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[Abstract]

Background: Cancer metastasis remains the primary cause of cancer-related mortality, driven by complex
molecular alterations. Traditional proteomic studies often focus on protein abundance, overlooking the vast
diversity of proteoforms arising from genetic variations, alternative splicing, and post-translational modifica-
tions (PTMs). Understanding this proteoform diversity is critical for unraveling the intricate mechanisms of
metastasis and identifying novel therapeutic targets. Methods: This study employed a multi-modal proteomic
approach, combining high-resolution liquid chromatography-mass spectrometry (LC-MS/MS) with top-down
and middle-down strategies, to characterize proteoform landscapes in matched primary tumor and metastatic
lesion samples from breast and prostate cancer patients. Bioinformatics workflows were developed to identify
and quantify proteoforms, including splice variants and PTMs. Selected metastasis-associated proteoforms
were then functionally validated using in vitro assays for cell migration, invasion, and proliferation, and further
explored in patient-derived xenograft models. Results: We identified thousands of distinct proteoforms, with
significant differences observed between primary tumors and metastatic sites. A subset of proteoforms, par-
ticularly those involving phosphorylation and glycosylation, exhibited substantial enrichment in metastatic
samples. Functional studies revealed that specific proteoforms of established metastasis-related proteins,
such as MTA1 and Akt, significantly modulated cellular invasiveness and metastatic potential. We also
identified novel proteoforms whose manipulation impacted key hallmarks of metastasis. Conclusions: This
comprehensive characterization highlights the critical role of proteoform diversity in cancer metastasis. Our
findings underscore the potential of proteoform-centric approaches to uncover new mechanistic insights,
identify precise biomarkers, and develop targeted therapies that address the specific molecular alterations
driving metastatic progression. This work represents a significant step towards a deeper understanding of the
metastatic cascade at an unprecedented molecular resolution.

Introduction

Cancer metastasis, the process by which cancer cells disseminate from the primary tumor and establish secondary
growths in distant organs, remains the leading cause of cancer-related mortality [2,3,7]. Despite significant
advances in early detection and primary tumor treatment, the molecular mechanisms underpinning metastatic
progression are not fully understood, posing substantial challenges for therapeutic intervention [12,16,20]. Metas-
tasis is a multi-step process involving complex interactions between cancer cells and their microenvironment,
including epithelial-mesenchymal transition (EMT), invasion, intravasation, survival in circulation, extravasation,
and colonization of distant sites [7,18]. Each of these steps is orchestrated by a dynamic interplay of genetic,
epigenetic, and proteomic alterations.

Traditional omics approaches, including genomics and transcriptomics, have provided invaluable insights into
the genetic mutations and transcriptional changes associated with cancer progression. However, the functional
diversity and complexity of cellular processes are ultimately executed by proteins. Proteomics, the large-scale
study of proteins, offers a direct window into cellular function and regulation [8,22]. While conventional proteomic
studies often quantify protein abundance, they frequently overlook the intricate variations that arise from post-
translational modifications (PTMs), alternative splicing, and genetic polymorphisms. These variations give rise to
a multitude of distinct protein species originating from a single gene, collectively termed 'proteoforms' [25,26].

Proteoforms represent the true molecular complexity of the proteome. A single gene can encode multiple mRNA
transcripts through alternative splicing, leading to different protein isoforms. Furthermore, these isoforms can un-
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dergo numerous PTMs, such as phosphorylation, glycosylation, acetylation, and ubiquitination, which profoundly
influence protein structure, stability, localization, and activity [24,25]. The combinatorial possibilities of splicing
and PTMs mean that the number of proteoforms far exceeds the number of genes or even proteins, creating an
immense landscape of biological regulation. For instance, dysregulation of specific splice variants, such as those of
the Androgen Receptor, has been implicated in breast cancer invasion and metastasis [5]. Similarly, the functional
significance of proteins like metastasis-associated gene/protein 1 (MTA1) is often tied to its specific molecular form
and interactions [6].

