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Abstract

Cancer, a multifaceted disease, arises from a complex interplay of genetic mutations, epigenetic
modifications, and proteomic alterations that drive tumor progression and therapeutic resistance.
Traditional genomic approaches have identified key oncogenes and tumor suppressors; however, the
functional consequences of these alterations at the protein level often remain elusive. Proteogenomics,
an integrative approach combining next-generation sequencing and mass spectrometry-based
proteomics, bridges this gap by linking genomic aberrations to proteomic changes, enabling a deeper
understanding of cancer biology. This review highlights the pivotal role of proteogenomics in
unraveling cancer mechanisms, focusing on its contribution to understanding signaling pathways, post-
translational modifications (PTMs), and tumor heterogeneity. Proteogenomic studies have elucidated
key oncogenic pathways, such as PISK/AKT/mTOR and MAPK, revealing how dysregulated proteins
and PTMs drive tumor growth and therapeutic resistance. The approach has also identified novel
biomarkers and molecular subtypes across cancers, facilitating precision medicine. Furthermore,
proteogenomics has been instrumental in addressing therapeutic resistance by uncovering
compensatory mechanisms, clonal evolution, and proteomic adaptations in resistant tumor cells. Breast
cancer and melanoma case studies illustrate its potential in developing combination therapies to
counter resistance. With clinical applications advancing, proteogenomics holds promise for
transforming cancer treatment through personalized medicine, patient stratification, and biomarker-
driven therapies. Integrating multi-omic data provides a dynamic and comprehensive view of tumor
biology, paving the way for innovative strategies to improve patient outcomes and combat therapeutic
resistance. This review underscores proteogenomics as a cornerstone in the evolving landscape of
oncology research.
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Introduction cancer drivers, including oncogenes and tumor
suppressors [5]. However, the functional
consequences of these genetic alterations,
particularly in terms of protein expression,
signaling pathways, and post-translational
modifications (PTMs), remain inadequately
understood. This gap limits our ability to fully
elucidate the molecular underpinnings of

Cancer, a multifaceted and heterogeneous
disease, arises from a complex interplay of
genetic mutations, epigenetic modifications,
and proteomic alterations that collectively drive
tumor initiation, progression, and therapeutic
resistance. Traditional genomic approaches
have played a pivotal role in identifying key
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cancer biology and develop effective
therapeutic strategies [1, 19].

Proteogenomics, an integrative approach
combining next-generation sequencing (NGS)
and mass spectrometry-based proteomics,
bridges this gap by linking genomic aberrations
to proteomic changes. By correlating genomic
data from DNA and RNA sequencing with
proteomic insights into protein expression,
PTMs, and protein-protein interactions,
proteogenomics provides a dynamic and
comprehensive view of the tumor's molecular
landscape. This approach has enabled
researchers to uncover intricate proteogenomic
networks, revealing how dysregulated proteins
and PTMs contribute to cancer progression,
signaling  dysregulation, and therapeutic
resistance [9, 12, 18].

Proteogenomic studies have shed light on
critical  oncogenic  pathways, such as
PISBK/AKT/mTOR and MAPK, elucidating
how these pathways are altered through
mutations, PTMs, and protein expression
changes [11, 22]. Dysregulated signaling within
these pathways often promotes tumor growth,
survival, and therapeutic resistance.
Furthermore,  proteogenomics has been
instrumental in identifying novel cancer
biomarkers and defining molecular subtypes
across different tumor types. These discoveries
have significant implications for precision
medicine, enabling patient stratification,
biomarker-driven  therapies, and  the
development of targeted treatments tailored to
the molecular characteristics of individual
tumors [6].

Another critical contribution of
proteogenomics lies in addressing therapeutic
resistance, a major challenge in cancer

treatment. By uncovering compensatory
mechanisms, clonal evolution, and proteomic
adaptations in  resistant  tumor  cells,
proteogenomics has provided new avenues to
counter resistance. Case studies in breast cancer
and melanoma exemplify the potential of this
approach in guiding combination therapies to
overcome resistance mechanisms. For instance,
proteogenomic  analyses have identified
phosphorylation  events and  proteomic
alterations in resistant tumors, highlighting
potential therapeutic targets and strategies to
inhibit therapeutic pathways [4, 16].

