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Abstract

Aging is a key risk factor for cancer, with complex, context-dependent processes influencing both tumor initiation and progression. While
certain aging-associated processes restrain cellular proliferation, others drive tumor initiation and progression, revealing a
context-dependent duality in the role of aging in cancer. Increasing evidence indicates that many of these transitions occur not through
genomic alterations, but through reprogramming of protein post-translational modifications (PTMs). Phosphorylation, ubiquitination,
acetylation, methylation and an expanding repertoire of acylations collectively regulate protein activity, stability, localization and interactions,
translating aging-associated stresses, including metabolic imbalance, microenvironmental remodeling and accumulated damage, into
functional cellular outcomes. In this review, we examine how PTMs bridge aging and cancer through three interconnected axes: integration
of stress signals, encoding of metabolic states, and modulation of the tissue microenvironment. We discuss how major PTM systems
coordinate core cellular processes, such as checkpoint control, proteostasis, chromatin organization and cell-environment communication,
and how, through dynamic and combinatorial actions, they establish distinct regulatory states that determine whether tissues sustain
homeostasis, progress to dysfunction, or undergo malignant transformation. An in-depth understanding of how PTMs define these states
provides valuable insights into disease stratification and offers new avenues for therapeutic interventions.

Keywords: Protein modifications, post-translational modifications, cancer, aging, biomarkers, therapeutic targets, PTM crosstalk, aging and
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1. Introduction

Aging and cancer are linked through a complex and context-dependent relationship in which some processes are shared, some are
antagonistic and others shift in meaning over time. Several aging-associated hallmarks, including genomic instability, epigenetic
alterations, chronic inflammation and dysbiosis, overlap significantly with the canonical features of tumorigenesis and may therefore
serve as common drivers linking aging to cancer!'-?l. In contrast, other aging-related processes, particularly telomere attrition and
stem cell exhaustion, limit cellular proliferative capacity and thus act as primary barriers against malignant transformationtl.
However, not all aging-associated processes can be clearly assigned to either category. Processes such as disabled macroautophagy
and cellular senescence often occupy an intermediate state, as they may suppress malignant transformation at early stages but later
promote tumor initiation, progression, and therapeutic resistance when chronic persistence in damaged tissues occurs!!. This
interplay among common drivers, antagonistic constraints and context-dependent dynamics helps explain why aging significantly
increases cancer risk, yet not all aging tissues develop into malignant tumorst®.

This complexity cannot be understood adequately at the level of gene expression alone, because many decisive changes arise at the
level of protein regulation. Aging tissues are exposed to persistent metabolic stresst®), oxidative injury!®, organellar dysfunction!],
immune perturbations!®! and microenvironmental remodeling!’! long before overt histological transformation appears. These
disturbances reshape protein behavior through biochemical modifications. Consequently, protein post-translational modifications
(PTMs) represent a particularly critical layer of molecular information, enabling aging-related stresses to be translated into functional
consequences!'’l, PTMs regulate nearly every dimension of protein behavior, including enzymatic activity, conformational switching,
intracellular trafficking, phase separation, interaction partner selection, degradation and subcellular compartmentalization!'!l,
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Multiple lines of evidence support a central role for PTMs in both aging and cancer. Many key aging phenotypes are shaped by
modification-dependent pathways, including phosphorylation-regulated damage sensing and mitophagy!''l, acetylation-dependent
chromatin accessibilityl!?], ubiquitin-mediated proteostasis!'’l, glycosylation-dependent barrier controll'’l and cysteine
oxidation-linked stress responses!®. Many of these same PTM-regulated systems are subsequently reused by cancer cells, where they
are redirected to support survival, metabolic adaptability, immune evasion and therapeutic resistancel'’l, Furthermore, PTMs rarely
function as isolated events, their significance often depends on crosstalk between different modification systems that together
determine whether a protein is activated or restrained, stabilized or degraded, retained or redistributed!'>l. This interplay makes
PTMs especially valuable for understanding why the same aging-associated perturbations may either suppress malignant evolution
or create conditions that facilitate tumor emergencel!%-1°],

Aging and cancer are closely connected, but the mechanisms linking them remain difficult to resolve at the protein regulatory level.
Here, we summarize how PTMs bridge the gap between aging and cancer from three dimensions: the integration of stress signals,
encoding of metabolic states, and modulation of the tissue microenvironment. Then, we discuss major PTM systems, including
phosphorylation, acetylation, ubiquitination, glycosylation, lactylation, methylation and redox modifications, emphasizing their roles
in cellular senescence, stem cell dysfunction, proteostatic decline, microenvironmental change and malignant adaptation. Moreover,
we discuss how a PTM-based perspective may support the development of new biomarkers and therapeutic strategies for precision
medicine.

2. PTMs Linking Aging and Cancer

PTMs are particularly well suited to explain why the same aging-associated perturbations may either restrain malignant
transformation or create conditions that facilitate tumorigenesis. Unlike genomic alterations, which often impose relatively stable
constraints on cellular behavior, many PTMs are rapid, reversible and strongly context-dependent!!’l. By regulating enzymatic
activity!'®l, protein stabilityl'), and subcellular localization?°l, PTMs translate oxidative injury!®), metabolic imbalancel?!l, and
microenvironmental remodeling!??! into functional cellular outcomes.

This regulatory flexibility is especially important in aging tissues, where molecular stress accumulates long before overt histological
transformation appears/?'l. PTM remodeling does not usually arise from isolated modification events. Instead, it reflects
interconnected regulatory networks that determine whether tissue perturbations are repaired, buffered, converted into chronic
dysfunction or redirected toward malignant adaptation?’l. In this review, we use three interconnected dimensions to organize this
process: the integration of stress signals, the encoding of metabolic states and the regulation of microenvironmental remodeling
(Figure 1).
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Figure 1. PTM-dependent integration of aging-associated perturbations into adaptive and maladaptive tissue states. Aging-associated perturbations, including oxidative
stress, DNA damage, mitochondrial dysfunction, metabolic imbalance, proteostatic decline and microenvironmental remodeling, are integrated by PTM-dependent
regulation. Through this layer, PTMs coordinate three principal functional dimensions: stress integration, metabolic encoding and tissue ecological regulation, encompassing

processes such as damage sensing, checkpoint activation, chromatin regulation, redox coupling, barrier integrity, stromal signaling and immune regulation. Under balanced
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conditions, PTM-defined states support adaptive tissue functions, including damage repair, proteostasis maintenance, mitochondrial quality control, senescent cell clearance
and barrier integrity, thereby maintaining tissue restraint and homeostasis. With aging, however, dysregulated PTM states drive a transition towards persistent dysfunction,
characterized by persistent inflammation, SASP activation, immune suppression, barrier dysfunction and stem-cell dysfunction, ultimately promoting tumor-supportive

adaptation. PTM: post-translational modification; SASP: senescence-associated secretory phenotype.

2.1 Stress integration by PTMs

Aging tissues are exposed to persistent oxidative injury!?!l, DNA damage®], impaired proteostasis?’], mitochondrial dysfunction and
chronic inflammation!?’). PTMs are central to these responses because they determine whether stress signals are repaired, buffered,
converted into senescence or propagated as chronic dysfunction. Rather than serving only as biochemical indicators of stress, PTMs
regulate the duration, intensity and outcome of stress responses!?®.