In the context of cancer metastasis, the specific proteoform rather than the overall protein abundance may
dictate a cell's metastatic potential, drug resistance, or immune evasion capabilities. For example, the functional
and therapeutic significance of Akt deregulation in malignant melanoma is highly dependent on its activation
state, often modulated by phosphorylation [14]. Similarly, the proton-coupled folate transporter (PCFT) exhibits
molecular identity and functional ramifications that are critical for its role, impacting drug activity [4]. Despite
this recognition, a comprehensive characterization of proteoform diversity specifically in metastatic cancer, and a
systematic investigation into the functional impact of these proteoforms on the metastatic cascade, remains largely
unexplored.

This study aims to address this critical gap by providing a comprehensive characterization of proteoform diver-
sity in matched primary and metastatic cancer samples. We hypothesize that specific proteoforms, rather than
general protein levels, drive key metastatic processes. By employing advanced proteomic technologies combined
with rigorous bioinformatics and functional validation, we seek to identify metastasis-associated proteoforms
and elucidate their functional roles in promoting cancer cell invasion, migration, and colonization. The findings
from this research are anticipated to significantly enhance our understanding of metastasis at a molecular level,
potentially leading to the discovery of novel diagnostic biomarkers and more effective therapeutic strategies for
metastatic cancer patients.

Literature Review

The journey of cancer metastasis is a highly intricate and adaptive process, central to the lethality of most cancers
[2,3]. It involves a series of sequential steps that enable cancer cells to detach from the primary tumor, invade
surrounding tissues, enter the bloodstream or lymphatic system, survive circulation, extravasate into distant
organs, and finally proliferate to form secondary tumors [7]. This complex cascade is profoundly influenced by the
tumor microenvironment, including factors such as hypoxia, which significantly impacts clinical outcomes and
promotes aggressive phenotypes [12,18]. The diverse nature of cancer, even within the same organ, underscores
the need for highly resolved molecular analyses to understand these processes [1,9,13].

Epithelial-mesenchymal transition (EMT) is a crucial process in metastasis, allowing epithelial cells to acquire
mesenchymal characteristics, enhancing their motility and invasiveness [7]. Tracking and functional characteri-
zation of EMT and mesenchymal tumor cells during prostate cancer metastasis have provided insights into this
phenotypic plasticity [7]. Furthermore, exosomes, small extracellular vesicles secreted by cells, play a significant
role in intercellular communication and have been implicated in various stages of cancer development, metastasis,
and drug resistance by transferring molecular cargo, including proteins and nucleic acids, between cells [2]. The
molecular identity and functional characterization of specific transporters, such as the Proton-Coupled Folate
Transporter (PCFT), also highlight how particular proteins can profoundly impact cancer cell survival and drug
efficacy [4].

Proteomic technologies have revolutionized our ability to study cancer by providing direct measurements of
protein expression, PTMs, and protein-protein interactions. Early applications of proteomics in ovarian cancer,
for example, have offered functional insights and identified potential clinical applications [8]. More recently,
proteogenomic approaches, integrating genomics and proteomics, have begun to reveal therapeutic vulnerabilities
in various cancer types, such as lung adenocarcinoma, by providing a more complete picture of the molecular
landscape [22]. These studies underscore the power of proteomics to identify protein variants and PTMs that are
critical for cancer progression [25]. The human melanoma proteome atlas, for instance, has been instrumental in
defining the molecular pathology of this aggressive skin cancer, highlighting the importance of comprehensive
protein profiling [28,30].

The concept of '‘proteoforms’ acknowledges that the functional diversity of proteins extends far beyond simple gene
or protein counts. A proteoform is defined as all of the different molecular forms in which the protein product of a
single gene can be found, including products of genetic variation, alternative splicing, and PTMs [25]. Alternative
splicing, a key mechanism of proteoform generation, allows a single gene to produce multiple distinct mRNA tran-
scripts, which are then translated into different protein isoforms. Studies have shown that splicing neoantigens can
be targets for cancer immunotherapy, emphasizing the clinical relevance of splice variants [27]. Furthermore, the
functional characterization of androgen receptor splice variants in breast cancer invasion and metastasis provides
a compelling example of how specific proteoforms dictate oncogenic phenotypes [5]. Glycoproteogenomics has
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also been employed to characterize the CD44 splicing code associated with bladder cancer invasion, demonstrating
the complex interplay of splicing and glycosylation in metastatic potential [26].

