids in Cell Culture (SILAC) [33], 15N
and 13C labeling [34], and Subtle Modification of Isotope Ratio Proteomics (SMIRP) [35].
SILAC is considered a precise method due to its efficiency in labeling samples as well as
overall preservation of protein species [36]. 15N and 13C labeling isotopes are supplemented
to the growth media with the goal of integration into an organism, tissue, or cells. Lastly,
SMIRP is known for its convenience of implementation in-vivo in full organisms, which
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include plants, bacteria, yeast, drosophila, and ultimately mammals such as mice and
rats [31,35].

Liquid Chromatography coupled to tandem Mass Spectrometry (LC-MS/MS), multi-
ple reaction monitoring, and Sequential Window Acquisition of all Theoretical Mass Spectra
(SWATH-MS) methods are proteomic technique additions that require personnel with a
broad knowledge of their operation (Figure 1) [37]. The signal intensity in LC-MS/MS
emitted from electrospray ionization has been reported to highly correlate with ion concen-
tration. This indicates that relative peptide levels in the samples can be determined directly
from the intensity peaks. Since these experiments provide a large amount of data, sensitive
computer algorithms such as MaxLFQ [38] or iBAQ [39] are required for automated ion
peak alignment and comparison.

Table 1. Comparison between each screening and labeling method used in quantitative proteomic.

Screening/Labeling
Tools Advantages Drawbacks Expenditures

MALDI-TOF-MS
[40]

Easy to setup and analyzed Poor sensitivity towards some bacteria
specie such as Shigella and E-coli

Low cost
Relatively high sensitivity for detection

of closely related microbial species

Not suitable for detecting small
numbers of bacteria in pathogenic and

sterile research

TMT
[41,42]

Allows for identification of different
samples with greater ease

Increased sensitivity to
phosphopeptides in reverse phase

liquid chromatography
Enable multiplexing of up to
18 samples simultaneously

Fragmentation of peptides may result
in chimeric M/S spectra, which can

lead to incorrect protein/peptide fold
changes

High cost

iTRAQ
[31,43]

Versatile tool that can be applied to a
wide range of samples and organisms

such as in vitro and in vivo.

High variations when implementing at
the peptide level

Varies on sample
numbers

(High or low cost)
Fast method

Quantification tends to be rather poor
due to small amounts of mass spectra
involved (usually one or a few more)

Enables multiplexing of up to
8 samples simultaneously

Requires a mass spectrometer that can
analyze the low regions of m/z

ICAT
[31,44]

Can be applied to any sample type
Fast method

Mild variations when implementing at
the peptide level

Only specific to Cys residues in
peptides

High/Low cost

ICPL
[25,31]

Can be applied to any sample type
Fast method

Mild variations when implementing at
the peptide level

Only specific to Lys residues in
peptides and protein N terminus

High/low cost

SILAC
[31,33]

Can be implemented to an organism
with relative ease and low variations

High sensitivity and precision
High preservation of proteins

Fails to be incorporated to samples
relating to humans

Slow method
High cost
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Table 1. Cont.

Screening/Labeling
Tools Advantages Drawbacks Expenditures

15N
[31,34]

Low variation when implementing in
organism

Does not discriminate between
peptides. Therefore, it can be
incorporated to any sample

Fails to be incorporated to samples
relating to humans

Slow method
Unable to identify molecular weight
before each peptide be subjected to

identification

High cost

13C
[31,34]

Low variation when implementing in
organism

Does not discriminate between
peptides. Therefore, it can be
incorporated to any sample

Fails to be incorporated to samples
relating to humans

Slow method
Isotopes can inhibit identification and

quantification

High
cost

SMIRP
[31,35]

Low variation when implementing in
organism

Can be incorporated to a wide variety
of in-vivo organisms

Does not discriminate between
peptides. Therefore, it can be
incorporated to any sample

Fails to be incorporated to samples
relating to humans

Slow method

High/low
cost

Overall, tissue-based proteomics strategies have been successfully applied to many
cancer types, including predominant forms such as breast, prostate, and lung [4]. The tissue
sample analysis provides the most accurate information about the tumor’s physiological
state and the LCM technology has continuously enabled significant proteome coverage
with validated quantification. In addition, using isolated organelles for protein extraction
has been demonstrated to significantly reduce the complexity of the extracted proteome.
Generically, proteomics is defined by two main approaches: top-down [45] and bottom-
up [46]. Top-down proteomics is the resolution of intact protein species and can identify
and quantify unique proteoforms through the analysis of intact proteins, while bottom-up
proteomics consists of the peptide mass spectrometry (MS) of proteolytic digests.

3. Prospects of Diagnostics and Therapeutics of Proteomic Research in Predominant
Cancers including HIV-Associated Malignancies

Proteomics-based analysis plays a fundamental role in tumor diagnostics and ther-
apeutics by discovering potential biomarkers to detect early stages of cancer and inhibit
carcinogenesis [47,48]. The scarcity of precision and personalized medicine in anti-cancer
therapy contributes to conjure resistance and survival [49]. Some intrusive cancer types
make them difficult to diagnose and treat due to their innate oncological settings. In addi-
tion, patients suffering with cancer-enhancing diseases prove more difficult to treat based
on current limited knowledge. Here, we discuss the recent advancements of proteomics
in six clinically challenging cancer pathologies: breast, lung, retino, prostate, glioma. and
HIV-associated malignancies. Moreover, we will be discussing current limitations and
challenges of proteomics in clinical application and possible future clinical integrations.

Triple-negative breast cancer (TNBC): This is considered a more aggressive variant in
comparison to other breast cancers as it lacks the expression of the usual estrogen receptors
(ER), progesterone receptors (PR), or Her2/neu receptors that are usually targeted by
chemotherapy treatment [50]. While genomic classifications are used to identify subtypes of
breast cancer, they are not always very useful in guiding treatment choices due to significant
heterogeneity in aggressive subgroups of TNBC [51–57]. To better understand the molecular
heterogeneity of TNBC, Reverse Phase Protein Arrays (RPPAs) were attempted as the first
large-scale proteomic characterization to measure cancer-related protein expression and
phosphorylation activity [51,52]. The results provided key insights into the heterogeneity
at the molecular level with limited availability in data. In addition to RPPA, Peptide-
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level Expression-Change Averaging (PECA) was also used to identify protein biomarkers
associated with clinical outcomes in TNBC. By using Cox proportional-hazards analysis on
protein abundance and survival outcomes, researchers were able to identify 85 proteins
pertaining to a longer Recurrence Free Survival (RFS), including immune-related proteins,
and 18 proteins with poor RFS [51]. This study utilized a highly sensitive mass spectrometry-
based methodology called Single-Pot, Solid-Phase-enhanced, Sample Preparation-Clinical
Tissue proteomics (SP3-CTp), which was able to capture important biological features in
FFPE tumor samples [51,58–61].

