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Abstract 

Protein post-translational modifications (PTMs), such as acetylation, lactylation, methylation, phosphorylation, ubiquitina- 

tion, and glycosylation, play central roles in regulating diverse cellular processes, including signal transduction, metabolic 

adaptation, chromatin organization, and proteostasis. In cancer, PTM networks are extensively rewired, with profound alter- 

ations in enzyme levels, protein modification landscapes, and crosstalk among different modification types. These changes 

collectively shape key cancer hallmarks, such as sustained proliferative signaling, immune evasion, and therapeutic resis- 

tance. Recent advances in proteomic technologies have enabled comprehensive mapping of PTM landscapes and their regula- 

tory mechanisms, facilitating the identification of PTM signatures associated with tumor subtyping, disease progression, and 

treatment response. This review summarized biomarkers and therapeutic targets associated with dysregulated PTM regula- 

tory pathways in cancer. 
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Introduction 

Cancer is increasingly recognized not merely as a consequence of 
genetic mutations or chromosomal instability, but as a systems- 
level disease driven by disruptions in multilayered regulatory net- 
works. Although genomic and transcriptomic alterations estab- 
lish the oncogenic blueprint, regulation at the proteome level ul- 
timately executes and stabilizes malignant cellular states. Pro- 
tein post-translational modifications (PTMs), including lactyla- 
tion, acetylation, phosphorylation, ubiquitination, glycosylation, 
succinylation, crotonylation, and palmitoylation, serve as a cen- 
tral regulatory layer by dynamically modulating protein activ- 
ity, stability, subcellular localization, and turnover [ 1 ]. Through 

these coordinated actions, PTMs are involved in diverse biological 
processes, including cell fate determination, signal transduction, 
metabolic adaptation, and cancer development [ 2 , 3 ]. 

Rather than acting independently, PTMs are now recognized 

to function in a highly coordinated and context-dependent man- 
ner, giving rise to the concept of PTM crosstalk [ 4 ]. This refers to 

functional interactions between distinct modifications occurring 
on the same protein or across interacting proteins, enabling com- 
binatorial and non-linear regulation of protein function. Such in- 
teractions indicate that PTMs are embedded within broader reg- 

ulatory architectures that integrate enzymatic activity, substrate 
availability, signaling inputs, and cellular context. 

On this basis, PTM regulation can be recognized as a multilay-
ered regulatory network composed of modifying enzymes, sub-
strates, and site-specific modifications, collectively constituting 
an integrated PTM system. At the site level, individual PTMs can
directly reshape protein conformation and functional properties. 
At the protein level, co-occurring modifications collectively tune
stability, interaction specificity, and subcellular localization. At the
systems level, PTM enzymes and substrates form interconnected
signaling networks that coordinate cellular responses across di-
verse biological processes. 

Importantly, PTM networks are highly dynamic and extensively
rewired during tumorigenesis. This rewiring is driven by dysregu-
lation of modifying enzymes, alterations in site-specific modifica-
tion landscapes, and reorganization of protein–protein interaction 

networks. As a result, signaling networks are remodeled, and in-
formation flow is redistributed, leading to context-dependent re-
programming of downstream cellular responses. Ultimately, these 
multilayered changes converge on shared oncogenic states, link-
ing PTM alterations to clinically relevant cancer phenotypes, in-
cluding uncontrolled proliferation, metabolic reprogramming, im- 
mune evasion, and therapeutic resistance [ 5 ]. 
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Dysregulation of PTM
crosstalk in cancer
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• Rb-T373p, CHK1-S345p…

• Parkin-K220ac, DHCR24-K24ac…

• Cyclin D1-K58ub, YBX-K52/K81ub…
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Figure 1. Dysregulated PTMs and their crosstalk in cancer. Dysregulated PTMs and their crosstalk drive tumor initiation, progression, immune escape, 

and treatment resistance. 
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Despite substantial progress in mapping individual PTMs and 

heir associated enzymes, a systems-level understanding of PTM 

egulation in cancer remains incomplete. Most existing studies 
ave focused on single modification types, individual enzymes, 
r discrete signaling pathways. However, these PTMs are com- 
onents of integrated and multilayered regulatory systems [ 6–
 ]. To date, how distinct PTM machineries are coordinately re- 
rogrammed during tumor evolution, how multiple modification 

etworks converge on shared cellular states, and how PTM dy- 
amics shape clinically relevant phenotypes across cancer types 
re not well summarized. Moreover, although advances in PTM- 
entric proteomics have enabled comprehensive profiling of mod- 
fications, integrative analysis that links enzymes, PTMs, and func- 
ional outcomes is still lacking. 

In this review, we have summarized the recent progress of PTMs 
unctioning as highly interconnected regulatory networks whose 
ysregulation underpins fundamental aspects of cancer biology. 
hese insights provide a foundation for discovering functional 
iomarkers and developing therapeutic strategies that exploit vul- 
erabilities in dysregulated PTM regulatory pathways. 

TM dysregulation in cancer: 
ndividual modifications and 

rosstalk 

berrant PTMs are a hallmark of cancer, influencing protein ac- 
ivity, signaling networks, metabolism, chromatin states, and im- 

une interactions. These alterations can occur at the level of indi- 
idual PTMs or PTMs crosstalk, which further stabilizes malignant 
henotypes and drives clinical heterogeneity (Fig. 1 ). 

Dysregulation of PTMs in cancer 

In cancer, PTM changes often arise from dysregulation of PTM-
regulatory enzymes; however, their functional impact is exerted
primarily through the modified proteins themselves [ 9 ]. The dys-
regulation of PTMs has a significant impact on tumorigenesis, pro-
gression, immune evasion, and therapeutic resistance. 

PTM dysregulation associated with tumorigenesis and 

progression 

Dysregulation of PTMs is a key driver of tumorigenesis and tumor
metastasis acting through widespread reprogramming of cellu-
lar regulatory networks that control proliferation, survival, inva-
sion, and other malignant phenotypes (Fig. 2 A). Among these al-
terations, perturbations in phosphorylation system are the most
prevalent. In particular, kinase-dependent rewiring of signaling
pathways is a central feature of this process, as illustrated by
pancreatic ductal adenocarcinoma (PDAC), in which KRAS muta-
tions present in over 90% of cases drive resistance to KRAS in-
hibitors through extensive remodeling of ERK-dependent phos-
phorylation networks [ 10 , 11 ]. Loss of tumor suppressor pathways
further amplifies phosphorylation-driven signaling outputs. PTEN
is frequently deficient in breast cancer (BC), which hyperactivates
the PI3K–AKT axis and is associated with aggressive clinicopatho-
logical features, tumor growth, and immune evasion [ 12 ]. Be-
yond these canonical oncogenic pathways, phosphorylation of cy-
toskeletal and regulatory proteins further modulates tumor inva-
siveness. For example, DBN1 phosphorylation at S142 in colorectal
cancer (CRC) inversely correlated with magnesium levels, driving
MMP2-dependent cell migration [ 13 ]. Similarly, GSK3 α-mediated
phosphorylation of THRAP3 at S248 drives migratory capacity in
colon cancer (COAD) [ 14 ]. PTM heterogeneity further shapes inva-
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Figure 2. Examples of dysregulated PTMs in cancer. (A) Dysregulation of classical PTMs and emerging PTMSs contributes to tumorigenesis and 

progression. (B) Dysregulation of PTMs in tumor immune evasion. (C) Dysregulation of PTMs leads to therapeutic resistance. P, phosphorylation; Ac, 

acetylation; Me, methylation; Ub, ubiquitination; SUMO, SUMOylation; Gly, glycosylation; Pal, palmitoylation; BHB, β-hydroxybutyrylation; Lac, 

lactylation; Cit, citrullination; O-GalNAC, O-GalNAcylation; Me2, demethylation; Bu, butyrylation; Mal, malonylation; Me3, trimethylation. 
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sive phenotypes and clinical outcomes. For instance, variations in 

RAI14 phosphorylation in APC-mutant CRC are associated with tu- 
mor invasiveness [ 15 ], whereas age-associated decline in CTNND1 
phosphorylation at S349 disrupts cell–cell adhesion, providing a 
molecular basis for tumor initiation and metastasis [ 16 ]. 