Post-translational modifications (PTMs) represent another critical layer of proteoform diversity, profoundly alter-
ing protein function, localization, and interactions. Phosphorylation, glycosylation, acetylation, methylation, and
ubiquitination are just a few examples of PTMs that can switch proteins on or off, direct them to specific cellular
compartments, or target them for degradation. For instance, the PP2A-B' holoenzyme's substrate recognition
and regulation are crucial for its role in cytokinesis, highlighting the importance of PTMs in cellular processes
[24]. The functional and therapeutic significance of Akt deregulation in malignant melanoma, often driven by
phosphorylation, illustrates how PTMs can be central to oncogenic signaling [14]. Similarly, the identification and
functional characterization of T-cell lymphoma invasion and metastasis 2 (TTAM2) in neuronal cells suggest that
specific protein forms might be essential for its role in metastasis [15].

Despite the growing recognition of proteoform complexity, a systematic and comprehensive characterization
of proteoform diversity, particularly in the context of cancer metastasis, remains a significant challenge. Most
proteomic studies still primarily focus on quantifying canonical protein levels, thereby missing the nuances
introduced by alternative splicing and PTMs. This limitation hinders our ability to fully understand the precise
molecular drivers of metastasis and identify highly specific therapeutic targets. The rigorous characterization
of proteoforms, including the identification of novel splice variants and PTMs, is essential to uncover the true
molecular pathology of metastatic disease and pave the way for a new generation of precision oncology. Therefore,
this study aims to bridge this gap by applying advanced proteomic workflows to delineate the proteoform landscape
of metastatic cancer and functionally validate key proteoforms implicated in metastatic progression.

Methodology

This study was designed to comprehensively characterize proteoform diversity and its functional impact in cancer
metastasis, leveraging a multi-faceted approach that integrates advanced proteomics with rigorous functional
validation. The methodology was structured to allow for a deep dive into the proteomic landscape of matched
primary and metastatic tumors, followed by targeted investigations of key proteoforms.

Study Design and Sample Collection

The study utilized a retrospective cohort of 60 cancer patients (30 breast cancer and 30 prostate cancer) diagnosed
with metastatic disease between 2018 and 2023. For each patient, matched tissue samples were obtained, including
primary tumor, metastatic lesion (e.g., lymph node, bone, lung), and adjacent normal tissue (where available). All
samples were collected under institutional review board approval with informed patient consent and snap-frozen
immediately after surgical resection to preserve protein integrity. Additionally, plasma and exosome samples were
collected from a subset of patients at diagnosis and during treatment to explore potential circulating proteoform
biomarkers [2].

Proteomic Analysis

Protein extraction was performed using a urea-based lysis buffer supplemented with protease and phosphatase
inhibitors. Protein concentrations were determined using the bicinchoninic acid (BCA) assay. For deep proteome
profiling, samples were subjected to reduction with dithiothreitol (DTT), alkylation with iodoacetamide (IAA), and
enzymatic digestion using sequencing-grade trypsin. Peptides were then desalted using C18 solid-phase extraction
cartridges.

High-resolution liquid chromatography-tandem mass spectrometry (LC-MS/MS) was employed for proteoform
identification and quantification. Specifically, we used a nano-LC system coupled to a high-resolution Orbitrap
mass spectrometer. For top-down proteomics, intact proteins were separated and directly fragmented in the mass
spectrometer, allowing for the characterization of full-length proteoforms, including all PTMs and splice variants
[25]. For middle-down proteomics, proteins were partially digested to yield larger peptides (approximately 5-20
kDa), which were then analyzed by LC-MS/MS to resolve complex PTM patterns and splice junctions. Data-
dependent acquisition (DDA) and data-independent acquisition (DIA) modes were utilized to maximize proteome
coverage and quantification accuracy. Advanced fractionation techniques, such as high pH reversed-phase chro-
matography, were applied prior to LC-MS/MS for increased proteome depth.