Immunotherapy has been attempted in patients with breast cancer but has had limited
benefit to individuals expressing mutations in Programmed Death Ligand 1 (PD-L1) and
Tumor Mutational Burden (TMB) due to poor sensitivity and the specificity of current
methods [62]. Recently, a group of researchers (Cun and colleagues) proposed, developed,
and tested a Tumor Immune Risk Score (TIRS) using eight potential biomarkers of TNBC
that resulted in a correlation with survival prediction. In addition, they identified treatment
guidance through four different Tumor Immune Microenvironment Types (TIMTs) that
required further validation [62]. Lastly, relating to breast cancer, Adenoid Cystic Carcinoma
(ACC), a rare indolent malignancy, has overlapping features with TNBC that can lead
to unnecessary treatment via surgery or chemotherapy [63,64]. To provide a method to
differ both neoplasms, a recent study compared protein expression in ACC and TNBC via
mass spectrometry-based proteomics. This has resulted in substantially different proteomic
profiles seen in immune response, vesicle-mediated transport, unregulated proteins, and
ribosome biogenesis. These results may offer a deeper understanding of both biological
behaviors of both neoplasm and potential target therapy [64].

Lung adenocarcinoma (LUAD): The need to identify a biomarker for LUAD to pro-
vide early detection and treatment that responds appropriately to the neoplasia is essential.
A review of the literature of the subject has suggested the use of cytokines as biomarkers for
lung cancer due to the correlation between expression and lung cancer progression [65,66].
Their role in disease progression and survival make them attractive candidates for onco-
genic studies. Markers of therapeutical use include Vascular Endothelial Growth Factor
(VEGF) coupled with angiogenesis; Tumor Necrosis Factor (TNF)-alpha associated with
tumor suppression; Epidermal Growth Factor Receptor (EGFR); and Transforming Growth
Factor (TGF)-beta expressions linked with either tumor survival or apoptosis. Specific
targeted approaches along with other pharmacological limitations could be realistically
implemented in LUAD clinical research practice with the advancements of proteomics [47].
Xu et al. carried out a comprehensive proteomics analysis of 103 cases of LUAD, the most
common of non-small-cell lung cancers and most common subtype in non-smokers [67].
Therapeutic management to this day is mainly surgery and chemotherapy, although recent
advancements in targeted therapies against oncogenic driver mutations have achieved
remarkable success [68–72]. Inhibitors against EGFR, Anaplastic Lymphoma Kinase (ALK),
and B-Raf proto-oncogene (BRAF) V600E mutation, as well as immune checkpoint inhibitor
antibodies against PD-L1, have been approved for the precision treatment of LUAD [73,74].
Despite this progress, lung cancer is the second-most-common malignancy and remains
the prime cause of cancer-related death worldwide, with LUAD accounting for 63% of
this [67,75]. This is largely due to lack of known genetic alterations in the key oncogenic
signaling pathways and the difficulty of targeting oncogenic mutations (KRAS muta-
tions) [67,76,77]. Additionally, a lack of early detection and diagnosis markers contributes
towards this disease [47]. The proteome-based stratification of LUAD will lay a foundation
for understating the heterogeneous nature of the disease and for developing new thera-
peutic approaches. An MS-spectrometry-based label-free quantification strategy has been
adopted and several proteins, including Heat-Shock Protein 90B (HSP90B) (HSP90AB1),
were identified as prognostic biomarkers for LUAD [67]. The proteomic results from these
studies highlighted that HSP90ß was overexpressed in tumors. The upregulation of HSP90ß
is associated with poor prognosis and was also observed in patients with a co-mutation
of EGFR and TP53. To confirm the potential value of HSP90ß as a prognostic marker of
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LUAD, Enzyme-Linked Immunosorbent Assay (ELISA) was applied to examine the plasma
protein level in an independent cohort of 705 LUAD patients and 282 healthy controls.
In addition, HSP90ß was downregulated in S-1, with the best prognosis. This proteomic
result correlated with the three subtypes (S-1, S-II, S-III) related to histological, clinical, and
molecular features [67].

Prostate cancer (PCa): PCa is the most common cancer among males and the second
leading cause of death [78]. This is due to the strong correlation between malignant and
non-malignant prostatic epithelial cell secretion, which can lead to an elevated number
of false positives detected and overdiagnosis during screening. To diagnose PCa, the
measurement of Prostate-Specific Antigen (PSA) levels, Digital Rectal Examination (DRE),
and radiological imaging, along with a histopathological analysis of tissue biopsies are
methods commonly used [79]. While PSA screening is available for prevention, its speci-
ficity is limited, and the medical community remains divided on its use. To overcome
this, researchers have suggested the incorporation of additional clinical biomarkers [80].
A recent study found that a combination of plasma protein species, including PSA, hex-
okinase 2 (hK2), microseminoprotein-beta (MSMB), and Macrophage Inhibitory Cytokine
1 (MIC1), performed better than PSA alone [75]. The use of proteomics sequencing and
methodologies such as ELISA, protein microarrays, aptamer-based assays, and MS-based
proteomics have provided insights into effective biomarkers for PCa [75–82]. Other ap-
proaches such as Data Independent Mass Spectrometry and Multiple Reaction Monitoring
Spectrometry (DIA-MS+MRM-MS) have identified potential PCa biomarkers, such as the
recent 75-protein panel that can differentiate between PCa and benign prostate hyperplasia
(BPH) [80–89]. However, the proteome may not always translate aberrations in PCa, which
gives way to the understanding of molecular signatures [90–92]. The heterogeneity of PCa
signifies that gene expression can vary in different regions of the same carcinoma. Overall,
proteomics sequencing has been an integral part in PCa research and has revealed insights
into the transcriptional regulation of RNA and studies of protein complexity [90].