Some examples support this principle. For example, DNA-PK-mediated phosphorylation of STAT6 at Ser807 helps preserve DNA repair
capacity and limits macrophage senescencel?’l, whereas stress-induced O-GlcNAcylation of GATA4 can reinforce
senescence-associated inflammatory programs[®*?), In tumor cells undergoing therapy-induced senescence, increased PD-L1
glycosylation stabilizes PD-L1 and reduces immune clearance, showing how a persistent stress state can be converted into immune
evasionl®'l. These examples highlight a key feature of PTM regulation: the biological outcome of stress depends not only on the
presence of damage, but also on how PTM networks interpret and resolve that damage.

Thus, the relevance of PTMs at the aging-cancer interface lies in stress resolution. Under physiological conditions, PTM-dependent
mechanisms support repairl®?l, mitophagy!*3l, proteostasis**! and inflammatory controll**l. When these mechanisms remain
chronically shifted, damaged proteins, dysfunctional organelles and senescent cells become easier to maintain. This persistent
stress-retaining state can weaken tissue resilience and create conditions that favor malignant transition'l

2.2 Metabolic-state encoding by PTMs

A second major axis linking aging and cancer is metabolism. Aging is accompanied by changes in nutrient sensingl*), mitochondrial
functionl®’], redox balancel*®], biosynthetic capacity!*’ and energy allocationl*'l. Cancer cells also depend on metabolic plasticity, but
in the tumor context this plasticity is redirected toward survival, proliferation, immune evasion and therapeutic tolerancel*l. PTMs
provide a direct molecular interface between these metabolic states and protein function.

This interface exists because many PTMs depend on metabolically sensitive substrates or cofactors. NAD* availability influences
sirtuin-dependent deacetylationl®’!, acetyl-CoA shapes acetylationl*!l, lactate can support lactylation*?! and redox state alters
cysteine-centered modifications!*8l. Through these links, metabolic conditions are translated into changes in chromatin accessibility,
enzyme activity, protein stability, signaling thresholds and cell-state controll*l,

PTMs therefore do more than reflect metabolic remodeling. They help determine whether metabolic fluctuation remains adaptive or
becomes embedded into persistent tissue dysfunction. In aging tissues, chronic metabolic imbalance can progressively reduce repair
capacity, alter inflammatory tone and weaken regenerative competencel*’l. In tumors, the same PTM-sensitive metabolic axes can be
redirected to sustain glycolytic adaptation, ferroptosis resistance, immune escape and therapeutic tolerancel*!l. Metabolism is
therefore not only a source of energy and biomass, but also a regulatory input that PTMs convert into cellular state.

2.3 Microenvironmental remodeling by PTMs

The consequences of aging are not restricted to intracellular dysfunction, but also extend to the tissue microenvironment*>l. Over
time, tissue architecture, cellular composition, extracellular matrix organization and immune communication undergo progressive
remodeling!*’l. PTMs are central to this dimension because they regulate cell-cell adhesion!*’l, extracellular matrix interactions!*7],
cytokine signaling!*®], barrier integrity*”! and immune recognition>l.

Microenvironmental remodeling is therefore not merely a passive consequence of cellular decline. PTM-dependent changes in
junctional stability, secretory behavior, stromal signaling and immune communication actively reshape how damaged, senescent or
metabolically stressed cells interact with their surroundings. In barrier tissues, such remodeling can weaken compartmentalization
and mucosal defensel>!l. In stromal-rich tissues, it can amplify fibroblast activation, inflammatory signaling and immune
suppressionl®?. These changes alter not only individual cell behavior, but also the ecological conditions under which abnormal cells
are either eliminated or retained.

PTMs therefore regulate both cell-intrinsic state and tissue-level ecology. By controlling barrier function, stromal signaling and
immune environment, they help determine whether aging tissues continue to restrain abnormal cells or progressively create
conditions compatible with malignant persistencel>3.

2.4 The PTM-regulated aging-to-cancer transition

PTMs link aging and cancer by coordinating three interdependent dimensions: stress responsivenessi>l, metabolic organizationl>],
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and microenvironmental remodelingl>®l. These dimensions do not operate independently. Persistent stress reshapes metabolic
priorities>!; metabolic dysfunction alters inflammatory and repair programs!®’l; and microenvironmental remodeling feeds back on
both stress signaling and resource usel>®l. PTMs provide the regulatory layer through which these disturbances are either resolved or
stabilized into persistent pathological states.

This perspective helps explain why aging markedly increases cancer risk but does not inevitably lead to malignancy. Many
PTM-dependent responses are initially protective because they preserve proteostasisl>”), promote repairl®’, and limit the propagation
of damagel®!l. However, when PTM remodeling becomes persistent or dysregulated, the same regulatory systems can reinforce
senescence-associated dysfunction>Y, weaken immune control®!l, and create tissue states that favor tumor emergencel>®. The
biological significance of a given PTM therefore depends on timing, substrate identity, cellular source, and tissue context[?*.

We next examine how each major PTM system shapes this continuum through a distinct regulatory logic. Phosphorylation is
emphasized as a rapid stress-integrating system; acetylation as a mechanism for metabolic-state encoding; ubiquitination as a
regulator of selective protein fate; glycosylation as a mediator of extracellular organization and recognition; lactylation as a marker
and driver of chronic lactate-rich adaptation; methylation as a mechanism of transcriptional memory; and redox-associated

modifications as chemical embedding of oxidative stress. Representative targets and biological contexts are summarized in Table 1.

Table 1. Representative PTM targets and regulatory functions in aging and cancer.

PTM class Target_protein/site Aging/cancer context Functions
Phosphorylation ~ STAT6_S807% Macrophage senescence Limits macrophage senescence
p53_515[0°] Helicobacter pylori induced Links DNA damage response, checkpoint
atrophic gastritis activation and senescence-associated
inflammatory injury
Parkin_s65[68] Mitochondrial stress in aging Initiates phosphorylation-dependent mitophagy
tissues signaling
AMPK_Y17204] PAGIn-associated cellular Connects metabolic stress with mitochondrial
senescence dysfunction and senescence signaling
DRP1_S61604 PAGIn-associated cellular Promotes mitochondrial fragmentation under
senescence sustained metabolic stress
AKT_S47301 Gastric inflammation and Reflects activation of pro-survival signaling in an
tumorigenesis inflammatory tumorigenic context
ERK1/2_T202/Y204[/1] Gastric inflammation and Reflects MAPK pathway activation during
tumorigenesis inflammatory gastric tumorigenesis
SRC_Y416[721 Interleukin 6 induced colorectal  Supports migration, invasion and stress-tolerance
cancer EMT signaling
FAK_Y397U/2) Interleukin 6 induced colorectal ~ Supports focal adhesion signaling and migration
cancer EMT
Acetylation H3K27acl! Early tumorigenesis and Marks active enhancers and stabilizes

AFP_K194/K211/K242°4

IDH1_K224(%°]

a-Tubulin_K40[9]

GAC_K311971

enhancer remodeling

Hepatocellular carcinoma
Colorectal cancer and liver
metastasis

Paclitaxel resistant lung cancer

Lung cancer metabolism

growth-associated transcription

Increases AFP stability and promotes malignant

progression

Regulates IDH1 acetylation state and metabolic

tumor suppression

Enhances microtubule acetylation and stabilizes

MCL1-associated survival

Regulates glutaminase activity through acetylation

and ubiquitin crosstalk
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Ubiquitination

Glycosylation

Lactylation

Methylation

Redox modification

SUMOylation

Palmitoylation

Acylation

NOTCH1[11]

p53[ﬂ0]

B-catenin_K508[112]

YAP_K9Q! T3]

KYNU_K96/K163L114]

GATA4_S5406[30]

PD-L1_N192/N200/N219l12/]

SPOP_S58/5590112]

H3K18lal*2!