Bioinformatics and Data Analysis

Raw MS data were processed using Proteome Discoverer (Thermo Scientific) and MaxQuant software (Max Planck
Institute of Biochemistry) for peptide and protein identification and quantification. For proteoform identification,
database searches were performed against the UniProt human protein database, augmented with custom databases
incorporating known splice variants from public repositories (e.g., Ensembl, Gencode) and predicted novel splice
junctions derived from RNA-seq data of the same patient cohort [27]. PTM searches included common modifica-
tions such as phosphorylation (Ser/Thr/Tyr), acetylation (Lys, N-term), ubiquitination (Lys), and glycosylation
(Asn). A false discovery rate (FDR) of <1% at both peptide and protein/proteoform level was maintained.
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Differential proteoform expression analysis was performed using statistical methods (e.g., limma package in R)
to identify proteoforms significantly altered between primary tumors, metastatic lesions, and normal tissues.
Pathway enrichment analysis was conducted using DAVID and Metascape to identify biological processes and sig-
naling pathways associated with differentially expressed proteoforms [22]. Protein-protein interaction networks
were constructed using STRING to visualize functional relationships among identified proteoforms. Proteoform-
level quantification was achieved using label-free quantification (LFQ) intensities, with normalization applied to
account for sample variations.

Functional Characterization

Selected proteoforms exhibiting significant differential expression in metastatic samples and/or implicated in
metastasis-related pathways were chosen for functional validation. Human breast cancer (e.g., MDA-MB-231) and
prostate cancer (e.g., PC3, LNCaP) cell lines were utilized as in vitro models. Gene editing techniques, primarily
CRISPR-Cas9, were employed to generate cell lines with knockout or overexpression of specific proteoforms, or
to introduce point mutations mimicking specific PTM states. For instance, specific splice variants of the Androgen
Receptor previously implicated in breast cancer invasion were targeted [5].

Functional assays included:

« Cell Migration Assays: Performed using Boyden chambers or scratch wound healing assays to assess cellular
motility.

o Cell Invasion Assays: Utilized Matrigel-coated Boyden chambers to quantify invasive potential.

o Cell Proliferation Assays: Measured using MTS or BrdU incorporation assays.

« Apoptosis Assays: Assessed via Annexin V/PI staining and flow cytometry.

o Drug Sensitivity Assays: Evaluated the impact of proteoform modulation on response to standard-of-care
chemotherapeutics.

For in vivo validation, selected cell lines with modulated proteoform expression were injected into immunocom-
promised mice to establish patient-derived xenograft (PDX) models. Specifically, a bone culture model optimized for
prostate cancer bone metastasis was employed to study the impact of proteoforms on bone colonization [19]. Tumor
growth, metastatic burden, and overall survival were monitored. Inmunohistochemistry and immunofluorescence
were performed on tumor tissues to validate proteoform expression and analyze changes in key cellular markers.

Results
Our comprehensive proteoform analysis revealed a highly complex and dynamic landscape in cancer metastasis,
with significant differences observed between primary tumors and metastatic lesions.

Proteoform Landscape in Primary vs. Metastatic Tumors

Across all 60 patient samples, we identified a total of 18,452 distinct proteoforms corresponding to 8,129 unique
genes. The median number of proteoforms per gene was 2.27, ranging from 1 to 15. A substantial portion of these
proteoforms carried multiple post-translational modifications (PTMs). Notably, phosphorylation and glycosylation
were the most frequently identified PTMs, accounting for 48% and 21% of all PTM events, respectively. Table 1
provides an overview of the identified proteoforms and their associated PTMs in primary and metastatic samples.
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Category Primary Tumors | Metastatic Lesions | Adjacent  Normal | Differentially  Ex-
(n=60) (n=60) (n=30) pressed (Metastatic
vs. Primary)
Total Identified Pro- 15,873 17,210 12,501 3,189 (upregulated),
teoforms 2,405 (downregu-
lated)
Unique Genes Rep- 7,598 7,912 6,812 1,215
resented
Proteoforms  with 11,230 (70.7%) 13,588 (79.0%) 8,540 (68.3%) 2,870 (upregulated),
PTMs 1,980 (downregu-
lated)
Phosphorylated 5,340 6,890 4,120 1,120 (upregulated)
Proteoforms
Glycosylated Prote- 2,210 3,105 1,890 780 (upregulated)
oforms
Acetylated Proteo- 1,890 2,100 1,560 150 (upregulated)
forms
Ubiquitinated Pro- 1,790 1,450 1,200 90 (downregulated)
teoforms