Glioblastoma Multiforme (GBM): GBM is the most lethal form of brain cancer, one
of the most malignant of all tumors [93]. Its diagnosis and treatment are often complicated
by the tumor’s complex microenvironment characterized by heterogeneity and immuno-
suppression. Consequently, determining its various subtypes can be challenging. However,
proteomics-based research is crucial for the future diagnosis and treatment of GBM [94].
Despite multiple obstacles, proteomics can potentially accelerate GBM research regarding
its diagnosis and treatment via immunotherapy. One study developed a proteomic atlas
using LC-MS/MS, which aligns abundance levels of 4794 protein species for the identity
of histomorphological features and niche-specific biomarkers. Previous efforts focus on
specific molecular signatures compared to tumor growth markers [95].

Due to the absence of strong pharmacological treatments, the identification of early
biomarkers is important to improve survival rates among individuals. Recent tools in
molecular biology can be attributed to multi-omic techniques, among the most important
being the quantitative proteomic for analysis of protein complexity [96]. GBM still remains
a persistent threat with low survivability. Treatment alternatives, including chemotherapy
agent temozolomide, increase this rate further by a few months and remain effective for
the treatment of high-grade glioma [97]. Modern studies have focused on sophisticated
chips with high sensitivity, with the goal of using them as the first bio-printed cancer
on-a-chip. The aim is to attempt to reproduce the patient’s therapeutic responses using
these chips [98]. However, despite these advances, these therapies have limitations since
they fail to completely reproduce the working brain of a patient, according to the Barrow
Neurologic Institute [99].

Retinoblastoma (Rb): Rb is the most common form of pediatric ocular cancer type [100],
and while current treatment options have improved, metastasis to the central nervous
system remains an obstacle for prevention [101]. Immunotherapy against Rb may offer
a treatment option that preserves vision and enhances patients’ life modalities; however,
current insights into the tumor microenvironment remain limited [102]. Recent studies
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relating to proteomics and Immune Cell Infiltration (ICI) have demonstrated two types of
gene subgroups responsible for tumor metastasis. Furthermore, hypermethylation has been
identified as a potential mechanism for treating Rb, as it regulates the TIMT in the high-ICI
groups [103]. Biopsies have long been considered unsafe practices with a high-risk of ocular
spread in Rb, insisting that safer approaches are needed for therapeutic management [104].
Endophytic tumors that can be present in the vitreous, or have a mixed presentation, remain
a strong obstacle when handling intraocular sections of Rb [104,105], where the enucleation
of the affected eye may be the only option for advanced tumors [104,106].

Research has demonstrated that exosomes act as promising biomarkers compared
to other biopsy targets for diagnosis and tumor detection in Rb. The use of a single-
shot LC-MS/MS analysis and comparisons analysis revealed a total of 99 and 35 proteins
exclusively present in Rb tumor exosomes. These protein species that serve as a potential
source of diagnosis include: Abl Interactor 2 (ABI2), Glutathione S-Transferase Mu (GSTM),
Neurocan (NCAN), and V-type proton ATPase subunit C 1 (ATP6V1C1) [104].

HIV/AIDS-associated Malignancies: HIV-1 infections have been linked to tumor
advancements. Statistically, patients have been reported to be 20–70 times more likely to
develop non-Hodgkin lymphomas as well as 10 times more likely to develop Hodgkin
lymphoma. With the rise of cancer cases in HIV-infected patients, there has been an urgent
need for the development of HIV-specific biomarkers. The indirect effects of these viral in-
fections can extend towards more predominant cancer disparities such as the lungs, where
patients have been known to be at least three times more likely to suffer [107]. Proteomics
studies aim to address the search for successful biomarkers and to decipher the mechanistic
interactions between co-morbidity cases that can aid in future therapeutics for HIV-infected
patients. The HIV-1 envelope and internal replicative proteins are the main culprits for
cancer-inducing properties by interacting with the known signaling molecules highlighted
in Figures 2 and 3. Specifically, the main effects of HIV-1 in cancer can either be a direct or
indirect cause for the transformation of these cells [108]. Throughout this review, current
knowledge regarding HIV-1 infection and the signaling outcomes being affected in cancer
cases are discussed. The first proteomic characterization of co-morbidity studies with GBM
HIV-infected patients was performed using patient tumors in comparison to normal tissues.
To obtain a comprehensive proteogenomic characterization, samples of a Whole-Exome
Sequencing (WES) were performed. Pairing transcriptomic and proteomic data from the pa-
tients created 6203 mRNA–protein pairs [95]. Consequently, this has linked genes involved
in metabolic processes with positive mRNA–protein correlations [109,110]. In addition,
PYCR2 and ADH1A, involved in amino acid metabolism and oxidoreductase activity,
respectively, were affirmed as representative prognostic proteins using tandem mass spec-
trometry MS/MS, thus revealing potential biomarkers for clinical application [109,111,112].
Moreover, a recent investigation using protein–protein network analysis has discovered
approximately 40 differentially regulated proteins of interest to identify useful markers for
HIV-1 co-morbidities [113]. Other proteomic studies extended their research by identifying
novel signaling for personalized medicine in HIV-infected patients with a range of cancer
types. Among these molecular signaling targets, researchers have focused on migratory
and cytoskeletal components such as cofilin1, cystatins B, and L-plastins [30,114,115]. Other
proteomic studies focused on identifying the relation between transcriptional behaviors on
cellular structures as potential biomarkers in HIV-1 malignancies [116]. Additionally, there
has been a growing interest highlighting the scientific merit of clinical outcomes related to
co-morbidity between GBM and HIV-1 research. Specifically, for the first time, scientists
demonstrated that HIV-1 envelope glycoprotein 120 (gp120) significantly increased fatty
acids, protein synthesis, glycolysis and ER stress/Unfolded Protein Response pathways
in glioma, contributing to cancer survival and proliferation [117,118]. Subsequent future
discoveries of novel proteomic signature targets are expected to lead to more effective
and specific therapies to reduce the disparities of malignancies in the HIV-infected pop-
ulation. With a successful transition of proteomics to the clinical setting and studies, the
advancement of precision oncology and personalized medicine will be that much more.
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4. HIV/AIDS Malignancies in CD4+/CXCR4/CCR5-Infected Cells including GBM