Abnormal acetylation and methylation further reinforce malig- 
nant behavior by modulating chromatin states. Histone acetyla- 
tion frequently modulates tumor suppressor genes and cell cy- 
cle dynamics [ 17 ]. In hepatocellular carcinoma (HCC) and cholan- 
giocarcinoma (CCA), HDAC3 is elevated and critical for maintain- 
ing genome integrity [ 18 , 19 ]. Its loss disrupts H3K9 acetylation 

and trimethylation dynamics, leading to DNA damage accumula- 
tion and oncogenic transcriptional activation [ 20 ]. Similarly, ele- 
vated ACSL-4 mediates H3K9 and H3K27 hyperacetylation in the 

SNAIL1 promoter and promotes epithelial–mesenchymal transi- 
tion (EMT) in triple-negative breast cancer (TNBC) [ 21 ]. Paral-
lel to these acetylation-dependent mechanisms, aberrant protein 

methylation further drives tumorigenesis and metastasis. PRMT5 
is upregulated in advanced tongue squamous cell carcinoma and
correlates with poor prognosis, where it methylates �Np63 α at
R561 to attenuate its DNA-binding capacity, and thereby promot-
ing tumor metastasis [ 22 ]. Likewise, PRMT6 is overexpressed in BC
and promotes tumor growth through dimethylation of histone H3
at R2 (H3R2me2) [ 23 ]. 

Moreover, dysregulation of ubiquitination and SUMOylation 

further drives tumor progression by alterations in oncogene tran-
scription and cellular metabolism. Perturbation of chromatin- 
associated ubiquitin pathways contributes to transcriptional 
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eregulation, as illustrated in CRC, SMARCA3 is silenced by pro- 
oter methylation in ˜40% of cases, thereby impairing the for- 
ation of the SMARCA3–SUV39H1 complex and resulting in de- 

reased H3K23ub and H3K9me3 levels, which in turn promotes 
ncogene transcription [ 24 ]. Similarly, SENP3 is frequently up- 

egulated in HCC, where it stabilizes RACK1 through deSUMOyla- 
ion at K264 and K271 and promotes its interaction with PKC βII 
 25 ], thereby promoting its interaction with PKC βII and en- 
ancing oncogenic transcription. Beyond transcriptional control, 

hese PTMs also drive metabolic reprogramming. PTM-dependent 
etabolic rewiring further sustains tumor progression, exempli- 

ied by PSMD14 overexpression in prostate cancer (PCa), which 

eubiquitinates LDHA to elevate lactate production and upregu- 
ates ACLY to promote lipid biosynthesis, leading to poor progno- 
is [ 26 , 27 ]. Similarly, SENP1 is upregulated in gastric cancer (GC) 
nd associated with poor prognosis, where it drives glycolysis, cis- 
latin resistance, and tumorigenesis by deSUMOylating ENO1 at 
256 and K394 [ 28 ]. 

Besides, abnormal glycosylation contributes to tumorigene- 
is and metastasis by coupling metabolic reprogramming with 

ewiring oncogenic signaling. Glycosylation-dependent metabolic 
daptation is exemplified by MGAT4A upregulation in high-grade 
terine endometrial carcinoma (EC), which correlates with poor 
rognosis; particularly in TP53-mutant EC, it promotes galectin-9–
ependent signaling, stabilizes membrane GLUT1, and enhances 
lucose uptake [ 29 ]. FUT2 similarly supports tumor progression 

y activating YAP/TAZ–SREBP1-driven fatty acid reprogramming 
 30 ]. Glycosyltransferase-mediated modulation of oncogenic sig- 
aling further drives metastatic progression. In lung adenocarci- 
oma (LUAD), elevated GALNT6 is associated with lymph node 
etastasis and poor prognosis. Mechanistically, GALNT6 inter- 

cts with O-glycosylated GRP78 to activate the MEK–ERK cas- 
ade, promoting EMT and lymph node metastasis [ 31 ]. Broad pro- 
umorigenic effects have been observed across additional glyco- 
yltransferases. Elevated C1GALT1 in bladder cancer (BLCA) pro- 

otes cell migration and proliferation by modifying target glyco- 
roteins such as MUC16 [ 32 ], and MGAT5 overexpression in CRC, 
C, and GC promotes β1,6-GlcNAc N -glycan branching, reinforc- 

ng membrane dynamics and PI3K–AKT signaling to sustain an 

ncogenic feedback loop driving tumor growth and metastasis 
 33–36 ]. 

Beyond these well-characterized modifications, a growing 
umber of recently identified PTMs have emerged as critical reg- 
lators of tumorigenesis and metastasis. These non-canonical 
odifications further expand the regulatory landscape of PTMs, 

inking protein function to diverse metabolic and signaling con- 
exts. One illustrative example arises from lipid-associated reg- 
lation, palmitoylation of SMAD4 at C363 is elevated in PDAC, 
hich enhances its protein stability and promotes tumor growth 

 37 ]. In parallel, metabolite-derived modifications constitute a 
econd major regulatory axis linked to metabolic rewiring, onco- 
enic transcription, and protein stability. In CRC, reduced β- 
ydroxybutyrylation of ARG1 enhances tumorigenicity by promot- 

ng arginine metabolic reprogramming [ 38 ], whereas elevated β- 
ydroxybutyrylation of KCTD9 at K123/K129 in liver metastases 
uppresses KCTD9 protein expression, thereby driving metastatic 
rogression [ 39 ]. Similarly, aberrant lactylation contributes to ma- 

ignant adaptation. High KAT8 expression in CRC is associated with 

oorer survival and elevates eEF1A2 lactylation, which enhances 
rotein synthesis to support oncogenic adaptation [ 40 ]. In HCC, 

elevated lactylation of AK2 at K281 is significantly associated with
poor patient prognosis by suppressing its kinase activity [ 41 ]. PD-
L1 delactylation facilitates its nuclear translocation and acceler-
ates liver cancer growth by elevating SQLE transcriptional activity
[ 42 ]. 

Dysregulation of PTMs in tumor immune evasion 

The dysregulation of PTMs not only promotes tumor growth
but also facilitates immune evasion through multiple molecular
mechanisms (Fig. 2 B). Citrullination mediated by PAD4 in tumor-
associated macrophages promotes immune escape and poor re-
sponses to immune checkpoint blockade, whereas PAD4 inhibi-
tion enhances MHC class II expression and T-cell effec tor func-
tions [ 43 ]. Aberrant palmitoylation contributes to immune eva-
sion, exemplified by upregulation of ZDHHC3 in BC, which stabi-
lizes the immune checkpoint molecule B7-H4 via S-palmitoylation
at C13 and correlates with poorer prognosis [ 44 ]. Dysregulation
of protein glycosylation also reshapes immune cell infiltration.
DPM1 acts as a central modulator of N -glycosylation in cholan-
giocarcinoma (CHOL), with elevated DPM1 expression linked to
increased mannose-rich N -glycan signatures and reduced im-
mune cell infiltration [ 45 ]. Conversely, low GALNT3 expression
in LUAD is associated with poor survival by O-GalNAcylation
of TNFR1 and cMET, attenuating TNFR1–NF- κB and cMET–AKT
signaling and reducing myeloid-derived suppressor cell infiltra-
tion [ 46 ]. Methylation-dependent regulation further reinforces im-
mune evasion, as dimethylation of METTL3 at K513 is elevated in
CRC and promotes tumor immune evasion by increasing its affin-
ity for S-adenosylmethionine and enhancing m6 A deposition on
target RNAs [ 47 ]. 