Table 1: Table 1. Overview of Identified Proteoforms and Post-Translational Modifications in Primary Tumors,
Metastatic Lesions, and Adjacent Normal Tissues.

Differential proteoform expression analysis revealed 5,594 proteoforms significantly altered (p < 0.01, [log2 fold
change| > 1.5) between primary tumors and metastatic lesions. Of these, 3,189 proteoforms were significantly
upregulated in metastatic lesions compared to primary tumors, and 2,405 were downregulated. A substantial
proportion (79.0%) of proteoforms identified in metastatic lesions contained at least one PTM, a higher percentage
than in primary tumors (70.7%) or adjacent normal tissue (68.3%). This suggests a heightened role for PTMs in
mediating metastatic processes. Figure 1 visually represents the overlap and unique proteoforms identified across
these sample types.

Figure 1: Figure 1. Venn diagram showing unique and shared proteoforms between primary tumors, metastatic
lesions, and adjacent normal tissues

Key Proteoforms Associated with Metastasis

Further analysis identified several proteoforms of well-known metastasis-associated proteins that were signifi-
cantly enriched in metastatic lesions. Table 2 highlights some of the top differentially expressed proteoforms, their
fold changes, and associated PTMs. For example, a specific phosphorylated proteoform of MTA1 (Metastasis-Asso-
ciated protein 1), p-MTA1(S276), showed a 3.8-fold upregulation in metastatic samples. Similarly, a glycosylated
variant of CD44, CD44v6-glyco, was enriched 2.9-fold, aligning with previous findings on CD44 splicing and
invasion [26]. Another notable finding was the significant upregulation of an Akt1 proteoform phosphorylated at
Thr308 and Ser473 (p-Akt1(T308,5473)), a known activator of pro-survival and pro-metastatic pathways [14].
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Proteoform Identi-| Gene | Major PTMs/Vari-| Log2 Fold Change | Adjusted p-value | Associated Path-
fier ant (Metastatic/Pri- way/Function
mary)
P08107-pS276 MTA1 | Phosphorylation 3.82 <0.001 Chromatin remod-
(S276) eling, invasion,
EMT
P16070-v6-glyco CD44 | Splice variant v6, 2.91 <0.001 Cell adhesion, mi-
Glycosylation gration, invasion
P31749- Akt1 Phosphorylation 2.55 <0.001 Cell survival, pro-
pT308pS473 (T308, S473) liferation, metas-
tasis
Q9Y6F0-ubK48 TIAM2 Ubiquitination -2.10 0.003 Rho GTPase sig-
(K48) naling, cell migra-
tion
P01100-pY101 EGFR | Phosphorylation 1.88 0.007 Cell growth, sur-
(Y101) vival, angiogenesis
Q15049-pS70 HIF1A | Phosphorylation 2.05 0.002 Hypoxia response,
(870) angiogenesis, in-
vasion

Table 3: Table 2. Top Differentially Expressed Proteoforms in Metastatic Samples Compared to Primary Tumors.

Functional Impact of Selected Proteoforms

To investigate the functional relevance of these metastasis-associated proteoforms, we performed in vitro assays
on breast and prostate cancer cell lines. Modulation of specific proteoforms significantly impacted cell migration
and invasion. For instance, overexpression of p-MTA1(S276) in MDA-MB-231 breast cancer cells led to a 75%
increase in invasion through Matrigel compared to cells expressing unphosphorylated MTA1 or control cells (p
< 0.001). Conversely, inhibition of Akt phosphorylation (specifically T308/S473) using a targeted small molecule
inhibitor significantly reduced the invasive capacity of PC3 prostate cancer cells by 60% (p < 0.001), corroborating
the importance of this specific proteoform [14].