People living with HIV-1 are at increased risk of developing cancer despite successful
antiretroviral therapy [107,119–121]. Multiple malignancies can be attributed to HIV-1,
however, some of the most common neurological malignancies are primary central nervous
system (CNS) lymphoma and GBM. While the development of GBM is an uncommon com-
plication in HIV-1 patients, the introduction and implementation of HAART has resulted in
a decrease in AIDS-defining malignancies and a subsequent increase in non-AIDS-defining
malignancies such as the mentioned GBM [122–124]. A review of cases and studies has
shown that age and CD4 counts are not correlated to survival and tumor progression as
an indicator of survival in patients with HIV-1 and GBM [122]. There are two proposed
mechanisms as to how HIV-1 may cause GBM: one is via immunosuppression, which has
been directly linked to GBM by a mechanism of decreasing anti-tumor activity and thus
promoting the development of malignancies; and the other mechanism is via HIV regulator
genes such as negative factor (Nef) and trans activator of transcription (Tat). Other medi-
ators can be attributed to cytokines such as interleukin (IL)-1, IL-6, IL-8, and TNF-alpha,
which have been recognized in studies to have transforming properties in neural stem
cells or astrocytes. This can initiate their differentiation into glioma or malignant cells
from AIDS-associated malignancies and thus could be contributing to the development
of GBM [122] However, a cross-sectional study by Luxwell et al., of the prevalence of HIV
in glioma patients in sub-Saharan Africa, indicates that the prevalence of HIV in glioma
patients is decreasing when compared to the general population as described previously in
a study in Mexico and Brazil [124]. The authors describe and associate the observations to
a phenomenon labeled the “antiglioma effect”, where HIV, HAART, or both can be respon-
sible for being protective from gliomas; this would require more studies for insight [124].
Here, we will suggest novel mechanisms behind this phenomenon. Moreover, we cover
current knowledge regarding HIV-1 malignancies through viral envelope protein and host
cell interactions. HIV-1 has been extensively studied to infect CD4+ cells using CXCR4
and CCR5 as co-receptors to gain entry [125]. CXCR4 and CCR5 are chemokine recep-
tors and members of the G-protein-coupled class family; they have the role of mediating
leukocyte development, trafficking, angiogenesis, and immune response [126]. CXCR4
and CCR4 are attractive candidates for cancer studies since they have been reported to
modulate physiological processes associated with proliferation, survival, tumor growth,
invasions, and epidermal growth factor receptors [127,128]. CXCR4 has been a consistent
marker throughout predominant oncological diseases, including lung cancer [129,130] and
PCa [131]. Interestingly, the upregulation of CXCR4 has been linked to an increased rate of
migration in lung cancer towards the bone marrow [129]. The significant role of CXCR4 in
cancer development has led to this receptor being implemented as an additional prognostic
marker for both lung cancer and PCa patients [132,133]. Regarding its oncological effects in
some of the predominant cancer types, it has previously been postulated that HIV-1 interac-
tion with CXCR4 can render CD4+ cells vulnerable to malignant transformation [134,135].
As a result, the overexpression of key signaling pathways (Figures 2 and 3) can open the
possibility for proliferative triggers to activate prematurely or when not needed. Similar to
the effects of CXCR4, CCR5 is ubiquitously expressed in tumors. Its overexpression has
been seen in PCa [136] and Hodgkin’s lymphoma [137], among other cancer types. Through
this, CCR5 has been postulated to be a prognostic marker throughout lung cancer and PCa
due to its overexpression. However, common CCR4-specifc ligands such as CCL5 show
poor prognosis in these cancers [137]. Having said this, both HIV-specific co-receptors
CCR4 and CCR5 have ties to tumor tendencies and share similar oncological pathways.
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Protein species relating to HIV-1 can interact with oncological signatures from other
cancerogenic viruses. This is responsible for the bulk of oncogenic disturbances to indi-
viduals suffering from HIV/AIDS. Specifically, HIV-1, gp120, Tat, Nef, matrix p17 and
Reverse Transcriptase (RT) have been directly linked to malignant tendencies. ER stress
and proliferative routes research conducted by the groups led by Boukli and Kucheryavych
demonstrated that the entryway protein gp120 activates downstream UPR/ER stress sig-
naling [118] as well as glycolysis [117]. The cancerogenic properties of these overlapping
signal complexities are reported to affect neighboring epithelial cells, which can result in
malignant transformation (Figure 2).