NOL6_K54L18]

H4K12lal'84

H3K4me3['47]

GPX4_R152me2sl'>°]

LSH_R309me1[158]

Cytoskeletal proteinst®!

YAP1_K97/K28017°]

CLDN4_C104/C107'83]

OPTN_K108!'73]

Intestinal epithelial renewal and

aging-related homeostasis

Malignant selection

Colorectal cancer progression

and ferroptosis

Hippo pathway signaling and

tumorigenesis

Gastric cancer redox adaptation

Cellular senescence

Tumor immune evasion

Colorectal cancer progression

and ferroptosis

Immune evasive lung cancer

microenvironment

Colorectal cancer progression

Colorectal cancer stem cell

chemoresistance

Spermatid development and

leukemia transcriptional control
Cancer ferroptosis resistance

Cancer stem-like properties

Tissue aging

Gastric cancer chemoresistance

and malignant persistence

Lenvatinib-resistant

hepatocellular carcinoma

Diabetic retinopathy

FBXW7-mediated turnover restrains abnormal

renewal signaling

Modulates checkpoint restraint and damaged cell

survival

SPOP-dependent polyubiquitination promotes

B-catenin degradation

PARK2 mediated K48-linked ubiquitination
promotes YAP degradation and restrains tumor

progression

Controls redox-dependent ubiquitin linkage

switching and supports tumor survival

Stabilizes GATA4 and reinforces SASP-associated

inflammatory programs
Stabilizes PD-L1 and weakens T cell clearance

Modulates SPOP stability and B-catenin

degradation

Potentiates transcriptional programs linked to

immune escape

Stabilizes NOL6 and supports MYC-dependent

malignant programs

Upregulates GCLC expression and suppresses

ferroptosis

Regulates broad active chromatin domains and

gene expression programs
Stabilizes GPX4 and suppresses ferroptosis

Crosstalk with LSH Ser503 phosphorylation drives

stem-like behavior

Alters protein interactions and epithelial

maintenance

Promotes YAP1 SUMOylation, stability and nuclear

retention

Sustains CLDN4 lipid raft anchoring and promotes

hepatic-to-biliary lineage transition

SIRT5-mediated desuccinylation protects against

autophagic flux blockade

PTM: post-translational modification; AMPK: AMP-activated protein kinase; MAPK: mitogen-activated protein kinase; EMT: epithelial-mesenchymal transition;
LSH: lymphoid-specific helicase; AFP: alpha-fetoprotein; MCL1: myeloid cell leukemia 1; PD-L1: programmed death-ligand 1; SPOP: speckle-type POZ protein; NOL6: nucleolar

protein 6; GCLC: glutamate-cysteine ligase catalyzing subunit.

3. Major PTM Systems Across the Aging-Cancer Continuum

3.1 Phosphorylation

Among major PTM systems, phosphorylation is most prominently involved in the rapid integration of stress signalsl®?l. Because

kinases and phosphatases respond quickly to DNA damage, inflammatory stimulation, mitochondrial dysfunction, metabolic
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perturbation and microenvironmental cues, phosphorylation often represents the earliest regulatory layer through which
aging-associated disturbances are converted into cellular decisions. In young or resilient tissues, phosphorylation supports
checkpoint control, organelle surveillance, adaptive repair and restoration of homeostasis!®’. During aging, however, chronic or
incompletely resolved stress can progressively alter signaling duration, threshold sensitivity, and pathway resolution®!. As a result,
phosphorylation networks that initially preserve tissue integrity may become redirected toward senescence persistence, stress
tolerance, weakened growth restraint, and malignant adaptation (Figure 2).
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Figure 2. PTM-specific regulatory functions linking aging-associated states to malignant adaptation. Major PTM systems translate aging associated states into distinct
regulatory functions that support malignant adaptation. Phosphorylation integrates stress and signaling cues to enable adaptive rewiring, whereas acetylation couples
metabolic state to chromatin regulation and transcriptional plasticity. Ubiquitination controls protein stability and selective stabilization, and glycosylation reshapes
cell-surface organization and signaling. Lactylation links glycolytic metabolism to regulatory and inflammatory states, whereas methylation stabilizes transcriptional
programmes and cell identity. Redox-associated modifications propagate oxidative stress into functional states in signaling and genome stability. Additional PTMs, including
SUMOylation, palmitoylation and other acyl modifications, further refine subcellular organization, membrane signaling and chromatin regulation. Together, these PTM

systems convert aging-associated perturbations into regulatory states that enable survival, plasticity and progression in cancer. PTM: post-translational modification.
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3.1.1 Phosphorylation as a stress-integrating system

Phosphorylation does not merely indicate that a stress pathway has been activated. Its broader significance lies in determining how
different forms of stress are interpreted and coordinated[®®l. For example, chronic inflammatory injury engages
phosphorylation-centered NF-KB and p53 signaling, linking immune activation with damage sensing and checkpoint controll®°l.,
Similarly, phosphorylation-dependent activation of the PINK1-Parkin axis determines whether damaged mitochondria are selectively
removed or retained!(®’l, Efficient activation of this response limits mitochondrial stress and prevents prolonged reactive oxygen
species (ROS) accumulation, whereas insufficient activation allows damaged mitochondria, oxidative stress and inflammatory
signaling to persist[®l,

Metabolic stress is processed through a similar logic. AMP-activated protein kinase-centered phosphorylation networks couple
nutrient availability, mitochondrial dynamics and epithelial maintenance, thereby connecting energetic imbalance with adaptive
remodeling®/l. These pathways can initially support repair and metabolic adjustment, but repeated or unresolved stress may convert
them into sustained signaling states that promote mitochondrial fragmentation, impaired tissue renewal and senescence-associated
phenotypesl>¥l. Extracellular cues from cytokines, growth factors and stromal cells further reshape phosphorylation networks
controlling survival, migration and stress tolerancel>?l. Phosphorylation therefore acts as a central stress-integrating system,
translating inflammatory, metabolic, organellar and microenvironmental disturbances into decisions about repair, arrest, adaptation
or persistence.

3.1.2 Aging-associated phospho-network rewiring

The key change during aging is not simply stronger phosphorylation signaling, but a gradual loss of signaling resolution!®’l. When
phosphorylation-dependent stress responses remain chronically active or improperly reset, damaged tissues become less able to
return to homeostasisl®’l. Persistent phospho-network imbalance can maintain senescence-associated reprogramming, reduce repair
capacity, impair mitochondrial quality control and weaken tissue resiliencel®’l. These changes do not by themselves constitute
malignant transformation, but they generate a tissue state in which damaged or metabolically stressed cells are more likely to persist.