Dysregulation of PTMs leads to therapeutic resistance 

Aberrant PTM patterns are observed across multiple cancers
and are associated with therapy resistance (Fig. 2 C). Dysregu-
lated citrullination and palmitoylation sustain resistant pheno-
types. PAD1 is markedly upregulated in ovarian cancer (OV), par-
ticularly in CD133+ and cisplatin-resistant cells, where it sus-
tains stem-like properties by promoting stemness marker expres-
sion [ 48 ]; similarly, ZDHHC2 is elevated in enzalutamide-resistant
PCa and confers resistance by palmitoylating ACSL4 to regulate
its stability [ 49 ]. Aberrant histone methylation drives resistance-
associated transcription. EZH2 is upregulated in CRC and pro-
motes chemotherapy resistance by activating NRP1 expression
[ 50 ], and in cisplatin-resistant non-small cell lung cancer (NSCLC),
upregulated EZH2 and G9a cooperatively drive resistance and
malignancy via the SMAD4/ERK/c-Myc axis [ 51 ]. Additionally, al-
tered ubiquitination dynamics reinforce survival signaling and
suppress cell death. USP22 is overexpressed in HCC and LUAD. It
mediates therapy resistance by deubiquitinating CDK11B and his-
tone H2B, suppressing sorafenib-induced ferroptosis in HCC [ 52 ];
meanwhile, it stabilizes EGFR, sustaining EGFR-dependent signal-
ing and conferring resistance to tyrosine kinase inhibitors in LUAD
[ 53 ]. Metabolic and acylation-related PTMs further support adap-
tive resistance. SIRT5-mediated removal of malonylation from TKT
at K281 facilitates metabolic adaptation under chemotherapeu-
tic stress and promotes resistance to 5-fluorouracil [ 54 ], whereas
KAT8-mediated butyrylation of HSP90 at K754 is elevated in 5-FU–
resistant oesophageal squamous cell carcinoma and correlates
with poor prognosis [ 55 ]. 
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Collectively, dysregulation of PTM enzymes and modified pro- 
teins often functions as an active driver of tumorigenesis and 

progression, rather than merely a downstream consequence. By 
coordinately reshaping oncogenic signaling, metabolic adapta- 
tion, chromatin remodeling, and immune regulation, dysregu- 
lated PTM machinery endows tumor cells with enhanced survival 
capacity and phenotypic flexibility, thereby facilitating tumorige- 
nesis, metastasis, immune evasion, and treatment resistance. Ac- 
cordingly, PTM regulators represent not only mechanistically in- 
formative biomarkers but also attractive therapeutic vulnerabil- 
ities, as illustrated by the clinical success of kinase, HDAC, and 

BET inhibitors, alongside the continued emergence of novel PTM- 
targeted strategies. 

Dysregulation of PTM crosstalk in cancer 

While dysregulation of individual PTMs can initiate oncogenic 
events, accumulating evidence indicates that rewiring of PTM 

crosstalk networks is required to stabilize malignant phenotypes 
and sustain tumor progression. Multiple PTMs, such as phospho- 
rylation, ubiquitination, SUMOylation, and acetylation, frequently 
converge on shared substrates and signaling pathways, form- 
ing highly interconnected regulatory circuits. Under physiological 
conditions, such crosstalk enables precise temporal and spatial 
control of protein function. In cancer, disruption of this coordina- 
tion converts normally dynamic and reversible regulation into per- 
sistent oncogenic programs, thereby driving clinical heterogene- 
ity, immune evasion, and therapeutic failure. 

PTM crosstalk regulates oncogenic signaling and 

tumor suppressor networks 

Aberrant PTM crosstalk exerts a dual effect in cancer, sus- 
taining oncogenic signaling while impairing tumor suppres- 
sor pathways, even in the absence of additional genetic al- 
terations. Phosphorylation–ubiquitination coupling within the 
Wnt/ β-catenin pathway exemplifies this balance in CRC, HCC, 
and BC (Fig. 3 A). GSK3 β-mediated phosphorylation of β-catenin 

at S33, S37, and T41 generates a degron recognized by β-TrCP, 
triggering ubiquitin-dependent degradation of β-catenin [ 56 ], 
whereas NDR1-mediated phosphorylation at S33 and S37 en- 
hances FBXO11-dependent turnover [ 57 ]. This tumor-suppressive 
axis is frequently rewired in cancer through alternative phospho- 
rylation events, including PKA-mediated phosphorylation of β- 
catenin at S675, which suppresses ubiquitination without disrupt- 
ing GSK3 β complex binding, and PLK1-mediated phosphorylation 

at S311, which promotes β-catenin association with the deubiqui- 
tinase USP2A, collectively stabilizing β-catenin and sustaining Wnt 
signaling [ 58 , 59 ]. 

Beyond β-catenin, context-dependent PTM crosstalk further ex- 
tends to E3 ligase networks, particularly within the TRIM fam- 
ily. In LUAD, TRIM25 is elevated and mediates K63-linked polyu- 
biquitination of PTEN, impairing its membrane localization and 

phosphatase activity [ 60 ]. Whereas in HCC, AP5Z1 recruits TRIM21 
to ubiquitinate PTEN and degradation, alongside TRIM21 further 
mediates K27-linked ubiquitination of AKT that counteracts K63- 
linked activation [ 61 , 62 ]. Together, these coordinated modifica- 
tions sustain PI3K-AKT-mTOR signaling and drive tumorigenesis. 
In addition, PTM rewiring can also restrain tumor progression in 

specific contexts. In temozolomide-resistant glioblastoma, phos- 

phorylation of TRIM25 at S100 decreases ubiquitination of ITPKB,
enhancing its stability and suppressing ROS production [ 63 ]. In-
tegration of phosphorylation with non-canonical acylation fur- 
ther reinforces signaling persistence. ERK-mediated phosphory- 
lation of GCN5 at T404 enhances GCN5-dependent lactylation of
ERK1 and ERK2, weakening ERK–MEK interactions while promot-
ing ERK dimerization and prolonged signaling [ 64 ]. Similarly, in
esophageal squamous cell carcinoma, p38-mediated phospho- 
rylation of ACSL4 at T679 increases myristoyl-CoA production,
facilitating Src myristoylation and downstream ERK activation 

[ 65 ]. 
Tumor suppressor pathways are tightly controlled by PTM

crosstalk, with p53 representing a central node (Fig. 3 B).
P300/CBP-mediated acetylation at K73 and K382 enhances p53
DNA-binding affinity, while ATM/ATR-mediated phosphorylation 

at S15, T18, and S20 stabilizes p53 by disrupting MDM2-mediated
ubiquitination, collectively promoting transcriptional activation 

[ 66 ]. Disruption of this PTM network is widespread in cancer
and enables functional p53 inactivation independent of TP53
mutation. 

Overall, PTM crosstalk stabilizes malignant signaling states by
coordinately sustaining oncogenic pathway activity and function- 
ally dampening tumor suppressor programs, thereby contributing 
to heterogeneous clinical outcomes. 

PTM crosstalk enforces metabolic reprogramming 

Cancer cells exploit PTM crosstalk among metabolic enzymes to
drive metabolic reprogramming, thereby sustaining proliferative 
capacity and metabolic plasticity under stress (Fig. 3 C). Antago-
nistic modification dynamics regulate enzyme stability, ZDHHC20- 
mediated palmitoylation of FASN at C1471 and C1881 coun-
teracts SNX8–TRIM28-dependent ubiquitination to prevent FASN 

from proteasomal degradation and promote lipogenesis, thereby 
accelerating hepatocarcinogenesis [ 67 ]. Likewise, coordinated 

phosphorylation–acetylation crosstalk similarly governs ME1 ac- 
tivity in CRC. PGAM5-mediated dephosphorylation of ME1 at S336
promotes ACAT1-dependent acetylation at K337, enhancing ME1 
dimerization, NADPH production, and lipogenesis, whereas NEK1 
and SIRT6 exert opposing effec t s [ 68 ]. PTM-dependent metabolic
flux is further shaped by crosstalk between phosphorylation and
other acylation events. Phosphorylation of SUCLA2 at S79 by p38
MAPK promotes its dissociation from GLS, which in turn enhances
GLS (K311) succinylation and glutaminolysis, leading to increased
antioxidant production and supporting PDAC cell survival, and be-
ing associated with advanced tumor stage and poor prognosis
[ 69 ]. Similarly, JNK phosphorylates ZDHHC14 at T440 triggering its
degradation, which reduces the ZDHHC14-mediated palmitoyla- 
tion of ASCT2 at C39 and C48 and prevents it from lysosomal degra-
dation, thereby promoting glutamine metabolism and NSCLC pro- 
gression [ 70 ]. 