Some of these characteristics can be attributed to the survival tendencies that UPR
conjures by upregulating pro-survival proteins [138]. This can lead to the activation of
B-cell lymphoma 2 (BCL-2) family proteins in the mitochondria that have a strong impact
on cell survival (Figure 2) [139]. This process is triggered by the inhibition of apoptosis,
autophagy, and cell cycle modulation. Consequently, this signaling overlaps with the
glycolytic pathway and promotes a stronger response by regulating energy metabolism
and proliferation through the Warburg effect [140,141]. Glycogen Synthase Kinase-3 (GSK3)
contributes to anti-apoptotic roles by modulating metabolism and is controlled through
the Akt/PI3K pathway in an inversely proportional manner [142]. Co-morbidity cases
between HIV-1 and GBM have demonstrated that GBM growth and proliferation are af-
fected through this signaling. It has also been shown that key metabolic markers such
as Hexokinase (HXK), Glyceraldehyde 3-phosphate Dehydrogenase (GAPDH), Enolase 2
(ENO2), and Pyruvate Kinase M2 (PKM2) play an important role as downstream effectors
of mitochondria activity [117]. Therefore, the metabolic functions of cancer cells are ma-
nipulated through Akt/PI3K/GSK3 signaling (Figure 2). HIV-associated malignancies can
also be attributed to an increase in reactive oxygen species (ROS). The Fenton–Weiss–Haber
reaction is partially associated with this response by converting hydrogen peroxide (H2O2)
into a hydroxyl radical (•OH) [143] via the NOX pathway. ROS-mediated damage further
activates transcription factors such as Twist and Snail, which simultaneously promote
metastasis. While ROS induce lipid, DNA, and tissue damage during viral infection, the
breakdown of DNA contributes to malignant transformation [108]. The accumulation of
oxygen derivatives leads, on the other hand, to the accumulation of unfolded proteins,
which in turn induce oxidative damage mitigated by proper protein folding, favoring
survival. Lastly, it has been shown that the carcinogenic effects of HIV-1 gp120 can also
extend to neuroblastoma cells, which have been shown to induce proline oxidase followed
by pyroline-5-carboxylate and ROS generation [144]. Therefore, a change in cancer by
the upregulation or downregulation of the above-mentioned proteins can result in tumor
transformation and metastasis (Figure 2). All in vitro and in vivo studies are compara-
ble to laboratory and clinical settings in AIDS-related malignancies, HIV-1 disease, and
viral-induced tumors. These investigations aim to develop novel therapies to reduce the
cancer disparities of GBM among the HIV-infected population. In this review, we dissected
the roles of HIV-1 co-receptors on predominant cancer types during viral infection. In
addition, we highlighted the potential of HIV-1 to trigger the malignant transformation of
predominant cancer types, with an emphasis on GBM (Figure 2).
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Figure 2. Mechanistic representation of viral malignancy effects triggered by HIV-1 gp120. HIV-1-
infected cells infect by using gp120 capacity to induce oxidative, ER stress and glycolytic responses.
Gp120 increases free radical production from monocytes and macrophages, which can induce ROS. In
astrocytes, ROS production is enhanced using several signaling methods, specifically with cytochrome
CYP2E1, NOX2 and NOX4, and the Fenton–Weiss–Haber reaction. ROS-mediated gp120 effects
directly activate Twist [145], subsequently modulating Nrf2, and thereby stimulating antioxidant
enzymes such as HO1 and Nqol1. In addition, Twist leads to the regulation of Snail, which serves
as a transcriptions factor. Both transcription factors, Twist and Snail, are involved in epithelial-to-
mesenchymal transduction (EMT), inducing metastasis. The effects of ROS extend towards DNA,
lipid, and tissue damage in neighboring cells. Therefore, DNA damage promotes the malignant
transformation of normal cells while propagating cancer cells [146]. Gp120 also increases the rate in
glycolytic metabolism leading to proliferation, survival, lipid, and protein synthesis [117]. In addition,
gp120 triggers ER stress to correct the proper folding of proteins, subsequently activating UPR
markers [118]. Figure arrow legends: blue arrows—Process leading to ROS; purple arrows—UPR
and ER stress-induced pathways; and green arrows—Metabolic response triggered during HIV-
1 infection.

5. Signaling Pathways in Cancer: Mutual Crosstalk between ER Stress, Survival,
Proliferation, Cell Cycle, and Migration

Advancements in proteomic technologies have allowed for the identification of poten-
tial deregulated signaling pathways in tumor cells. With equal standing, they have been
utilized to understand alterations in the host’s proteome to characterize the specific stages
of diseases. Amongst the most common hallmarks that are beneficially deregulated in
cancer are: cell cycle progression, proliferation, survival, angiogenesis, immunoregulation,
and migration (Figure 3) [147]. With equal standing, the Unfolded Protein Response (UPR)
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and Endoplasmic Reticulum (ER) stress signaling also serve as common factors in a variety
of cancer types [148,149]. These mechanistic signature pathways act as the premises for
cancer progression. This review focuses on known signaling pathways that govern their
deregulation, metastasis, and tumorigenesis, as well their signal promoters. We will also
highlight cancer-inducing signaling triggered during HIV-1 infection and co-morbidity
cases. Distinguishing cancer types has been linked to unique alterations in protein expres-
sion levels that allow cells to survive and over-proliferate in their oncological environment.
The proportions of these properties overlap with other signaling complexes that come to-
gether and allow favorable tumorigenic conditions to take place. In the case of GBM, it uses
the Wingless-type (WNT) pathway to aid in tumor formation and progression [150,151].

Evidence from a growing number of studies suggests that TNBC stem cells pro-
mote metastasis by regulating the WNT, Nuclear Factor kappa B (NFκB), Notch, Signal
Transducer and Activator of Transcription 3 (STAT3) and hedgehog (Hh) pathways to
induce an epithelial-to-mesenchymal transitional change [152–156]. Similar to GBM and
TNBC, PCa shares signaling homology. In current clinical trials approaches, common
cancer-promoting regulators such as the WNT, cyclin-dependent kinases and Ak strain
transforming (Akt)/Phosphatidylinositol-3 Kinase (PI3K) pathways are being tested for
PCa and other cancer subtypes, including the ones described above for treatment im-
plementations [157–159]. In this review, we will also discuss lung cancer as the most
predominant disease [160]. Its most extensively studied mechanism is the Receptor Tyro-
sine Kinase (RTK) and downstream effectors such as the small GTPase Rat sarcoma (Ras)
and Mitogen Activated Protein Kinase (MAPK) [161]. Like other oncogenic alterations,
lung cancer has genetic mutations, which in this case allow it to carry point mutation,
resulting in constant RTK activation even in the absence of a ligand [162]. These oncological
disturbances have the tendency to share two genetically altered mechanisms that includes
Akt/PI3K/ Mammalian Target of Rapamycin (mTOR) and RTK/RAS/MAPK (Figure 3),
among other complex structures. These receptors are activated by growth factor ligands
with the purpose of inducing receptor dimerization, leading to a conformational change
that auto-phosphorylates the intracellular Receptor Tyrosine Kinase domain. Subsequently,
this will recruit adaptor protein Growth Factor Receptor-Bound protein 2 (GRB2) to allow
for the Son of Sevenless (SOS) protein to tethered. As a guanine nucleotide exchange factor,
SOS will increase the exchange rate of GDP to GTP, allowing the full activation of Ras.
This activates downstream effectors such as Raf and the MAPKs, with the goal of inducing
the transcription of proteins that favor migration, survival, and proliferation. In a similar
manner, PI3-K is activated through RTK and allows it to phosphorylate the lipids into a
third messenger that gives way to the activation of Akt. Once this outcome is fulfilled, the
cell gains access to an extensive array of functions pertaining to protein synthesis, survival,
and the modulation of the cell cycle [161–166]. As a result, this prompts the initial stages of
downstream effectors responsible for controlling cell cycle progression, protein synthesis,
and migration. In abnormal conditions, cancer takes advantage of these overexpressed
signals in the form of uncontrollable proliferation, survival, and metastasis [163–166],
respectively (Figure 3).