Malignant transition begins when phosphorylation-dependent systems that normally contain damage gradually lose their restraining
capacity!’l. In chronically injured tissues, persistent AKT-, ERK-, SRC- or FAK-associated signaling can weaken checkpoint control and
bias cells toward survival, migration and proliferative re-entry’'’?l, In the liver, aging-associated phosphoproteome remodeling
overlaps with signaling patterns observed in metabolic liver disease and hepatocellular carcinoma, suggesting that malignant
potential can emerge before overt tumor formation at the level of phosphorylation networks!'%. Similarly, growth factor-rich or
inflammatory microenvironments can reshape epithelial phospho-signaling, making energetic or inflammatory stress less effective at
maintaining growth restraint/>2.,

Once malignant transition has occurred, phosphorylation networks are further repurposed to maintain tumor states[’’l. Pathways
that originally support transient stress adaptation are reused to sustain metabolic flexibility, invasive behavior, immune tolerance
and survival under unfavorable tissue conditions!'%>2, Thus, the defining feature of malignant progression is not merely increased
kinase activity, but the conversion of conditional phospho-signaling into a more stable regulatory architecture that continuously
supports tumor persistence.

3.1.3 Crosstalk with other PTM systems

The biological consequences of phosphorylation are rarely determined by phosphorylation alone. Across the transition from aging to
cancer, phosphorylation outputs are shaped by other PTM systems that influence substrate stability, localization, chromatin
accessibility, metabolic state and signaling duration (Figure 3)I74, Crosstalk with ubiquitination provides a clear example:
phosphorylation can create substrate states that permit ubiquitin-dependent degradation, thereby converting transient signaling
decisions into more durable changes in protein abundancel!'’l. In liver cancer-related signaling, phosphorylation-dependent
regulation of FBP1 can facilitate its ubiquitin-mediated turnover, remove a metabolic restraint and allow oncogenic signaling to
persist!'0],

Other PTMs can redirect phosphorylation outcomes by altering protein localization, structural accessibility or signaling
persistencel’. Acetylation and lactylation can stabilize metabolically induced signaling states, whereas glycosylation can reshape
receptor organization and extracellular signal interpretation!’®l. This context dependence is especially important in aging tissues,
where metabolic imbalance, proteostatic decline and microenvironmental remodeling continuously reshape the broader PTM
landscapel’’l. Phosphorylation should therefore be viewed not as an isolated signaling switch, but as part of an integrated PTM
network that determines whether stress-responsive signaling remains adaptive or becomes stabilized into a tumor-promoting state.

3.2 Acetylation

Among major PTM systems, acetylation is especially important for translating metabolic state into durable cellular programs!’sl,
Because acetylation depends on acetyl-CoA availability and is reversed by NAD*-dependent or Zn?'-dependent deacetylases, it
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provides a direct molecular interface between nutrient supply, mitochondrial function, redox balance and protein regulation!’%8°],
Unlike phosphorylation, which rapidly transmits stress signals, acetylation is particularly suited to stabilizing metabolically induced
changes in chromatin accessibility, transcriptional competence and non-histone protein function (Figure 2){81:82. Across the transition
from aging to cancer, this property allows transient metabolic fluctuations to become progressively embedded into longer-lasting
cellular states(®!l.
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Figure 3. PTM crosstalk organizes regulatory states linking aging to cancer. Aging-associated perturbations arising from stress, metabolic imbalance and tissue ecological
disruption are integrated by a network of interacting PTMs. Through crosstalk, PTMs act combinatorially to define regulatory states, including checkpoint rewiring, defective
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survival of damaged cells, invasion, immune adaptation and therapeutic resistance. PTM: post-translational modification.

3.2.1 Acetylation as a metabolic-encoding system

Acetylation links metabolism to gene regulation by coupling substrate availability to chromatin structure and transcriptional
outputl®!l, Acetyl-CoA-dependent histone acetylation can increase local chromatin accessibility and enable enhancer activation,
whereas NAD*-dependent deacetylation by sirtuins connects cellular energy status to mitochondrial function, stress resistance and
transcriptional control®:3%, In this way, metabolic conditions are not only reflected in acetylation patterns but are also converted
into regulatory programs that influence cell identity, repair capacity and tissue function®*8,

This mechanism is especially relevant during aging, when NAD"* decline, mitochondrial dysfunction, altered acetyl-CoA handling and
chronic inflammatory stress progressively disturb the balance between acetylation and deacetylation!®°l. Reduced sirtuin activity can
increase acetylation of mitochondrial and nuclear proteins, weakening metabolic flexibility and stress tolerancel®’l. At the chromatin
level, altered histone acetylation can reduce the ability of cells to mount adaptive transcriptional responses!®sl. Acetylation therefore
helps explain how metabolic aging becomes linked to impaired repair, reduced regenerative competence and persistent tissue
dysfunction!®%],

3.2.2 Acetylation-state remodeling in aging and cancer

During malignant transition, acetylation can convert metabolic instability into more stable oncogenic transcriptional states!®!-821,
Increased acetyl-CoA availability, altered activity of acetyltransferases and deacetylases, and redistribution of enhancer acetylation
can strengthen growth-associated gene programsl’’*?l, In several tumors, elevated H3K27ac or H4 acetylation marks active enhancers
and super-enhancers that support proliferation, stem-like features and survivall’!l. These changes do not merely accompany
malignant transformation; they help stabilize transcriptional programs that make damaged or metabolically stressed cells more
capable of persistence and expansion!’?l,

Once tumors are established, acetylation further supports malignant plasticity through both histone and non-histone substrates!®1,
Histone acetylation maintains accessible chromatin regions required for repeated activation of growth, stress-response and lineage
plasticity programs!’’l. Non-histone acetylation can regulate the stability, activity or localization of proteins involved in apoptosis,
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metabolism and invasion, such as alpha-fetoprotein (AFP), IDH1, MCL1 or glutaminase C in different tumor settings!’**7l. Together,
these mechanisms allow tumor cells to remain adaptable without losing the core regulatory architecture required for continued
malignant persistence.