Collectively, PTM crosstalk converts metabolic flexibility into a
malignant liability by reinforcing aggressive signaling states and
sustaining anabolic metabolism. 

PTM crosstalk drives chromatin remodeling in cancer 

PTM crosstalk reshapes chromatin architecture by coordinating 
histone-modifying enzymes, thereby enforcing oncogenic tran- 
scriptional programs (Fig. 3 D). Phosphorylation-dependent relo- 
calization of chromatin regulators is exemplified by HDAC6. In
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Figure 3. Aberrant PTM crosstalk in cancer. (A) PTM crosstalk regulates oncogenic signaling pathways. (B) PTM crosstalk regulates tumor suppressor 

networks. (C) Aberrant PTM crosstalk drives metabolic reprogramming. (D) Aberrant PTM crosstalk drives chromatin remodeling to promote oncogenic 

gene transcription. (E) Aberrant PTM crosstalk drives tumor immune evasion. (F) Aberrant PTM crosstalk contributes to tumor immunosuppression. P, 

phosphorylation; Ub, ubiquitination; Ac, acetylation; Pal, palmitoylation; Cr, crotonylation; Gly, glycosylation; Glu, glutarylation. 
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NBC, phosphorylation of HDAC6 at S22 drives its nuclear translo- 
ation and phase-separated condensate formation, modulating 
hromatin organization and transcription to promote tumor pro- 
ression [ 71 ]. Moreover, LINC00624 promotes ubiquitin-mediated 

DAC6 degradation, relieving TRIM28–ZNF354C repression and 

nhancing pro-metastatic gene expression in HCC [ 72 ]. Compet- 
tive and cooperative PTM interactions further modulate chro- 

atin function. In CRC, crotonylation–acetylation competition 

f KAT7 at K432 modulates its histone acetyltransferase activ- 
ty, reducing H3K14ac at procentriole gene promoters, thereby 
nhibiting centriole duplication and promoting colorectal tu- 

origenesis [ 73 ]. Similarly, CLOCK-mediated H3K37 glutaryla- 
ion is up-regulated in glioblastoma, which antagonizes SETD2- 
ependent H3K36me3 deposition and promotes tumorigenesis 
 74 ]. Phosphorylation–methylation–ubiquitination crosstalk fur- 
her stabilizes chromatin regulators, exemplified by PKC-mediated 

hosphorylation of SUV39H1 at S391, which enhances PRMT1- 
ependent dimethylation at R378, blocking MDM2-mediated ubiq- 

uitination and increasing SUV39H1 stability, thereby promoting
H3K9me3 deposition and tumor cell growth in BC [ 75 ]. 

Collectively, these integrated PTM networks remodel chromatin
states, enabling sustained transcriptional plasticity and malignant
progression. 

PTM crosstalk reshapes tumor immune 

microenvironment 

Tumor cells exploit PTM crosstalk to remodel the immune mi-
croenvironment by coordinating immune cell function, cytokine
signaling, and immune checkpoint stability. Transcriptional con-
trol of immune responses is modulated by acetylation dynam-
ics, as HDAC6-mediated deacetylation of FOXO1 at K242 pro-
motes its nuclear localization and suppresses Th17-mediated an-
titumor immunity [ 76 ]. Methylation-dependent signaling further
shapes immune cell recruitment. In NSCLC, aberrantly elevated
NSD2-mediated dimethylation of CD147 enhances CCL5 transcrip-
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of immunosuppressive M2-like tumor-associated macrophages 
[ 77 ]. In addition, checkpoint stability is reinforced through co- 
ordinated phosphorylation–ubiquitination and glycosylation net- 
works. ERK-mediated phosphorylation of PD-1 at T234 promotes 
USP5-dependent deubiquitination, thereby stabilizing PD-1 and 

reinforcing tumor immune evasion [ 78 ], whereas N-linked gly- 
cosylation of PD-L1 at N192, N200, and N219 prevents GSK3 β- 
mediated phosphorylation and β-TrCP-dependent degradation, 
thereby sustaining PD-L1 expression and promoting immunosup- 
pression in BC [ 79 ] (Fig. 3 D–F). 

Collectively, through multilayered regulatory mechanisms, tu- 
mor cells exploit PTM crosstalk to establish an immunosuppres- 
sive microenvironment that facilitates immune evasion. 

Clinical implications of network-level PTM 

dysregulation 

In summary, dysregulation of PTM crosstalk at the system level, 
rather than isolated modification events, underlies the stabiliza- 
tion of malignant phenotypes, clinical heterogeneity, and thera- 
peutic failure. By amplifying oncogenic signaling, disabling tumor 
suppressor pathways, enforcing metabolic reprogramming, and 

reshaping chromatin and immune landscapes, aberrant PTM net- 
works provide a mechanistic explanation for variable prognosis 
and treatment responses across patients. Importantly, these in- 
sights suggest that combinatorial PTM states and crosstalk signa- 
tures may outperform single PTMs as biomarkers and therapeu- 
tic targets, thereby providing a foundation for precision oncology 
strategies targeting PTM regulatory networks. 

PTM systems as cancer biomarkers 

Given the widespread dysregulation of PTMs observed in tumors, 
these dynamic PTMs not only reflect perturbed cellular processes 
but also actively modulate signaling, metabolism, chromatin reg- 
ulation, and immune evasion. PTMs provide a more sensitive and 

real-time readout of tumor cell functional states than genomic or 
transcriptomic alterations. During tumor initiation and progres- 
sion, they exhibit tissue-, pathway-, and stage-specific patterns, 
forming stable, and distinguishable molecular signatures that of- 
ten precede detectable genetic changes. These dynamic modifica- 
tions respond to microenvironmental cues and alterations in reg- 
ulatory enzyme activity and can directly drive tumor-promoting 
mechanism [ 80 ]. Increasing evidence shows that tumors with 

similar genomic profiles can display markedly distinct functional 
states at the protein and PTM levels, with PTM-based profiling cap- 
turing pathway activation more accurately than genomics alone 
[ 9 ]. Integrative analyses across multiple PTM types further define 
molecular subtypes and prognostic signatures, with PTM regula- 
tory hubs often outperforming conventional clinicopathological 
markers. Extending PTM profiling to circulating proteins and ex- 
tracellular vesicles enables early, non-invasive cancer detection, 
diagnosis, and therapy guidance, such as glycosylated AFP, phos- 
phorylated ERK, and exosomal PD-L1 [ 81–86 ]. Leveraging quanti- 
tative omics and machine learning, PTM-based models now facil- 
itate risk stratification [ 87 , 88 ], therapy response prediction [ 89 ], 
and prognostic assessment [ 90 ], collectively establishing PTMs as 
dynamic, sensitive, and functionally informative biomarkers for 
precision medicine. 

PTM systems as diagnostic biomarkers for 

cancer 

The dynamic nature of PTMs and their close association with
malignant processes make them ideal candidates for diagnos-
tic biomarkers. By capturing tumor-specific functional alterations,
modified proteins, and their networks provide sensitive indi-
cators for early detection, risk stratification, and therapy guid-
ance. 