Healthy and malignant cells that are subjected to stress-inducing factors can result in
the disruption of proteoforms and folding complexity. This can be attributed to endoplasmic
reticulum (ER) stress [138]. As a means to restore protein homeostasis, cells employ the
Unfolded Protein Response (UPR) to properly correct misfolding that can arise in protein
species. The survival tendencies of the UPR can be accredited to Glucose Regulating Protein
78 (GRP78), which is considered the master regulator of the UPR. Specifically, GRP78
binds to downstream effectors such as Activating Transcription Factor 6α (ATF6α), Inositol
Requiring Enzyme 1α (IRE1α), and Protein Kinase R-like ER Kinase (PERK) and keeps them
in an inhibited state under normal conditions [138]. GRP78 is a chaperone that senses and
binds to unfolded proteins and configures them into a proper shape. During this process, all
three downstream regulators (ATF6α, IRE1α and PERK) are activated. ATF6α and IRE1α
are mostly involved in dictating cell fate with UPR-related survival genes, while PERK
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halts protein translation while giving priority to the UPR transcription [167] (Figure 3).
The innate ability of the UPR to switch from a mild to a more severe form of cellular
stress decides the efficacy and survivability of cells in terms of their ability to cope with
ER stress response [168]. The survival tendencies of the UPR can indirectly overlap with
oncogenic signaling (Figure 3); this can prove to be beneficial for the overall proliferation
of cancer cells. However, the UPR can also trigger apoptosis if it fails to rectify the folding
process of proteins for a prolonged period [169]. In a similar process, HIV-associated
malignancies have been linked to the promotion of tumor growth. Research has shown
that protease inhibitors lessen the progression of HIV-induced tumor development [170].
As a result, this blocks Akt-mediated signaling and renders cancer cells more susceptible
towards radiotherapy [171]. The oncogenic properties of HIV-associated malignancies
can be attributed to both of its entryway co-receptors (CXCR4 and CCR5) and cells that
possess the CD4 receptor. The downstream effectors of these receptors can directly activate
pro-survival and proliferative routes pertaining to the Akt/PI3K pathway, as seen in
Figure 3 [172]. Lastly, HIV-1 infection is considered as a stress-inducer that can trigger
UPR/ER stress mechanisms. Through these actions, it has been postulated that this process
can serve to promote survival tendencies through the transcription of UPR genes [173].

Interestingly, natural compounds targeting ER stress response have been designed to
kill cancer cells, with molecules showing excellent curative effects (See Figure 4). Here, we
review recent advances in our understanding of the ER stress and UPR markers used to
date [174–176]. Polyphenol teas have been shown to possess cytotoxic abilities on MCF-7
(breast), A549 (lung), PC3 (PCa), and HepG2 (Liver) cancer cell lines through the induction
of cell cycle arrest [177]. Polyphenols have also been used as potent therapeutic agents in
HIV-associated malignancies. Their anti-cancer effects are associated with a decrease in
tumor growth, the inhibition of metastasis, and protection against carcinogens [178]. The
natural extract from the turmeric rhizome plant, curcumin, has been demonstrated to induce
chronic ER stress in PCa, subsequently promoting cancer death [179]. Similarly, muscadine
skin extracts from red grapes have been used as a cancer treatment due to their ability
to trigger UPR-mediated apoptosis in PCa [180]. Steroidal saponins such as protodioscin
have also displayed anti-tumor effects on cancer cells through the promotion of ER stress-
mediated reactive oxygen species (ROS). This compound has been reported to directly
stimulate pro-apoptotic markers such as CHOP and mitochondrial breakage through ER-
induced calcium influx [181,182]. Studies have shown the potential of sulforaphanes to
be implemented as a natural therapeutic approach for breast cancer treatments due to
its innate ability to induce cell cycle arrest [183]. In addition, sulforaphanes have been
linked to triggering an ER-stress response, which is an anti-liver cancer property [184].
The manipulative strategies of HIV-1 infection with the objective of viral entry into the
host cell have been known to specifically alter oncogenic pathways (Figures 2 and 3). This
outcome opens the opportunity for disease progression and cancerogenic properties. To
combat these oncogenic and HIV-1-induced effects, researchers have been implementing
proteomic approaches in combination with natural compounds with the goal to reduce
cancer disparities. Namely, the natural compound polysaccharide peptide (PSP), derived
from the mushroom of Coriolus versicolor, has been known to possess anti-tumor properties
as well as to modulate the immune response against patients suffering from breast and lung
cancer [185]. Particularly, it has the innate ability to activate an oxidative stress response and
consequently counteract tumor growth [186]. Interestingly, PSP demonstrates the ability to
extend its anti-cancer effects towards the immune system by inhibiting HIV-1 replication
in THP1 and peripheral blood mononuclear cells through the upregulation of antiviral
chemokines [187]. It has also been observed to target the entryway through overlapping
signaling between UPR marker IRE1α and PKR in monocytes [188]. This review provides
deeper insight into common overlapping pathways that are shared among predominant
oncogenic disturbances as well as triggered during HIV-1 infections (Figure 3). Further,
in this integrative review, we examine the literature on key compounds that are currently
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being researched as potential treatment options for combating cancer and HIV-associated
malignancies (Figure 4).