3.2.3 Crosstalk with other PTM systems

The effects of acetylation are strongly shaped by crosstalk with other PTM systems (Figure 3)[°%°°l. This is particularly important
because acetylation exists within a broader network of metabolically linked acyl modifications[’l. Under conditions of metabolic
rewiring, the key issue is often not simply whether acetylation increases or decreases, but which acyl state gains regulatory
dominance over chromatin accessibility, protein stability and transcriptional output?%-1%0],

Ubiquitination can determine whether acetylated proteins are retained or degraded, whereas phosphorylation can influence the
activity of acetyltransferases, deacetylases and chromatin-associated regulators[®>?l. Other acyl modifications, such as crotonylation
or lactylation, may compete with or redirect acetylation-dependent regulation under altered metabolic conditions!*®-'°!l. Through this
crosstalk, acetylation helps convert metabolic imbalance into more persistent regulatory states!'’!l. In aging tissues, this can
reinforce dysfunctional adaptation; in tumors, it can stabilize malignant transcriptional and metabolic programs!®®1°1],

3.3 Ubiquitination

Ubiquitination is the PTM system most directly responsible for determining selective protein fatel'°?l. Rather than primarily
controlling rapid signaling responses, ubiquitination governs which proteins are removed, retained or stabilized over time, thereby
shaping the proteostatic and regulatory landscape of aging tissues!'%?l. Across the transition from aging to cancer, altered ubiquitin
control progressively changes which damaged proteins, organelles and cellular programs are efficiently eliminated and which are
allowed to persist (Figure 2)[1%3,

3.3.1 Ubiquitination as a protein-fate selection system

Under physiological conditions, ubiquitination supports tissue homeostasis by directing damaged proteins for proteasomal
degradation, regulating organellar quality control, and controlling the abundance of key signaling proteins!'%1°°l, This selectivity is
especially important in long-lived or repeatedly stressed tissues, where timely removal of abnormal proteins and dysfunctional
mitochondria prevents proteotoxic burden, oxidative stress, and chronic inflammatory activation!'%,

During aging, ubiquitin-dependent clearance becomes progressively less efficient and less precise!l'°?l. Damaged proteins and
organelles that would normally be removed begin to persist, whereas some regulatory proteins escape normal turnover and remain
aberrantly stabilized!'’’l. Impaired proteasome activity, altered E3 ligase or deubiquitinase function, and defective mitophagy all
contribute to this shift!!?l, As a result, proteotoxic stress, mitochondrial dysfunction, and senescence-associated signaling become
increasingly difficult to resolvel!8,

The biological significance of ubiquitination therefore lies not only in degradation itself, but also in determining which cellular states
are permitted to persist!'*’l. When ubiquitin-dependent filtering becomes impaired, aging tissues lose part of their ability to eliminate
damaged or maladapted components, creating a background in which stress-retaining and tumor-permissive states become easier to
maintain!8l.

3.3.2 Ubiquitin-network rewiring in aging and cancer

During malignant transition, altered ubiquitin control weakens the selective elimination of damaged, stress-adapted, or proliferative
cellular states!'%’l. Proteins that normally restrain abnormal expansion may be destabilized, whereas survival-promoting regulators
can escape turnover!!'%l In this way, ubiquitination contributes to the shift from aging-associated dysfunction to malignant selection
by changing the balance between restraint and persistencel!!°l.

This logic is evident in pathways controlling stem-cell renewal, checkpoint activity, and tumor-suppressive signaling. For example,
FBXW7-mediated ubiquitination of NOTCH1 helps restrain inappropriate epithelial expansion, whereas loss or weakening of such
control can support tumor-promoting renewall!'!l. Similarly, altered ubiquitination of p53, 3-catenin, YAP, or apoptosis-associated
regulators can determine whether damaged cells remain constrained or acquire increased survival and proliferative
capacity!!10:112113], The key point is not that ubiquitination simply promotes or suppresses cancer, but that it selectively edits the
protein landscape on which malignant selection acts.

Once tumors are established, ubiquitination is further redirected to support malignant advantagel!''l. Tumor cells can degrade
pro-apoptotic proteins, stabilize metabolic enzymes, preserve transcriptional regulators, or modulate immune-related proteins!' !>l
These changes allow malignant cells to maintain survival, metabolic flexibility, invasive behavior, and immune evasion!''!1>l. Thus,
ubiquitination functions as a protein-state selection system that determines which regulatory programs remain transient and which
become durably retained during tumor evolution.
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3.3.3 Crosstalk with other PTM systems

The outcome of ubiquitination depends strongly on crosstalk with other PTM systems!'!°l, Ubiquitin-dependent fate decisions require
substrate recognition, accessibility, and linkage specificity, all of which can be altered by phosphorylation, acetylation, glycosylation,
lactylation, or methylation!('!°l. Other PTMs can therefore determine whether proteins become available for degradation, escape
turnover, or undergo selective stabilization under stress (Figure 3)U'10],

Phosphorylation often acts upstream by creating degradation-permissive substrate states!!!’]. In other contexts, O-GlcNAcylation,
acetylation, or lactylation can protect proteins from ubiquitin-dependent clearance and prolong the function of oncogenic or
stress-adaptive regulators!!'®l. Through these interactions, ubiquitination becomes more than a terminal degradation signall!'°l. Tt
serves as a decision layer that integrates competing PTM inputs and converts them into durable changes in protein abundance,
signaling persistence, and cellular statel'!°l.

In this sense, ubiquitination links aging and cancer by controlling selective persistencel''’l. During aging, impaired ubiquitin
regulation allows damaged components and dysfunctional programs to accumulatel'%8l. During cancer evolution, the same
protein-fate machinery can be repurposed to preserve proteins that sustain malignant adaptationl!!“l.

3.4 Glycosylation

Glycosylation is uniquely positioned at the interface between cells and their surrounding environment!'?°l, By modifying membrane
receptors, secreted proteins, extracellular matrix-associated proteins and selected intracellular substrates, glycosylation regulates
receptor responsiveness, cell-cell adhesion, barrier integrity, immune recognition and extracellular communication (Figure 2)t'20-1221,
Across the transition from aging to cancer, glycosylation progressively alters how cells are presented to neighboring cells, stromal
compartments and immune systems, thereby reshaping the extracellular conditions that restrain or support malignant
persistencel!2%,

3.4.1 Glycosylation as an extracellular-recognition system

Unlike intracellular PTMs that mainly regulate signaling or chromatin state, glycosylation directly shapes the surface architecture
through which tissues interact with their environment!'?°l, N-glycosylation and O-glycosylation influence receptor folding, ligand
binding, secretory protein stability, and barrier-associated structures('?!], whereas O-GlcNAcylation links nutrient state to
intracellular stress responses and transcriptional regulation!'??l. Together, these modifications help maintain tissue boundaries,
extracellular communication, and recognition systems!!2%122,

During aging, glycosylation patterns are progressively remodeled rather than simply reduced!'?>!l. Barrier-associated glycans,
receptor-linked glycan structures, and secretory glycoprotein states can lose precision, weakening tissue compartmentalization,
immune regulation, and environmental responsiveness!!2-122.124], These changes illustrate how glycosylation remodeling can convert
aging-associated tissue disruption into altered extracellular recognition and communication!'?2l,

3.4.2 Glycan remodeling and PTM crosstalk

During malignant transition and progression, glycosylation is frequently redirected to stabilize tumor-environment interactions!'?>\.
Altered glycosylation can increase the stability or activity of cell-surface proteins, strengthen receptor signaling, remodel
extracellular protease function, and reduce immune recognition!'?°l. For example, glycosylation of PD-L1 stabilizes its surface
expression and weakens T-cell-mediated clearance, providing a direct link between glycan remodeling and tumor immune
evasion!?7l,

Intracellular O-GIcNAcylation adds another layer by stabilizing selected proteins involved in DNA repair, transcriptional control, and
metabolic adaptation!'?%12%]. Glycosylation also interacts extensively with other PTMs (Figure 3). For example, O-GlcNAcylation can
influence phosphorylation, glycan structures can protect proteins from ubiquitin-dependent degradation, and surface glycans can
reorganize receptor clustering and ligand responsiveness!!!%13%, Glycosylation therefore links aging and cancer by controlling
extracellular organization, immune recognition, and tissue-level communication!2%,