In tumor cells, aberrant expression of glycosylation enzymes
leads to abnormal glycosylation of membrane-bound or secreted
proteins, thereby contributing to malignant transformation. Ac- 
cordingly, both glycosyltransferases and their glycosylated prod- 
ucts have attracted attention as diagnostic biomarkers. Repre-
sentative clinically relevant examples include CA19-9 in PDAC,
M2BPGi, and AFP-L3 in HCC, and CA125 in OV, illustrating the di-
agnostic value of glycosylation-related alterations across multi- 
ple tumor types [ 91–94 ]. In addition to single-marker applications,
combination strategies may further improve diagnostic perfor- 
mance. A meta-analysis showed that the combined detection of
CEA, CA125, and CA19-9 in epithelial OV achieved a pooled sensi-
tivity of 90%, specificity of 83%, and AUC of 0.92, supporting the
potential advantage of multi-marker panels over single-marker 
detection [ 95 ]. Other glycosylation-related markers, including PSA
glycoforms in prostate cancer, HE4 in uterine corpus endometrial
carcinoma (UCEC), and chromogranin A in neuroendocrine tu-
mors (NETs), further expand the spectrum of PTM-associated di-
agnostic biomarkers [ 96–98 ]. 

Phosphorylation-related biomarkers have also shown diagnos- 
tic potential in several cancers, particularly in body fluids. A rep-
resentative example is the serum phosphopeptide DpSGEGDFLA- 
EGGGVR, whose reduced level discriminates GC from healthy con-
trols with high diagnostic accuracy [ 99 ]. Additional phospho-
related candidates have also been reported in other malignan-
cies, including urinar y tyrosine-phosphor ylated proteins (UPY-A)
and GOLPH3 in bladder cancer, further supporting the potential
of phosphorylation-associated markers in cancer detection [ 100 ,
101 ]. 

Beyond phosphorylation, other PTM systems have also yielded
diagnostically relevant biomarkers. In the ubiquitination cate- 
gory, CCT3 has shown diagnostic value in AFP-negative HCC [ 102 ],
suggesting its potential utility in a clinically challenging sub-
group. UBE2T may also assist in the differ ential diagnosis of intra-
hepatic cholangiocarcinoma (ICC) from benign or precursor bile
duct lesions [ 103 ]. In addition, methylation-related alterations are
also implicated in cancer diagnosis, as illustrated by methylated
SFRP2, which has been proposed as a diagnostic biomarker for GC
[ 104 ]. 

Collectively, these findings highlight the broad diagnostic rele-
vance of PTM systems across malignancies, as summarized in Ta-
ble 1 . 

PTM systems as prognostic biomarkers in 

cancer 

Beyond their diagnostic potential, dysregulated PTMs also carry
significant prognostic value, reflecting tumor aggressiveness, 
metastatic potential, and therapeutic responsiveness. 

Phosphorylation event provides site-specific prognostic infor- 
mation. Phosphorylation of the androgen receptor at S81 and
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Table 1. PTM-based diagnostic biomarkers in cancer. 

PTMs Biomarkers Cancers Clinical performance 

Glycosylation CA19-9 PDAC [ 91 ] Sensitivity: 69.1%, 
Specificity: 80.0%, 
AUC: 0.80 

M2BPGi HCC [ 92 ] Sensitivity: 91.7%, 
Specificity: 80.8%, 
AUC: 0.883 

AFP-L3 HCC [ 93 , 105 ] Sensitivity: 34%, 
Specificity: 92%, 
AUC: 0.755 

CA125 OV [ 94 , 95 ] Sensitivity: 77.0%, 
Specificity: 93.8%, 
AUC: 0.92 

CEA (combined with CA125 and CA19-9) OV [ 95 ] Sensitivity: 0.90, 
Specificity: 0.83, 
AUC: 0.92 

gly-PSA PCa [ 96 , 106 ] Sensitivity: 81.8%, 
Specificity: 96.5%, 
AUC: 0.97 

HE4 UCEC [ 98 ] Sensitivity: 71%, 
Specificity: 87%, 
AUC: 0.88 

Chromogranin A NETs [ 97 ] Sensitivity: 74.6%, 
Specificity: 84.7%, 
AUC: 0.896 

Phosphorylation DpSGEGDFLAEGGGVR GC [ 99 ] Sensitivity: 87.5%, 
Specificity: 96.7%, 
AUC: 0.97 

UPY-A BC [ 100 ] Sensitivity: 80.43%, 
Specificity: 78.82%, 
AUC: 0.92 

GOLPH3 BC [ 101 ] Sensitivity: 83.8%, 
Specificity: 92.5%, 
AUC: 0.948 

Ubiquitination CCT3 AFP-negative HCC [102] Sensitivity: 88.9%, 
Specificity: 70.5%, 
AUC: 0.84 

UBE2T ICC [ 103 ] AUC: 0.782 (vs. IHBD), 
0.774 (vs. BilIN-1/2), 
0.776 (vs. BilIN-3) 

Methylation SFRP2 GC [ 104 ] Sensitivity: 60.9%, 
Specificity: 86.0%, 
AUC: 0.784 
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213 correlates with prognosis in castration-resistant PCa and ex- 
ibits potential value for therapeutic prediction and targeted in- 

ervention [ 107 ]. Similarly, in BC and HCC, PTPN13 is considered 

 potential tumor suppressor, and its higher expression has been 

ssociated with favorable prognosis [ 108 , 109 ]. 
Ubiquitination-related enzymes, particularly E3 ubiquitin lig- 

ses, are extensively involved in tumor progression and repre- 
ent a rich source of prognostic biomarkers. For example, TRIM47 
s a potential prognostic and metastasis-associated biomarker in 

ead and neck squamous cell carcinoma (HNSCC) [ 110 ]. TRIM27 
xpression is associated with poor prognosis in renal cell car- 
inoma (RCC) [ 111 ]. FRMD3 represents a candidate prognostic 

biomarker in BC [ 112 ]. Similarly, NEDD4L has thus been proposed
as a prognostic biomarker in RCC [ 113 ]. Moreover, in acute lym-
phoblastic leukemia (ALL), the SCF complex subunit FBXO8 is an
important prognostic biomarker and potential therapeutic tar-
get [ 114 ]. In addition to E3 ligases themselves, ubiquitination-
regulated proteins and pathway components also contribute to
biomarker discovery. For instance, asparagine synthetase is over-
expressed in COAD and has been incorporated into ubiquitination-
related prognostic signatures associated with poor outcome and
altered immune landscapes [ 115 ]. 

Glycosylation-associated enzymes have also demonstrated
prognostic relevance. Among glycosyltransferases, GalNAc-T3 is
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significantly correlated with tumor differentiation status and 

serves as a marker of high-grade disease and poor prognosis in 

RCC [ 116 ]. In addition, GalNAc-T3 has also been proposed as a 
prognostic biomarker in early-stage GC [ 117 ]. Similarly, GLT8D1/2 
expression correlates with tumor-infiltrating lymphocyte abun- 
dance and represents a potential prognostic marker in GC [ 118 ], 
and GalNAc-T6 is associated with favorable outcomes in PDAC 

[ 119 ]. 
HDAC6 has been reported as a potential prognostic biomarker 

in multiple malignancies, including LUAD, COAD, and RCC [ 120–
122 ]. Beyond enzyme expression, global, and site-specific histone 
marks also carry important prognostic information. Decreased 

H3K9 acetylation together with reduced H4K20 trimethylation has 
been observed and correlates with increased tumor malignancy, 
which may serve as effec tive biomarkers for OV stratification and 

prognostic evaluation [ 123 , 124 ]. 
Collectively, by integrating phosphorylation, glycosylation, 

ubiquitination, and histone modification data, PTM profiling pro- 
vides a multidimensional view of tumor biology, offering both 

mechanistic insight and clinically actionable prognostic informa- 
tion. These PTM-based prognostic biomarkers across different 
cancer types are summarized in Table 2 . 