With advancements in multi-omic platforms
and clinical applications, proteogenomics holds
promise for transforming cancer research and
treatment. By integrating genomic and
proteomic data, this approach not only
enhances our understanding of cancer biology
but also paves the way for innovative strategies
to improve patient outcomes. From
personalized medicine and biomarker-driven
therapies to identifying novel drug targets,
proteogenomics is poised to become a
cornerstone in the evolving landscape of
oncology research [11].

Proteogenomics: An
Approach

Integrative

Proteogenomics represents the intersection
of genomics and proteomics, leveraging next-
generation sequencing (NGS) technologies for
genomic data and mass spectrometry (MS) for
proteomic analysis. This approach provides a
more comprehensive view of cancer biology by
correlating genomic mutations with protein
expression, PTMs, and protein-protein
interactions (PPIs) [18] (Fig 1).
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Figure 1. This diagram illustrates proteogenomics integration, combining genomic and proteomic data to link
mutations with protein-level changes. Applications in cancer research include personalized medicine, tumor
organoid-based research, genetic engineering, drug screening, biobanks, gene profiling, and cancer modeling for
precision therapies.

Technological Advancements

The evolution of multi-omic platforms has
accelerated proteogenomic research, allowing
for the integration of transcriptomics, exome
sequencing, and MS-based proteomics. These
platforms provide high-throughput, high-
resolution data, enabling the identification of
specific molecular alterations and their
functional consequences at the protein level.
The Clinical Proteomic Tumor Analysis
Consortium (CPTAC) is a notable example of
how proteogenomic datasets have contributed
to cancer research, generating extensive multi-
omic data across various tumor types [10, 12,
20].

Proteogenomic research also emphasizes the
analysis of modifications occurring after
protein  translation. PTMs, such as
phosphorylation,
glycosylation, which regulate protein function

ubiquitination, and

and stability. Mapping these modifications

helps to elucidate how cancer cells manipulate
signaling pathways to sustain malignancy [17].

Proteogenomic Networks in Cancer
Biology

The dynamic interplay between proteomics
and genomics creates intricate networks that
regulate tumor behavior. Genomic mutations
lead to alterations in protein expression and
function, driving the dysregulation of signaling
pathways and cellular processes [17, 21].

Signaling Pathways and Tumor Behavior

Proteogenomic analysis has been critical in
understanding  cancer-associated  signaling
pathways, such as the PI3K/AKT/mTOR (Fig
2), MAPK (Fig 3), and Wnt pathways.
Mutations in key genes within these pathways
lead to aberrant activation or inhibition of
downstream  signaling molecules, often
resulting in unchecked cellular proliferation,
survival, and metastasis [8, 14].
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Figure 2. PI3K and MAPK signaling pathways depict cellular processes initiated by growth factor receptors.
Key molecules include KRAS, AKT, and mTOR, regulating cell cycle progression, proliferation, mMRNA
translation, lipid synthesis, nucleotide synthesis, and autophagy.
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Figure 3. The diagram depicts the MAPK signaling pathway, outlining the molecular mechanisms involved in
cell growth, proliferation, and survival. It highlights disruptions such as upregulation of receptor tyrosine
kinases (RTK), loss of NF1, BRAF amplification, and alternative splicing of BRAF. Additionally, COT
overexpression, ERK activation, loss of PTEN, and activation of alternative pathways are shown as contributing
factors to dysregulated signaling. These alterations can lead to enhanced cell survival and proliferation,
emphasizing their roles in pathological conditions.

For  instance,  mutations in  the
PI3K/AKT/mTOR pathway are commonly
found in breast cancer and are associated with

pathways. For example, hyperphosphorylation
of kinases such as ERK and AKT is frequently
observed in cancers, leading to persistent

therapeutic resistance. Proteogenomic studies signaling that promotes tumor growth.

have identified phosphorylation events within
this pathway that correlate with disease
progression, highlighting potential therapeutic
targets [23].

Post-translational Modifications (PTMSs) in
Cancer

PTMs are crucial in regulating protein
activity, localization, and interactions, and their
dysregulation is a hallmark of cancer.
Proteogenomic approaches have revealed how
PTMs contribute to the activation of oncogenic

Proteogenomics enables the mapping of these
PTMs and their regulatory networks, providing
new opportunities for targeted therapy [14, 15].

Unraveling Disease Mechanisms

Through Proteogenomics

While genomic studies can identify
mutations and structural variations, they do not
always  predict
Proteogenomics fills this gap by linking genetic
alterations to protein level changes, enabling

functional outcomes.

the identification of molecular drivers of cancer
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that may not be evident from genomic data
alone.