3.5 Lactylation

Lactylation is positioned at the interface between chronic metabolic stress and malignant persistencel'’!l. Unlike broader
acetylation-dependent regulation, lactylation specifically reflects sustained lactate accumulation arising from glycolytic remodeling,
mitochondrial dysfunction, and inflammatory tissue environments (Figure 2)l'31.132], Its importance lies not only in indicating
increased glycolysis, but also in allowing lactate-rich states to acquire longer-lasting regulatory effects on chromatin organization,
protein stability, and cellular adaptation!01-131,

3.5.1 Lactylation in lactate-rich tissue states

Lactylation usually does not represent the earliest response to metabolic disturbancel!*?l. Instead, it tends to emerge when glycolytic
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stress, mitochondrial dysfunction, or inflammatory remodeling become chronically sustained!!**l. In aging tissues, reduced
mitochondrial efficiency, altered redox balance, and persistent inflammation can increase reliance on glycolytic compensation,
creating biochemical conditions that favor lactate accumulation and lactylation!'3%l.

This process is especially relevant in tissue environments shaped by stromal activation and chronic inflammation!!3>13¢l, Glycolytic
fibroblasts, inflammatory cells, and metabolically stressed epithelial cells can generate lactate-rich niches, allowing lactate to
function not only as a metabolic by-product but also as a regulatory substratel!3>13°. Through histone and non-histone lactylation,
prolonged metabolic imbalance can become incorporated into transcriptional regulation, protein function, and local cell-cell
communication!*%t],

3.5.2 Lactate-driven malignant persistence

During malignant transition, lactylation can convert persistent metabolic stress into more stable oncogenic regulation!'?7l. In
lactate-rich environments, histone lactylation can activate transcriptional programs that support proliferation, stress tolerance,
inflammatory adaptation, and immune suppression!'*$l. Cancer-associated fibroblasts and other glycolytic stromal populations can
further amplify this process by supplying lactate to tumor cells, thereby linking microenvironmental metabolism to malignant
cell-state remodeling!!3>138],

Once malignant states are established, lactylation can reinforce tumor persistence by maintaining communication between tumor
metabolism and the surrounding microenvironment!'3°l, In this setting, lactylation links glycolytic remodeling not only to
intracellular transcriptional adaptation, but also to stromal communication, immune modulation, and resistance to cellular
stress!'3-110], Thus, lactylation links aging and cancer by encoding chronic lactate-rich adaptation that can be exploited during tumor
evolutionl*!-142],

Lactylation also operates within broader PTM networks (Figure 3)I'18], Lactylation in lactate-rich states can intersect with acetylation
and other acyl modifications in response to shifts in glycolysis, lactate accumulation, and broader acylation metabolism!!0!143],
reinforce phosphorylation-dependent inflammatory or survival signaling!'**], and protect selected proteins from ubiquitin-dependent
turnoverl!8l, Thus, lactylation should be viewed not only as a lactate-derived mark, but also as part of a metabolic PTM network that
stabilizes chronic adaptation in aging and cancer.

3.6 Methylation

Methylation is especially suited to stabilize long-lasting regulatory states!'*!l. Whereas phosphorylation rapidly transmits stress
signals and acetylation links metabolic state to chromatin accessibility, methylation more often contributes to transcriptional
memory, lineage identity, and persistence of stress-adapted cellular programs (Figure 2)l'*4145], Across the transition from aging to
cancer, methylation helps determine whether aging-associated disturbances remain reversible or become fixed into durable
dysfunctional or malignant states!!0l,

3.6.1 Methylation remodeling during aging

Aging is accompanied by progressive changes in methylation-dependent involving both histone and non-histone substrates!'**147,
Histone methylation influences chromatin organization, transcriptional competence, and lineage-specific gene expression, whereas
protein methylation can alter protein interactions, stability, localization, and signaling output!'*%147l. Together, these mechanisms
provide a regulatory memory that helps cells preserve identity and respond to stressl'*sl,

During aging, this memory system can become distorted!'*’l. Altered methylation states may weaken transcriptional programs
required for repair, differentiation, and tissue maintenance, while stabilizing inflammatory or stress-adapted states[!>°l, Unlike
transient signaling events, methylation-dependent changes can persist after the initial stress has subsided, making aging-associated
dysfunction more difficult to reversel'*’,

3.6.2 Methylation-dependent stabilization of aging and malignant states

During malignant transition, methylation can convert unstable regulatory changes into more fixed oncogenic states!'>!l. At the
chromatin level, altered histone methylation can silence tumor-suppressive programs, maintain stem-like transcriptional states, or
reinforce lineage plasticityl!°%153l. At the protein level, methylation of transcription factors, signaling mediators, or RNA-binding
proteins can stabilize oncogenic interactions and support survival under stress(!>%15l,

The effects of methylation are also shaped by crosstalk with other PTM systems (Figure 3)[15¢-157], Histone methylation interacts with
acetylation to determine whether chromatin regions remain repressed, poised, or activel''’-17], whereas protein methylation can
influence phosphorylation-dependent signaling!'>®l, ubiquitin-mediated degradation!'>°! or transcriptional complex assembly!'®l,
Through these interactions, methylation helps determine whether regulatory states remain flexible or become fixed!'>".
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3.7 Redox-associated modifications

Redox-associated modifications represent the PTM layer most directly linked to oxidative imbalancel'°!l, Unlike phosphorylation,
which rapidly transmits regulatory signals, redox modifications arise when oxidative conditions alter the chemical reactivity of
specific amino acid residues, especially cysteinel'°-192], Their importance at the aging-cancer interface lies not only in reflecting
elevated ROS, but also in embedding oxidative stress into protein function, repair capacity, inflammatory signaling, and metabolic
control (Figure 2)l163,

3.7.1 Redox modifications in oxidative-stress remodeling

Aging tissues are exposed to persistent oxidative stress arising from mitochondrial dysfunction, inflammatory activation, and
declining antioxidant capacityl'*’-1°4l, Redox-associated modifications provide a chemical mechanism through which this oxidative
burden is written into specific proteins!'®!l, Cysteine residues are particularly important because their thiol groups are highly
sensitive to oxidation and can undergo reversible or irreversible modifications depending on the local redox environment!'®1l,

Site-resolved redoxomic studies show that oxidative modifications are not randomly distributed across the proteome!’l. Instead, they
often affect functionally important residues in metabolic enzymes, cytoskeletal proteins, stress-response regulators, and epithelial
maintenance factors!®. As these modifications accumulate, they can alter enzyme activity, protein stability, interaction networks, and
subcellular localizationl®l. In aging tissues, such changes may impair metabolic flexibility, weaken barrier integrity, and reduce the
capacity to restore homeostasis after injury!®.