PTM systems as treatment response 

biomarkers for cancer 

Beyond diagnosis and prognosis, PTM systems also can be 
used to monitor therapeutic responses. Integrated with com- 
putational modeling, PTM profiling enables stratification based 

on modification-specific signatures, as shown by deep learning- 
based citrullinated peptide analysis for disease classification 

and treatment prediction, underscoring its potential in precision 

medicine and as biomarkers for monitoring therapeutic response 
in oncology [ 146 ]. 

A growing number of phosphorylated proteins have been iden- 
tified as clinically relevant biomarkers with predictive value. For 
instance, in NSCLC, phosphorylated SHP2 (p-SHP2) functions as a 
sensitive indicator of EGFR signaling activity and may help eluci- 
date mechanisms of resistance to EGFR tyrosine kinase inhibitors 
[ 147 ]. Similarly, during chemotherapy or radiotherapy, the extent 
of eIF2 α phosphorylation reflects the induction of immunogenic 
cell death, a clinically relevant form of apoptosis [ 148 ]. Phospho- 
rylation of ATM at S1981 reflects activation of the DNA damage re- 
sponse and can be used to predict treatment sensitivity [ 149 ]. 

Beyond phosphorylation, other PTM modalities also contribute 
to therapeutic stratification. In HCC, the hypoxia-induced E3 ligase 
receptor DTL is a potential prognostic and predictive biomarker 
for response to sorafenib [ 150 ]. In addition, in tamoxifen-resistant 
BC, TRIM4 serves as a prognostic and predictive biomarker [ 151 ]. 
Moreover, the interferon-induced ubiquitin-like protein ISG15 has 
emerged as a predictive biomarker for PD-1/PD-L1 immunother- 
apy response, supporting its application in prognostic assessment 
and personalized immunotherapy [ 152 ]. 

Importantly, protein glycosylation can also indicate therapeu- 
tic response. Enzymatic deglycosylation markedly improves the 
accuracy of PD-L1 detection, enabling more precise identification 

of TNBC patients suitable for immune checkpoint blockade. Deg- 
lycosylated PD-L1 represents a reliable predictive biomarker for 
immunotherapy responsiveness [ 153 ]. In PCa, alterations in the 
N -glycosylation patterns of prostate-specific antigen (PSA) signif- 

icantly improve diagnostic accuracy, prognostic evaluation, and 

prediction of treatment response, outperforming total PSA mea-
surements alone [ 106 ]. In addition, acetylation-related enzymes
have increasingly been implicated in therapeutic resistance. His-
tone deacetylases HDAC1 and HDAC2 have been associated with
resistance to regorafenib in acute myeloid leukemia (AML) and
CRC [ 154 , 155 ]. 

In summary, diverse PTM systems, including phosphorylation, 
ubiquitination, glycosylation, and acetylation, enhance biomarker 
accuracy while providing mechanistic insight into treatment re-
sponse and resistance, underscoring their value in precision on-
cology. A summary of PTM-based predictive biomarkers for ther-
apy response in cancer is provided in Table 3 . 

PTM systems used for cancer subtyping 

Cancer is characterized by profound functional heterogeneity that
is often insufficiently captured by genomic alterations alone. PTM
systems provide a dynamic and pathway-resolved view of tumor
states and therefore offer powerful strategies for molecular sub-
typing and functional stratification of cancers. 

Aberrant phosphorylation events not only drive tumor progres-
sion but also exacerbate the high heterogeneity of tumor phe-
notypes. Accordingly, phosphorylation-mediated molecular alter- 
ations have gradually emerged as reliable tools for cancer molec-
ular stratification, as well as important avenues for the discovery
of clinically valuable biomarkers. In neuroblastoma (NB), phos-
phorylation networks driven by CDK5 activity have been sug-
gested as molecular stratification. Specifically, phosphosites such 

as p-LARP6-T202, p-H1.5-S17, p-RBL1-s988, and p-SUV39H1-s391 
collectively constitute a functional phosphoproteomic signature, 
serving as biomarkers that define a CDK5-dependent tumor sub-
type and predict therapeutic response [ 168 ]. In PCa, phosphory-
lated JNK at T183/Y185 (p-JNK) is associated with tumor progres-
sion and may serve as an early marker of aggressive disease [ 169 ].
Phosphorylated SMAD3 (p-SMAD3) has been identified as a predic-
tive marker for HCC risk in patients with primary biliary cholangitis
[ 170 ]. In NSCLC, EML4–ALK-positive and -negative tumors are clas-
sified into distinct molecular subtypes, and EML4–ALK fusion has
been associated with resistance to EGFR tyrosine kinase inhibitors
[ 171 ]. Beyond phosphorylation, global O-GlcNAcylation levels cor-
relate positively with histologic grade in endometrial cancer (EC),
and may serve as a stratification marker for advanced, poorly dif-
ferentiated cases [ 172 ]. 

Collectively, integrating PTM-based features into molecular 
subtyping holds substantial promise for improving patient strat-
ification, risk assessment, and precision therapeutic decision- 
making. These PTM-based biomarkers used for molecular subtyp-
ing across cancers are summarized in Table 4 . 

PTM systems as therapeutic targets 

in cancer 

Accumulating evidence demonstrates that aberrant regulation of 
PTM systems is not merely a consequence of malignant transfor-
mation but constitutes a central driver of oncogenic signaling,
transcriptional reprogramming, and proteome instability [ 2 , 175 ].
Importantly, multiple components of PTM system, including writ-
ers, erasers, and readers, have proven to be pharmacologically
tractable, leading to the successful development of clinically ap-
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Table 2. PTM-based prognostic biomarkers in cancer. 

PTMs Biomarkers Cancers Clinical performance 

Phosphorylation p-AKT HCC [ 125 ] HR = 2.743 
(95% CI = 1.132–6.534) 
P = 0.031 

PTPN13 BC [ 108 ] HR = 0.79 
(95% Cl = 0.71–0.88) 
P = 3e −05 

HCC [ 109 ] HR = 0.597 
(95% CI = 0.403–0.886) 
P = 0.01 

CDK1/CDK4 CRC [126] HR = 1.98 
(95% Cl = 0.91–4.28) 
P = 0.079; 
HR = 1.72 
(95% Cl = 0.78–3.81) 
P = 0.18 

SHP2 CRC [ 127 ] HR = 0.699 
(95% CI = 0.503–0.972) 
P = 0.033 

NEK2 HCC [ 128 ] ROC = 0.960 
(95% CI = 0.939–0.981) 
P = 0.003 

p-ARser81/ PCa [ 107 ] High expression reduced 

pARser213 survival 5.73–2.03 years, 
P = 0.000 297 

Ubiquitination TRIM47 HNSCC [ 110 ] HR = 2.044 
(95% CI = 1.147–3.644), 
P = 0.0153 

FRMD3 BC [ 112 ] HR = 0.71 
(95% CI = 0.61–0.83), 
P = 1.2e −05 

NEDD4L RCC [ 113 ] HR = 0.44 
(95% CI = 0.32–0.59), 
P = 2.2e08 

FBXO8 ALL [ 114 ] Poor survival 
P < 0.001 

OTUB1 HCC [ 129 ] HR = 0.214 
(95% CI = 0.126–0.364), 
P < 0.001 

UBE2D1 HNSCC [ 130 ] HR = 1.4 
(95% CI = 1.08–1.83), 
P = 0.012 

RNF6 BC [ 131 ] HR = 1.532 
(95% CI = 1.121–3.642), 
P = 0.026 

TRIM27 RCC [ 111 ] HR = 2.53 
(95% CI = 1.24–5.17), 
P = 0.011 

USP33 TC [ 132 ] HR = 2.09 
(95% CI = 1.12–3.89), 
P = 0.020 

USP39 PDAC [ 133 ] HR = 2.76 
(95% CI = 1.32–5.73), 
P = 0.0067 

RNF214 HCC [ 134 ] HR = 1.873 
(95% CI = 1.084–3.235), 
P = 0.024 
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Table 2. Continued 