Ultimately, we will discuss the cell cycle and its unchecked growth. Tumorigenic cells
frequently suffer genomic instabilities in abnormal proliferative environments [189]. This
implication is further strengthened when external stimuli are involved; for example, stress
overlaps with the hyperactivation of cell cycle regulator P53. The present phenomenon
becomes apparent when mutations in p53 occur in over 50% of cancers. Under normal
conditions, this protein is tasked with halting the progression of cell growth by acting as a
transcription factor for control division [190,191]. It also serves a multitude of purposes,
such as apoptosis, growth arrest, and sensing DNA damage under stressful conditions [191].
In a recent and detailed study, the use of quantitative proteomics was employed to identify
the protein–protein interactions, and provided an insightful overview of possible mecha-
nistic mutations that p53 suffers [192]. With all this stated, proteomics continues to serve as
the leading premise in mechanistic studies involving cancer, and it also provides the oppor-
tunity for new therapeutic treatments to be implemented. Acquiring these new profound
changes grants it the novel oncogenic properties term p53 gain-of-function [191,192].
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Figure 3. Schematic representation of signaling events for oncological and HIV-associated malignan-
cies. RTKs are crucial regulators of cancer survivability while also corresponding to drug resistances.
This allows recruiting adaptor proteins to signal into branching pathways. Mainly the Akt and Ras.
CD4+ cells can influence cell survival through CXCR4/CCR5. There is an activation of multiple
phosphorylated tyrosine residues that serve as docking platforms through the phosphotyrosine
binding (PTB) domain of RTK to regulate a wide range of signaling complexes that benefit cancer-
mediated growth. Simultaneously, stress factors such as HIV-1 infection induces UPR and leads to
the recruitment of GRP78 for proper folding [117,118]. The endoplasmic reticulum sensors PERK,
IRE1α, and ATF6 are no longer inhibited by GRP78, which halts protein translation, the splicing
of X-Box Binding Protein 1 (XBP1), and the cleavage of ATF6. The precedence for these oncogenic
and metabolic activities influences the tumor microenvironment and results in a favorable cycle of
proliferation, angiogenesis, chemoresistance, metastasis, and immune evasion.
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stress, on the other hand, promotes survival and proliferation in malignant cells. These compounds
have unique anticancer potentials and are known for their beneficial properties, such as free radical
scavenging, decreasing oxidative stress, and modulating inflammation.

6. The Role of Proteomics in Personalized Medicine

Advancements during recent decades have increasingly recognized that no two cancer
types are shared within individuals. While two oncogenic disturbances may be classified
clinically and pathologically as the same, the response and resistance to treatment can be
completely different. Although chemotherapy and radiotherapy have been first in line in
the treatment of various cancers, the complexity and heterogeneity of cancer have led to the
need for a personalized and precise approach for treatment [193]. By combining multiple
disciplines, the advancements of new proteomics sub-disciplines such as proteogenomics
are expected to provide screening tools. These findings, and particularly the interpretation
of their results regarding specific genes and proteins of cancer patients, provide treatments
options that target the proteins responsible for pathogenesis [37,193]. While precision
oncology has been used for cancer prevention and screening, its main application has been
the development of antineoplastic agents. As a result of these developed therapies, projects
such as The Human Genome Project and The Cancer Genome Atlas paved new roads
towards understanding the origin and causes of cancer by analyzing the genes that caused
them [194]. Nevertheless, despite the remarkable success of genomic analysis, protein
correlation between protein and mRNA expression in cancer showed that an integrated
analysis of the proteome has the potential to uncover novel disease characteristics [193,194].

When compared to genomics, proteomics has been advancing rapidly and with promis-
ing results, including the development of drugs that directly target pathologies at the
protein level instead of the gene level, such as inhibitors of MAPK, PI3K, serine/threonine
protein kinase, BRAF, VEGF, and EGFR [193]. Drugs with said mechanisms of action have
been essential in medicine for conditions such as V600E positive malignant melanoma, renal
cell carcinoma, colorectal carcinoma, wet macular degeneration, and non-small-cell lung
carcinoma. The development of the Clinical Proteomic Tumor Analysis Consortium has de-
veloped a comprehensive catalog of somatic mutations in cancer and led to reclassification
of molecular subtypes and discovery of new pathways via phosphoproteomics [194]. The
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novel concept of using proteogenomics as an area of research at the interface of proteomics
and genomics allowed us to understand the molecular complexity of cancer processes
starting from the genome all the way into aberrant translational products. A particular
challenging population that may benefit greatly from precision oncology, promoting pro-
gression towards the road of personalized medicine, is HIV-infected patients [195,196].
Their predisposition to developing resistant and aggressive malignancies towards treat-
ment when compared to non-HIV-infected patients opens the avenue for more detailed
studies [120]. Cancer in HIV patients can be classified into two main categories: AIDS-
defining, for which the clinical presence is used to diagnose AIDS in an HIV patient, and
non-AIDS-defining, which relates to cancer not solely caused by HIV-1 but also the risk
of said cancer being increased in HIV patients or behaving more aggressively. The three
malignancies that are classified as AIDS-defining cancers are Kaposi’s sarcoma, aggressive
B-cell lymphomas (including Burkitt’s’ lymphoma, diffuse large B-cell lymphoma, primary
CNS lymphoma, primary effusion lymphoma, Plasmablastic lymphoma), and invasive
cervical cancer [120].

Quantitative proteomic approaches coupled to personalized medicine have expanded
the possibilities regarding integrating new emerging technologies that can positively im-
pact the health modalities of the individual. Among these, nanotechnology has been shown
to synergize with the use of MS-based approaches for disease progression [197]. This
is evidenced by using nanomaterials to aid and facilitate sample processing, digestion,
and interactions between each proteoform. There has been a growing number of studies
focusing on the use of several classifications of micro beads (magnetic, agarose, or chro-
matographic) approaches to enrich the digestion process of cell lysates [198–201]. The use of
artificial intelligence (AI) has also overlapped with both proteomics and nanotechnologies
to evolve strategies to facilitate the care generating data. Recently, this technology has
been successfully implemented into automated AI robots instructed to handle delicate
experiments involving liquid samples [202]. This approach has shown both high sensitivity
and reproducibility rates for FFPE tissues [203] and cell line cultures [204]. Therefore, new
technology continues to be integrated among existing models, with the goal of advancing
therapeutics treatments in a fast and precise manner.