The key point is that redox-associated modifications convert oxidative stress from a diffuse biochemical condition into discrete
protein-level changes!'®’l. When these changes remain reversible and properly regulated, they can support adaptive stress
responses!'®!l, When oxidative stress persists, however, redox remodeling can become embedded into tissue dysfunction, making
repair failure, inflammatory persistence, and cellular vulnerability more difficult to reversel'*%,

3.7.2 Redox-associated repair failure and malignant transition

Redox-associated modifications contribute to malignant transition when oxidative stress begins to compromise genome
maintenance, inflammatory control, and cell-fate regulation!'®?l. Persistent oxidation can alter proteins involved in DNA repair,
mitochondrial homeostasis, and stress signaling, thereby weakening the systems that normally prevent damaged cells from
persisting['®31%3, In this setting, oxidative stress is not only a source of molecular damage but also a driver of altered protein
function!'®3l,

This process is particularly relevant in chronically injured tissues, where repeated oxidative stress can impair repair proteins and
promote inflammatory signaling!'®l. Redox-dependent disruption of DNA repair capacity may increase genomic instability, while
concurrent activation of inflammatory pathways can create a tissue environment that favors survival of damaged cells!'®l. These
changes do not directly define malignancy, but they lower the threshold for malignant transition by allowing oxidative damage,
inflammatory signaling, and defective repair to reinforce one another!!%,

Redox-associated modifications therefore provide an important bridge between aging-associated oxidative injury and cancer risk(1¢3,
They help explain how persistent ROS can move beyond nonspecific damage and become converted into specific molecular
alterations that impair repair, sustain inflammation, and create a more permissive environment for malignant selection!!¢l,

3.7.3 Redox adaptation and PTM crosstalk

Once tumors are established, redox-associated modifications can be exploited to support malignant adaptation!'°’l, Tumor cells often
experience high oxidative pressure due to rapid proliferation, metabolic rewiring, hypoxia, and inflammatory microenvironmentsl'°°l.
Rather than simply being damaged by ROS, malignant cells can remodel redox-sensitive proteins and antioxidant systems to maintain
survival under oxidative stress.

This adaptation affects multiple aspects of tumor biology. Redox modifications can regulate metabolic enzymes, signaling proteins,
transcriptional regulators, and cell-death pathways, thereby supporting metabolic flexibility, stress tolerance, and resistance to
therapy!'®’l. In some contexts, tumor cells use altered redox states to avoid ferroptosis or apoptosis; in others, redox-sensitive
signaling promotes inflammatory or immune-modulatory programs that support tumor persistencel'®7l,

Redox-associated modifications therefore link aging and cancer by embedding oxidative stress into protein function!'*"-1%3l, During
aging, this embedding contributes to impaired repair, barrier decline, and inflammatory persistence!'®3l. During tumor evolution, the
same redox-modified protein landscape can be exploited to sustain stress tolerance, metabolic adaptation, and malignant
progressiont®7,

Redox-associated modifications also intersect with other PTM systems (Figure 3)['°3l, Oxidative changes can alter kinase and
phosphatase activity, influence ubiquitin-dependent degradation, and reshape the availability of metabolic cofactors that support
acetylation or lactylation!'°%.1%%1, In this way, redox remodeling can amplify or redirect broader PTM networks, allowing oxidative
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stress to become embedded not only in individual proteins but also in regulatory systems that sustain aging-associated dysfunction
and tumor adaptation.

3.8 Other modifications

Several additional PTMs further broaden the regulatory landscape linking aging and cancer(’>!7%l. Their importance lies less in the
depth of current evidence than in the mechanisms they highlight['’?l. SUMOylation illustrates how changes in protein localization and
stability can modify the outcome of other PTMs (Figure 2)75l. For example, SUMOylation can oppose phosphorylation-dependent
restraint and promote nuclear retention of oncogenic regulators such as YAP1, thereby shifting transient signaling states toward
more persistent malignant programs!’®l. Palmitoylation adds another layer by controlling membrane association, organellar
positioning, and the stability of signaling or metabolic complexes!'’!l. In tumor settings, palmitoylation can suppress
ubiquitin-dependent turnover of selected substrates and stabilize metabolic or membrane-associated proteins that support
malignant progression!'7!l.

Other acyl modifications, including crotonylation, succinylation, malonylation, and glutarylation, should currently be viewed as
components of a broader metabolically sensitive acylation landscape rather than fully independent aging-cancer pathways
(Figure 2)l'"%L They link acyl-CoA availability, mitochondrial function, and chromatin or protein regulation!(!’?), and may become
especially relevant in tissues characterized by oxidative stress or metabolic declinel'’>!7!l. These emerging modifications therefore
serve as supplementary but informative examples of how aging-associated stress and metabolic imbalance can be translated into
protein localization, membrane organization, and acylation-state remodeling!">..

4. Translational Implications

The translational value of PTM biology lies in its ability to describe functional disease states rather than static molecular
categories!!”l. At the aging-cancer interface, PTMs can indicate whether stress responses remain protective, whether metabolic
imbalance has become stabilized, whether microenvironmental remodeling has created a tumor-permissive niche, and whether
malignant cells have acquired therapy-resistant dependencies!!’°l. However, this potential must be interpreted with caution. Although
PTM profiling has generated many candidate biomarkers and therapeutic targets, only a limited number of PTM-defined biomarkers
or PTM-directed interventions have reached routine clinical usel'’”]. The central challenge is therefore to distinguish PTM changes
that are merely associated with disease from those that are analytically robust, mechanistically necessary, and clinically actionable
(Figure 4)1781,
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Figure 4. Translational framework of PTM-defined disease states. PTMs integrate stress, metabolic and microenvironmental inputs to generate distinct regulatory states.
These PTM-defined states can be captured by biofluid or minimally invasive, tissue-based and dynamic monitoring biomarkers, enabling clinical stratification into intrinsic
drug-resistant, stromal-regulated signaling and metabolic-immune suppressive states. This framework supports clinically actionable interventions targeting enzyme-driven
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collapse and metabolic-immune combination. Key challenges include context dependence, spatial resolution, functional prioritization and temporal dynamics.

PTM: post-translational modification.
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4.1 PTM-defined biomarkers

PTM-based biomarkers are attractive because they can report biological activity more directly than total protein abundancel'7°l. A
phosphorylated receptor, a glycosylated immune checkpoint, or an acetylated chromatin state may indicate whether a pathway is
functionally engaged, whether a tumor is adapting to treatment, or whether a tissue has entered a persistent dysfunctional statel'7"],
This is particularly relevant in aging-associated disease, where progression is gradual and often shaped by stress adaptation,
metabolic remodeling, and tissue-level ecological changel'7®l,

Clinically implemented PTM-based biomarkers remain limited. A recent study highlighted only a small number of modified
proteoforms that have reached clinical use, including HbA1c, 2-transferrin, phosphorylated tau proteoforms, and AFP-L3['?). Among
these, AFP-L3, often clinically reported as AFP-L3%, is a fucosylated AFP fraction used in hepatocellular carcinoma risk assessment and
is the most directly relevant example for oncology!'*!l. Phosphorylated tau proteoforms illustrate the clinical utility of PTM based
biomarkers in aging related diseasel!*?l. This limited list underscores that most PTM readouts in aging and cancer remain
investigational rather than routine clinical tools.