PTMs Biomarkers Cancers Clinical performance 

Glycosylation GalNAc-T3 RCC [ 116 ] HR = 3.43 
(95% Cl = 1.13–10.38) 
P = 0.03 

GLT8D2 GC [ 118 ] HR = 1.49 
(95% Cl = 1.07–2.07) 
P = 0.019 

AFP-L3 HCC [ 135 ] RFS = 76.4% 

(95% CI = 61.9%–86.0%) 
P < 0.001 

HER2 BC [ 136 ] HR = 0.94, 
(95% CI = 0.89–0.98) 
P = 0.008 

CEA CRC [ 137 ] HR = 1.343 
(95% CI = 1.1–1.7) 
P < 0.0001 

GLT8D1/2 GC [ 138 ] GLT8D1: HR = 1.97 
(95% CI = 1.40–2.77) 
P < 0.001 
GLT8D2: HR = 1.55 
(95% CI = 1.11–2.16) 
P = 0.01 

GalNAc-T6 PDAC [ 119 ] HR = 0.53 
(95% CI = 0.31–0.92) 
P = 0.024 

CA19-9 PDAC [ 139 , 140 ] HR = 1.79 
(95% CI = 1.58–2.01) 
P < 0.001 

Thyroglobulin THCA [ 141 ] HR = 1.85 
(95% CI = 1.30–2.70) 
P = 0.003 

Acetylation HDAC6 LUAD [ 121 ] HR = 1.01 
(95% CI = 1.01–1.02) 
P = 1.8e −07 

COAD [ 122 ] OS = 6.207 
(95% CI = 1.442–26.708) 
P = 0.014 

RCC [ 120 ] HR = 0.584 
(95% CI = 0.389–0.964) 
P = 0.038 

HDAC11 LUSC [ 142 ] HR = 2.275 
(95% CI = 1.256–4.120) 
P = 0.007 

H3K9ac BC [ 123 ] Poor survival 
P = 0.005 

H3K56ac CRC [ 143 ] HR = 0.7 
(95% CI = 0.47–0.94) 
P = 0.02 

H4K16ac CRC [ 143 ] HR = 0.7 
(95% CI = 0.47–0.94) 
P = 0.02 

Methylation H4K20me3 OV [ 124 ] HR = 2.85 
(95% CI = 0.52–53.37) 
P = 0.263 

EZH2 HCC [ 144 ] HR = 1.97 
(95% CI = 1.38–2.81) 
P < 0.001 

Serotonylation TGM2 HCC [ 145 ] Poor survival 
P = 0.003 
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Table 3. PTM-based predictive biomarkers for therapy response in cancer. 

PTMs Biomarkers Cancers Clinical performance 

Phosphorylation 

p-SHP2 NSCLC [ 147 ] Low levels of SHP2 promote antitumor T-cell responses in 

NSCLC and overcome TKI resistance. 
p-eIF2 α BC [ 148 ] High expression of p-eIF2 α is linked with immunesuppression 

and poor response to anthracycline-based therapy. 
p-ATM CRC [ 149 ] p-ATM is increased in peripheral blood mononuclear cells 

following stereotactic body radiation therapy. 
p-GSK3 β BC [ 156 ] Low expression of GSK-3 β is directly associated with 

chemoresistance. 
p-AR PCa [ 157 ] p-AR positivity is associated with resistance to abiraterone or 

enzalutamide treatment. 
PTEN BC [ 158 ] Low expression of PTEN is associated with trastuzumab 

resistance in HER2-positive BC. 
p-EGFR NSCLC [ 159 ] High p-EGFR expression is associated with increased sensitivity 

to EGFR-TKIs. 
Ubiquitination DTL HCC [ 150 ] High DTL expression is related with resistance to sorafenib. 

TRIM4 BC [ 151 ] TRIM4 enhances the sensitivity of BC cells to tamoxifen. 
ISG15 GC, LUAD [ 152 ] Elevated ISG15 expression is associated with a better response 

to anti–PD-L1 therapy. 
USP14 HCC [ 160 ] The expression of USP14 is positively correlated with lenvatinib 

resistance in HCC cells and tumors. 
USP10 NSCLC [ 161 ] High expression of USP10 confers platinum–based 

chemotherapy resistance in NSCLC lacking wild–type p53. 
Glycosylation Gly-PD-L1 BC [ 153 ] Deglycosylated PD-L1 shows a stronger correlation with 

treatment response (AUC 0.860) than non-deglycosylated PD-L1 
(AUC 0.648). 

ST6Gal I GC [ 162 ] Elevated ST6Gal I expression correlates with trastuzumab 

resistance. 
CA19-9 CRC [ 163 ] Elevated CA19-9 levels are associated with treatment failure and 

disease progression in CRC patients receiving chemotherapy 
with plus bevacizumab. 

Gly-PSA PCa [ 106 ] Elevated glycosylated PSA levels correlate with drug resistance 
in PCa. 

HE4 OV [ 164 ] HE4 promotes resistance to adriamycin in ovarian cancer. 
hCG TGCT [ 165 ] The glycosylation level of hCG is positively correlated with the 

degree of cisplatin resistance in tenosynovial giant cell tumor 
(TGCT). 

CA27.29 BC [ 166 ] A persistent increase in CA27.29 levels suggests treatment 
failure or disease progression. 

CA15-3 BC [ 167 ] Reduced CA 15–3 levels are associated with favorable response 
and prognosis following first-line anthracycline chemotherapy. 

Acetylation HDAC1 AML [ 154 ] Higher HDAC1 expression correlates with doxorubicin 

resistance. 
HDAC2 CRC [ 155 ] Higher HDAC2 expression correlates with regorafenib resistance. 
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roved anticancer therapies (Fig. 4 ). These advances indicate that 
argeting PTM systems represents a viable and impactful thera- 
eutic strateg y in oncolog y [ 176 , 177 ]. 

espiratory system 

SCLC 

ithin respiratory malignancies, NSCLC currently provides the 
learest illustration of how PTM-linked dependencies trans- 

ate into practice, with a therapeutic landscape dominated by 

phosphorylation-driven oncogene addiction and complemented
by a smaller but expanding set of non-kinase PTM/recognition
strategies. EGFR inhibition represents a cornerstone of preci-
sion treatment for EGFR-mutant NSCLC, with successive gener-
ations of EGFR tyrosine kinase inhibitors, including gefitinib, er-
lotinib, afatinib, and osimertinib, establishing durable, genotype-
informed therapeutic paradigms [ 178–181 ]. In parallel, fusion-
driven kinase addiction is exemplified by ALK-rearranged NSCLC,
where a multi-generation continuum of ALK inhibitors (crizotinib,
alectinib, brigatinib, ceritinib, lorlatinib, and ensartinib) has en-
abled sustained targeted disease control and iterative manage-
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Table 4. PTM-based biomarkers for cancer molecular subtyping. 

PTMs Biomarkers Cancers Clinical performance 

Phosphorylation EML-ALK NSCLC [ 171 ] Type I: EML4-ALK + 

Type II: EML4-ALK −
EML4-ALK positivity was 
associated with resistance to 

EGFR tyrosine kinase inhibitors. 
STAT3/p-STAT3 OV [ 173 ] Type I: high STAT3/p-STAT3 

Type II: low STAT3/p-STAT3 
High STAT3/p-STAT3 expression 

was correlated with poorer 
prognosis of OV patients. 

p-JNK PCa [ 169 ] Type I: high p-JNK (Gleason grades 4 or 5) 
Type II: low Sp-JNK (Gleason grade 3) 
p-JNK may serve as an early 
biomarker for aggressive PCa stratification. 

p-SMAD3 HCC [ 170 ] Type I: p-SMAD3C (S423/425) 
Type II: p-SMAD3L (S213) 
pSmad3L is associated with 

intrahepatic metastasis, 
multicentric occurrence, and liver 
cirrhosis. 

Ubiquitination FBXW7 CRC [ 174 ] Type I: MSI-FBXW7wt 

Type II: MSI-FBXW7R465C 

FBXW7R465C displays worse 
overall survival. 