In relation to non-AIDS-defining cancers include lung cancer, anal cancer, Hodgkin’s
lymphoma, oropharyngeal cancer, hepatocellular carcinoma, vulvar cancer, penile cancer,
and glioblastoma multiforme [119,205–207]. The use of proteomics has shown promising
results in personalized medical cancer treatment via precision oncology and will surely
allow for the more accurate and precise screening of the heterogenous nature of cancer
down to the genetic and molecular level, instead of being limited to being histologically
centered [208]. Regarding said screening, the selection of the more appropriate therapy
along with the appropriate dosage will allow us to optimize the benefits vs side effects in
patients on a case-by-case basis in terms of susceptibility or resistance [209]. Furthermore,
there have been recent advances in immunotherapy and targeted protein degradation
therapy, allowing us to target many proteins previously considered undruggable by phar-
macotherapy [210–213]. By combining proteomics data successfully in a clinical setting,
new therapies for not just cancer but also other potential diseases may be possible. While
precision medicine aims to improve the patient’s wellbeing and despite the recent advance-
ments in this field, there remains a number of significant holdbacks associated with legal,
ethical, and social disputes. Among these, cost efficiency is the most common cause of
concern due to the manufacturing of precise pharmacological treatments that specifically
target the person’s disease [214]. Since proteomic and other multi-omic approaches are
based on metadata for genetic, epigenetic, metabolic, and protein information, meticulous
strategies must be ensured to protect the patient’s identity. A security breach of personal
data from the individual is considered a strong ethical and legal concern and should be
an indicator that the future of personalized medicine needs careful consideration before
being administered in the pharmaceutical industry [215,216]. The merging of personal data
across various platforms or software increases the probability of a breach of data occurring.
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The introduction of personalized medicines to healthcare providers also meets another
issue due to the need to prove if they can outperform traditional medicines [216]. A lack of
expertise for this highly sophisticated field is also a problem when handling this process.
The manpower to carry out the tasks of organization, keeping track of personal medicine,
and managing the algorithm within a company software with minimal to no mistakes
needs to be considered in the future [215].

7. The Critical Role of Bioinformatics

The signaling mechanisms pertaining to cancer progression have challenged novel
integration for bioinformatic tools. As a result, cancer proteome databases have been
extensively created to monitor and compile massive data for interpretation. This gives
meaningful insight into cancer progression. Consequently, bioinformatics remains an in-
dispensable tool for analyzing large-scale datasets in the most common form of protein
and gene expressions. This has led to databases relating to amino acid sequences for a
detailed study of the protein structures and mechanistic signaling components in cancer. In
recent years, the advancements in bioinformatics have significantly increased as an integral
tool for supporting therapeutic cancer treatments. Identifying new classes of molecular
signatures such as alternative splicing reflects one of these advancements, which was
previously unattainable [217]. Newly synthesized drugs that are currently being tested for
distinct classifications of oncological diseases are also the results of these novel intuitive
methods for bioinformatical approaches [218]. As these tools continue to evolve along
with robust and established databases such as the Cancer Genome Atlas (TCGA) and Gene
Expression Omnibus (GEO), the use of quantitative proteomics has become an acceptable
practice. An example for this would be the sharing of user-generated proteomic data from
researchers that can provide a comprehensive and insightful advancement towards the
understanding of the molecular mechanism in place. In a recent study conducted in PCa,
bioinformatics was implemented with the aim of screening and cataloguing crucial genes
that regulate biological processes of interest, with insightful views relating to tumorigenesis
and future therapeutic implementation [219]. A model of this application is the use of
gene chips to screen for significant biomarkers that lead towards disease pathogenesis,
as conducted in a recent TNBC study [220]. The incorporation of gene chips with quan-
titative high-throughput proteomics techniques allows for a powerful and efficient gene
sequencing tool for mass-scale analyzing differentially regulated genes between normal
and tumorigenic tissues. In a similar manner, from previous examples, the integration of
cancer bioinformatics has led to the recent discovery of ribosomal oxygenase 2 (RIOX2) as a
key oncogene in lung cancer, which also participates as a common factor in a variety of car-
cinogenic disturbances [221]. In another study correlating with lung cancer, bioinformatic
analysis was used to identify unique proteomic profiles of patient subtypes associated with
sex, response, and tumor progression [222]. Moreover, selected database classifications do
not detect sub-proteomes levels of brain, extracellular vesicles, and cancer-related proteins
in GBM [223]. This review aimed to understand the highly infiltrative abilities of GBM as
well as the relapse rate that characterizes its aggressiveness for unexplored datasets. Gene
ontology analysis has revealed the over-expressed regulation of blood coagulation and
plasminogen that can act as a gateway for continues blood–brain barrier damage. Here, we
highlight some of the latest bioinformatics integrations alongside the use of quantitative
proteomics for detecting and determining some of the most prominent cancer phenomena.
Recent rapid biotechnological breakthroughs with large datasets have set new challenges
for the identification of complex and unique molecular features that drive malignancies
and the molecular mapping of cancer-related disparities. Therefore, the foundations of
bioinformatic continue to evolve with novel applications of computational methods, also
forming an integral part of proteomic-based technologies.
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8. Conclusions

Proteomics profiling is a continuously expanding field relying on the combination
of current advances, both technological and analytical, to screen for and discover cancer-
causing molecular signatures. These proteomics signatures and signaling including ER
stress have been implicated in various cancers and provide, as such, the potential to de-
velop effective therapies and bioinformatic resources for basic and translational research.
Moreover, information on large-scale proteomics studies on clinical models with targetable
approaches such as metastasis, metabolism, proliferation, cell cycle, and stress-induced
responses (Figures 3 and 4) provide insight into tumor development relating to current drug
treatments and viral infections. Targeting overlapping pathways can lead to a complete
understanding of frequently modulated pathways shared among similar tumor environ-
ments. Bioinformatical databases that are specifically created for monitoring general disease
progression are well-organized in nature. However, these are still inferior in comparison
to cancer-oriented computational databases. A comprehensive mechanistic quantitative
proteomics analysis should be integrated in most disease studies to address this issue. In
this regard, proteomics can be considered as an integral part of cancer research for identify-
ing potential biomarkers and advanced diagnostics. In this review, we discussed recent
mechanistic molecular proteomics signatures and bioinformatical approaches. Studying
these specific molecular markers provides a powerful approach for diagnosis and thera-
peutics in a vast array of cancers (TBNC, lung cancer, PCa, GBM, Rb, and HIV-associated
malignancies). The identified protein markers in patients with these metastatic solid tumors
can be seen as early mechanistic insights into biological processes and oncogenic disparities.
In hindsight, proteomics promises to contribute to personalized medicine by allowing
us to comprehensively understand mechanistic molecular signatures as unique tools for
biomarker discovery. Such implementations will be reflected in current novel technology
trends such as the use of nanomedicine and artificial intelligence (AI). The combination
of proteomics with these emerging technologies is likely to play a key role in uncovering
the oncological mechanisms for cancer diagnosis, prognosis, and monitoring. Ultimately,
proteomics strives to guide targeted therapy, to stratify cancer, and to identify evidence of
resistance and redirect treatment strategies much earlier.
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