Several investigational examples illustrate the promise and current limits of this field!'*3.!84l. Dynamic epidermal growth factor
receptor (EGFR) phosphorylation can provide pharmacodynamic information about EGFR-TKI engagement, while altered
phospho-signaling states may help identify aggressive or therapy-resistant tumor programs!'®5l. Other investigational examples
include CLDN4 palmitoylation in lenvatinib resistance in hepatocellular carcinoma and histone lactylation in chemoresistance in
colorectal cancer!®’. These examples are valuable because they connect PTM states to specific disease behaviors!!’°l. Yet they also
highlight why PTM biomarkers require rigorous validation: clinical utility depends not only on detecting a modification, but on
proving that it is reproducible, disease-specific, temporally informative, and able to guide management!!771781,

4.2 PTM-directed therapeutics

PTM biology has already influenced cancer therapy, but most successful examples target PTM-regulating enzymes or systems rather
than individual modified residues!'®l. Kinase inhibitors represent the most mature PTM-directed therapeutic class!'®’l. Proteasome
inhibitors provide another established example by targeting ubiquitin-dependent protein turnover!!*®l, and histone deacetylase
inhibitors demonstrate that chromatin-modifying enzymes can be therapeutically exploited in selected malignancies!!®l. These
successes show that PTM-regulating machinery can be druggable when disease dependence is strong and pharmacological windows
are acceptable.

However, enzyme-level success does not mean that PTM-based therapy is straightforward!'*’l. Many PTM enzymes act on broad
substrate repertoires, and the same enzyme may support protective adaptation in one context while promoting tumor persistence in
another!'®°], Broad inhibition can therefore produce toxicity, compensatory signaling, or loss of beneficial stress responses!'?!l. This
issue is especially relevant in aging tissues, where PTM networks often maintain residual repair capacity even while contributing to
chronic dysfunction!'®],

A more precise strategy is to target disease-relevant modified protein states or PTM-dependent interactions. Examples such as CLDN4
palmitoylation in lenvatinib resistance or H4K12 lactylation in oxaliplatin resistance illustrate how a specific modification-defined
circuit can create a therapeutic vulnerability!'$3. However, such approaches remain difficult because residue-specific targeting,
modified-proteoform detection, and substrate-selective intervention are technically challenging!'°?l. In many cases, therapeutic
actionability depends less on the PTM class itself than on the specific relationship among the modifying enzyme, the substrate, and
the disease context!!83184],

PTM-directed therapy should therefore be viewed at three levels: targeting the machinery that installs, removes, or recognizes a
modification; disrupting a modified protein state that drives disease behavior; and modifying the tissue context that repeatedly
recreates the pathological PTM statel'°l. This distinction is especially important for aging-associated cancer, where the aged
microenvironment may continue to regenerate the same stress, metabolic, and inflammatory inputs even after a tumor-intrinsic PTM
dependency is inhibited!'°],

4.3 PTM-guided combination strategies

PTM states can help rationalize combination therapy because malignant cells often preserve disease states through compensatory
PTM crosstalk['3l. Blocking one kinase pathway may be bypassed by altered ubiquitination, acetylation, or metabolic acylation, and
inhibiting a chromatin regulator may fail if the metabolic condition that supports the chromatin state remains unchanged!'*’l. The
value of PTM-guided combination therapy is therefore not simply to add more inhibitors, but to identify the regulatory dependencies
that allow tumor cells to maintain persistence under treatment pressure!'?’l. Combination strategies may be most effective when they
pair pathway inhibition with disruption of the PTM mechanism that sustains resistance, such as modified protein stabilization,
chromatin-state maintenance, altered membrane organization, or ferroptosis suppression!'?3l,
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4.4 Barriers to clinical translation

Several barriers explain why PTM-based clinical translation remains limited. For biomarkers, the first challenge is analytical
robustness!'??l. Many PTMs occur at low stoichiometry, are dynamically regulated, and require enrichment or site-specific
detection!??, Measurement can be affected by sample handling, pre-analytical degradation, antibody specificity, peptide localization
uncertainty, enrichment bias, and platform variability!'°, These issues make it difficult to establish standardized thresholds across
laboratories and cohorts!'4.

The second challenge is biological interpretation!'”!l. The same PTM class may have opposite meanings depending on substrate
identity, cell type, disease stage, and tissue context!'’!l. Bulk PTM measurements often obscure whether a signal arises from tumor
cells, stromal cells, senescent fibroblasts, immune populations, or biofluid-derived materiall!°l. This is a major limitation for
minimally invasive markers: saliva-, plasma- or serum-based PTM readouts are attractive, but their clinical value depends on
knowing which tissue process they reflect!'*°l.

For therapeutics, the main challenge is specificity. PTM writers, erasers, and readers usually regulate many substrates, and disease
may depend on only a subset of their activities!!*°l. A broadly acting inhibitor may suppress a tumor-promoting PTM state while also
impairing adaptive repair or immune function!'**°!l. In addition, PTM networks are highly compensatory. Blocking one modification
may redirect signaling through another PTM system, allowing the disease state to persist!!*3l. Therapies directed at a specific modified
proteoform or PTM-dependent protein interaction could improve selectivity, but such strategies are still technically demanding.

Emerging technologies may help overcome these limitations!!**-1°7]. Low-input PTMomics, single-cell or cell-type-resolved
proteomics, spatial proteomics, imaging mass spectrometry, and improved modified-proteoform detection can help define where a
PTM state arises, which cell population carries it, and how it changes during disease progression or treatment!!°°l, Longitudinal
sampling and minimally invasive monitoring may further clarify when PTM states become clinically informative. Future progress will
depend less on expanding PTM catalogues and more on identifying PTM states that are mechanistically necessary, temporally
ordered, and actionable in a defined tissue context!!75192,

5. Perspective

Aging and cancer are connected by shared disturbances, protective constraints, and context-dependent transitions. PTMs provide a
protein-level regulatory layer through which these relationships can be understood. Rather than acting as isolated biochemical
marks, PTMs translate stress, metabolism, and tissue ecology into functional cellular states!?>’]. Whether these states remain adaptive,
become chronically sustained, or are repurposed for malignant persistence depends on the timing, substrate, cellular source, and
tissue context of each modification!'?8l,

A key message of this review is that different PTM systems contribute to the aging-cancer continuum through distinct but
interconnected regulatory roles!!?l. Phosphorylation integrates stress signals; acetylation encodes metabolic state; ubiquitination
controls selective protein fate; glycosylation shapes extracellular recognition; lactylation reflects chronic lactate-rich adaptation;
methylation stabilizes regulatory memory; and redox-associated modifications embed oxidative stress into protein function!**"l.
These distinctions help move the field beyond cataloguing PTM changes toward understanding how PTM networks determine
disease-relevant cellular states!!”7l.

Future studies should focus on identifying PTM states that are causal, temporally ordered, spatially localized, and clinically
actionable!'’®), The most informative readouts are unlikely to be broad changes in a modification class, such as increased
phosphorylation or elevated lactylation!!’’l. Instead, they will probably involve defined modified proteoforms,
modification-dependent protein interactions, or PTM signatures linked to specific cell types and disease stages!>°°l. In this sense, PTM
biology offers more than a molecular explanation for the aging-cancer connection; it provides a framework for defining disease
states by the regulatory processes that sustain them!?%.,
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