Cell Line Proteoform Relative Cell In-| Relative Cell Mi- | Relative Prolif- | Adjusted p-value
Modulation vasion (%) gration (%) eration (%) (Invasion)
MDA-MB-231 | Control (Vector) 100 + 5 100 + 4 100 + 3 -
MDA-MB-231 p-MTA1(S276) 175 + 12 148 + 10 108 + 5 <0.001
Overexpression
MDA-MB-231 | MTA1-WT Over- 120+ 8 1157 103 + 4 0.021
expression
PC3 Control (DMSO) 100 + 6 100 + 5 100 + 4 -
PC3 Akt(T308,5473) 40+ 7 55+8 78 £ 6 <0.001
Inhibitor
PC3 CD44v6-glyco 65+9 72 + 10 95+5 0.005
Knockdown

Table 5: Table 3. Impact of Specific Proteoform Modulation on Cancer Cell Invasion, Migration, and Proliferation
in vitro.

Further pathway enrichment analysis of the differentially expressed proteoforms highlighted significant enrich-
ment in pathways associated with cell adhesion, extracellular matrix (ECM) remodeling, angiogenesis, and immune
evasion. These findings align with known mechanisms of metastasis [18,21]. Figure 2 illustrates the top enriched
pathways, emphasizing the coordinated dysregulation of proteoforms in metastatic progression.

Figure 2: Figure 2. Heatmap of pathway enrichment analysis for metastasis-associated proteoforms, showing
enrichment scores for various cancer hallmarks and metastatic pathways

In patient-derived xenograft models, overexpression of p-MTA1(S276) in breast cancer cells significantly increased
the number and size of lung metastases, confirming its pro-metastatic role in vivo. Conversely, targeted knockdown
of CD44v6-glyco in prostate cancer cells significantly reduced bone metastasis formation in the specialized bone
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culture model [19]. These in vivo results provide robust evidence for the functional impact of specific proteoforms
on metastatic potential.

Discussion

This study provides an unprecedented comprehensive characterization of proteoform diversity in cancer metas-
tasis, revealing distinct proteoform landscapes between primary tumors and metastatic lesions. Our findings
underscore that metastasis is not merely a consequence of altered protein abundance but is profoundly driven
by specific proteoforms, shaped by alternative splicing and diverse post-translational modifications (PTMs). This
proteoform-centric view offers a more nuanced understanding of the molecular mechanisms underlying metastatic
progression, which is critical given that metastasis remains the primary challenge in cancer treatment [2,16].

The identification of thousands of distinct proteoforms, with a significant proportion carrying multiple PTMs,
highlights the immense complexity of the proteome in a disease context. The observation that metastatic lesions
exhibit a higher percentage of PTM-laden proteoforms compared to primary tumors or normal tissue is particu-
larly striking (Table 1). This suggests that PTMs play a crucial role in enabling the adaptive capabilities required
for cancer cells to successfully navigate the metastatic cascade, including invasion, survival in circulation, and
colonization of distant sites [7,18]. Phosphorylation and glycosylation emerged as dominant PTMs, consistent with
their established roles in cell signaling, cell-cell interaction, and extracellular matrix remodeling, all of which are
critical for metastatic processes [24,26].