Oncogenic Drivers and Tumor Suppressors

Proteogenomics has proven invaluable in
distinguishing between passenger mutations
and true oncogenic drivers. For example,
proteogenomic studies have identified key
alterations in tumor suppressors like TP53 and
oncogenes like KRAS, clarifying their impact
on protein function. These studies also reveal
how mutations influence PTMs and PPIs,
which can significantly affect tumor
progression.

Discovery of Novel Biomarkers

facilitated  the
1dentification of novel cancer biomarkers that

Proteogenomics  has

are critical for diagnosis, prognosis, and
therapeutic  targeting. Researchers have
identified biomarkers that better reflect tumor
biology and therapeutic response by correlating
genomic mutations with specific proteomic
signatures. For instance, proteogenomic
profiling of colorectal cancer has revealed
distinct molecular subtypes, each associated
with different treatment outcomes.

Therapeutic Resistance in Cancer

One of the most significant challenges in
cancer treatment is the development of
therapeutic resistance, where tumors adapt to
evade targeted therapies. Proteogenomics
provides a comprehensive understanding of the
molecular changes that underlie resistance
mechanisms, revealing new strategies for
overcoming this hurdle.

Mechanisms of Therapeutic Resistance

Cancer cells develop resistance through
various mechanisms, including secondary
mutations, activation of  compensatory
pathways, and alterations in protein signaling.
For example, resistance to EGFR inhibitors in
non-small cell lung cancer (NSCLC) is often
driven by secondary mutations in EGFR or
activation of bypass pathways such as MET

amplification. Proteogenomic studies have
elucidated how these resistance mechanisms
manifest at both the genomic and proteomic
levels.

Tumor Heterogeneity and Clonal Evolution

Intra-tumor heterogeneity, both at the
genetic and proteomic levels, plays a crucial
role in therapeutic resistance. Subpopulations
of cancer cells within a tumor may exhibit
distinct proteomic profiles, allowing them to
survive therapy and drive recurrence.
Proteogenomic studies have highlighted how
clonal evolution the process by which certain
clones gain a survival advantage leads to the
emergence of resistant cell populations. By
identifying these subclones, proteogenomics
can help develop strategies to target resistant
cells more effectively.

Overcoming Therapeutic Resistance:
Proteogenomic Approaches

Proteogenomics offers novel insights into
overcoming  therapeutic  resistance by
identifying compensatory pathways and
potential drug targets. Through the integration
of proteomic and genomic data, researchers can
better understand the molecular adaptations that
cancer cells undergo in response to therapy.

Case Study: Breast Cancer Resistance

In breast cancer, resistance to HER2-
targeted therapies has been linked to
upregulation of the PI3K/AKT pathway.
Proteogenomic analyses have shown that
phosphorylation of downstream effectors
mediates this resistance, suggesting that
combining HER2 inhibitors with PI3K/AKT
pathway inhibitors could improve therapeutic
efficacy [3, 13].

Case Study: Melanoma Resistance

In melanoma, resistance to BRAF inhibitors
is often driven by reactivation of the MAPK
pathway through alternative mechanisms, such
as NRAS mutations or receptor tyrosine kinase
activation.  Proteogenomic  profiling has
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revealed the proteomic changes associated with
these resistance mechanisms, highlighting the
potential for combination therapies that target
multiple signaling pathways [2].

Clinical Implications of Proteogenomics

Proteogenomics is poised to transform
clinical oncology by facilitating personalized
cancer treatment and improving patient
outcomes. The integration of genomic and
proteomic data allows for more accurate patient
stratification and identification of therapeutic
targets [15].

Precision Medicine and Proteogenomics

Proteogenomic profiling enables clinicians
to tailor therapies based on the specific
molecular characteristics of a patient’s tumor.
For instance, patients with breast cancer who
exhibit distinct proteomic signatures have been
shown to respond differently to targeted
therapies. By identifying these signatures,
proteogenomics can help guide treatment
decisions and improve patient outcomes.

Biomarker-Driven Therapies

Proteogenomic studies have identified
numerous biomarkers that can be used to
predict therapeutic response. For example,
proteomic signatures of phosphorylation in key
signaling pathways have been associated with
resistance to certain therapies, allowing
clinicians to adjust treatment strategies
accordingly. These biomarkers provide a more
dynamic view of tumor biology compared to
traditional genomic markers, enhancing the
precision of cancer therapies [3, 7].
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