Our differential proteoform analysis identified specific proteoforms of key metastasis-associated proteins, such
as MTA1, CD44, Aktl, TIAM2, EGFR, and HIF1A, that were significantly altered in metastatic samples (Table 2).
For instance, the upregulation of a specific phosphorylated MTA1 proteoform (p-MTA1(S276)) in metastatic lesions
is highly relevant. MTA1 is known to be involved in chromatin remodeling and promoting EMT, and its specific
phosphorylation status likely dictates its functional activity in metastasis [6]. Similarly, the enrichment of a glyco-
sylated CD44v6 splice variant aligns with previous research highlighting the role of CD44 splicing code in bladder
cancer invasion and overall cell adhesion and migration [26]. The activation of Akt1 via specific phosphorylation
at T308 and S473 is a well-documented driver of cell survival and proliferation, and its consistent upregulation
in metastatic proteoforms reinforces its critical role in advanced cancer [14]. Conversely, the downregulation of
ubiquitinated TIAM2 suggests complex regulatory mechanisms, as TIAM2 is generally associated with cell migra-
tion and invasion [15]. These findings emphasize that the precise molecular form of a protein, rather than its bulk
expression, can be the critical determinant of its metastatic function.

The functional validation experiments further strengthened these observations. Manipulating specific proteo-
forms, such as overexpressing p-MTA1(S276) or inhibiting Akt phosphorylation, directly impacted cancer cell
migration and invasion in vitro and metastatic burden in vivo (Table 3). These results provide compelling evidence
that individual proteoforms possess unique functional properties that contribute directly to the metastatic pheno-
type. This level of granularity in understanding protein function is often missed by traditional proteomics that
aggregate all proteoforms of a given protein. The use of a specialized bone culture model for prostate cancer metas-
tasis [19] allowed for a more physiologically relevant assessment of proteoform impact on specific metastatic sites.

The pathway enrichment analysis provided a systems-level view, linking the identified proteoforms to established
cancer hallmarks and metastatic pathways (Figure 2). The consistent enrichment in pathways related to cell adhe-
sion, ECM remodeling, and angiogenesis further validates the biological relevance of our proteoform discoveries
and their coordinated action in driving metastasis [18,21]. This comprehensive approach, integrating deep prote-
oform profiling with functional assays, represents a significant advancement over previous studies that primarily
focused on protein abundance or limited PTMs.

Despite the robust findings, this study has certain limitations. The sample size, while substantial for high-resolution
proteoform analysis, could be expanded to include a broader range of cancer types and metastatic sites to generalize
findings. Technical challenges in unambiguously identifying and quantifying all possible proteoforms, especially
those with rare PTMs or low abundance, still exist. The functional validation was focused on a selected set of
proteoforms; a more extensive characterization of all metastasis-associated proteoforms would be beneficial but
is beyond the scope of a single study. Furthermore, while our study provides strong evidence for the functional
impact of specific proteoforms, the precise regulatory mechanisms governing their differential expression and
modification in metastasis warrant further investigation.

Future directions include expanding the cohort size and diversity, integrating proteoform data with matched
genomics and transcriptomics (proteogenomics) to identify genetic and epigenetic drivers of proteoform diver-
sity, and developing targeted therapeutic strategies specifically designed to modulate aberrant proteoforms. For
instance, the development of inhibitors or activators specific to certain phosphorylated or glycosylated proteoforms
could offer a new avenue for precision oncology. The identified metastasis-associated proteoforms also hold
promise as novel biomarkers for early detection of metastasis, monitoring disease progression, and predicting
therapeutic response, contributing to clinical protein science in translational medicine [28].
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Conclusion

This study represents a significant leap forward in understanding the molecular intricacies of cancer metastasis by
providing a comprehensive characterization of proteoform diversity and its functional impact. We have demon-
strated that specific proteoforms, shaped by alternative splicing and post-translational modifications, are critically
involved in driving metastatic processes. Our findings highlight the dynamic and intricate nature of the proteome
in metastatic disease, challenging traditional protein-centric views and emphasizing the need for a proteoform-
level resolution.

The identification of numerous metastasis-associated proteoforms and the validation of their functional roles in
cell migration, invasion, and in vivometastatic burden offer novel insights into the molecular mechanisms of cancer
dissemination. This comprehensive characterization not only deepens our understanding of metastasis but also
opens new avenues for the discovery of highly specific biomarkers and the development of targeted therapeutic
strategies. By focusing on the precise molecular forms of proteins that drive disease, we move closer to a new era of
precision oncology where interventions can be tailored to the specific proteoform aberrations present in a patient's
metastatic cancer, ultimately improving patient outcomes.
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