Table 5. PTM-associated therapeutic targets and inhibitors in respiratory malignancies. 

Cancers Targets Drugs/inhibitors 

NSCLC EGFR Gefitinib [ 178 ], erlotinib [ 179 ], afatinib [ 180 ], osimertinib [ 181 ] 
ALK Crizotinib [ 182 ], alectinib [ 183 ], brigatinib [ 184 ], ceritinib [ 185 ], 

lorlatinib [ 186 ], ensartinib [ 187 ] 
BRAF/MEK Dabrafenib + trametinib [ 188 ] 
HER2 Trastuzumab ( + deruxtecan, ADC) [ 189 ], zongertinib [ 190 ] 
HDAC6 ACY-241 ( + nivolumab) [ 191 ] 
Siglec–15 NC318 ( + pembrolizumab) [ 192 ] 
PAD4 GSK484 [ 193 ] 

MPM EZH2 Tazemetostat [ 194 ] 
SCLC EZH2 Tazemetostat ( + topotecan + pembrolizumab) NCT05353439 

[ 195 , 196 ] 
LSD1/KDM1A Iadademstat ( + atezolizumab or durvalumab) NCT06287775 

[ 197 ] 
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ment of resistance [ 182–187 ]. MAPK-pathway targeting is clin- 
ically relevant in molecularly selected subsets, with combined 

BRAF/MEK blockade using dabrafenib plus trametinib consti- 
tuting an established strategy for BRAF V600E–altered NSCLC 

[ 188 ]. 
Beyond these canonical kinase drivers, ERBB2/HER2-altered 

NSCLC has emerged as an additional actionable genotype. 
Here, clinically implemented targeting includes the HER2-directed 

antibody–drug conjugate trastuzumab deruxtecan, alongside 
next-generation HER2 inhibitors such as zongertinib, reflecting ex- 

panding options for HER2-mutant NSCLC beyond traditional HER2
agents developed in BC or GC [ 189 , 190 ]. 

Complementing kinase-centric strategies, several non-kinase 
PTM/recognition nodes are being evaluated predominantly in 

early clinical or preclinical settings. Acetylation-eraser targeting 
via HDAC6 inhibition has been explored using ACY-241 in com-
bination with nivolumab, representing a clinical-stage effort to
modulate tumor stress programs and immune responsiveness 
in NSCLC [ 191 ]. In addition, glycan-dependent immune regu-
lation is being translated through Siglec-15 blockade: NC318,
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Figure 4. Targeting PTMs in cancer. Schematic overview of major PTMs in tumor-targeted therapy, highlighting the principal modification classes and 

their associated targeting strategies. P, phosphorylation; Ac, acetylation; Me, methylation; Ub, ubiquitination; SUMO, SUMOylation; Gly, glycosylation; 

Far, farnesylation; PAR, Poly(ADP-ribosyl)ation; Nedd, neddylation. The graphical components of this figure were created using BioRender 

(BioRender.com). 
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lone or in combination with pembrolizumab, exemplifies an 

nvestigational immune-directed strategy aimed at overcoming 
mmune evasion in NSCLC [ 192 ]. Finally, citrullination-linked 

ignaling and microenvironmental regulation have motivated 

AD4 targeting; GSK484 has been used as a representative PAD4 
nhibitor in NSCLC-relevant experimental systems, supporting 
AD4-dependent programs as a preclinical vulnerability that 
ay inform future combination strategies [ 193 ]. Collectively, 

hese examples illustrate a tiered NSCLC landscape in which 

stablished kinase inhibitors dominate current clinical practice, 
hile epigenetic, glycan-dependent immune, and citrullination- 

ssociated interventions continue to expand translational 
pportunities. 

alignant pleural mesothelioma and SCLC 

n malignant pleural mesothelioma (MPM) and SCLC, PTM- 
nformed strategies remain less clinically saturated than in NSCLC, 
ut are increasingly being pursued through epigenetic and 

ombination-oriented development. In MPM, targeting chromatin 

epression has gained translational traction in molecularly de- 
ined contexts such as BAP1-inactivated disease, where phar- 

acologic inhibition of EZH2 with tazemetostat has advanced 

nto clinical evaluation and provides a representative example of 
ethylation-directed intervention in a thoracic malignancy with 

therwise limited targeted options [ 194 ]. Although EZH2 is also 

herapeutically relevant in SCLC, it is currently being explored 

ainly in combination regimens rather than in a molecularly se- 
ected setting, in contrast to BAP1-inactivated MPM, where EZH2 

inhibition is linked to a more clearly defined disease subset. Sev-
eral clinical trials are ongoing in SCLC. One approach involves
EZH2 inhibition with tazemetostat in combination with topote-
can and pembrolizumab (NCT05353439) [ 195 , 196 ]. Another strat-
egy targets neuroendocrine transcriptional maintenance through
LSD1/KDM1A inhibition using iadademstat, combined with im-
mune checkpoint blockade using atezolizumab or durvalumab
in extensive-stage disease (NCT06287775) [ 197 ]. Together, these
studies illustrate a broader therapeutic rationale that integrates
epigenetic reprogramming with cytotoxic and immune-directed
treatment backbones in SCLC. Representative PTM-associated
therapeutic targets and inhibitors in respiratory malignancies, in-
cluding NSCLC, MPM, and SCLC, are summarized in Table 5 . 

Hematologic system 

AML 

In AML, clinically actionable vulnerabilities increasingly converge
on transcriptional and chromatin-dependency nodes. Among the
most mature examples, disruption of KMT2A-associated transcrip-
tional programs has translated into genotype-informed therapeu-
tic opportunities. The menin inhibitors revumenib and ziftomenib
exemplify this axis, providing a clinically tractable route to sup-
press KMT2A-driven leukemogenic gene expression and promote
differ entiation in molecularly defined AML subsets [ 198 , 199 ]. 

In addition to the menin–KMT2A circuitry, P300/CBP has
emerged as a druggable transcriptional co-activator hub in AML.
The P300/CBP-directed inhibitor inobrodib represents a clini-
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cally investigated strategy to attenuate acetylation-dependent 
enhancer function and oncogenic transcriptional maintenance 
in hematologic malignancies, including AML [ 200 ]. Concurrent 
with single-node targeting, dual-epigenetic intervention has also 

entered translational testing: NEO2734, a dual P300/CBP–BET 

inhibitor, is being investigated as a compact “writer/reader”
co-targeting approach designed to more broadly collapse 
acetylation-coupled transcriptional programs relevant to AML 
pathogenesis [ 201 ]. 

Protein-stability control remains another exploitable layer in 

AML. Reactivation of p53 signaling through MDM2 inhibition 

has motivated combination-based regimens, as illustrated by 
milademetan administered with a low-dose cytarabine (LDAC) 
backbone and further intensified with venetoclax, reflecting a ra- 
tionale to couple p53 pathway engagement with apoptotic prim- 
ing in AML [ 202 ]. In addition, aberrant arginine methylation is in- 
creasingly recognized as a supporting dependency for leukemic 
transcription and splicing, with the PRMT5 inhibitor PRT543 ad- 
vancing as a representative clinical-stage approach in AML [ 203 ]. 
Finally, perturbation of ubiquitin-like modification pathways of- 
fers complementary leverage over leukemic proteostasis and 

stress adaptation. In this context, inhibition of neddylation via the 
NAE inhibitor TAS4464 has been explored as a targeted strategy 
to impair cullin–RING ligase activity and disrupt downstream sur- 
vival programs in AML models [ 204 ]. Overall, these examples illus- 
trate how AML-directed precision strategies are expanding from 

mutation-centric targets toward integrated control of transcrip- 
tional regulation, epigenetic state, and protein homeostasis. 

Multiple myeloma 

In multiple myeloma (MM), therapeutically actionable depen- 
dencies span protein-stability control, oncogenic MAPK sig- 
naling in molecularly selected subsets, and emerging epige- 
netic/transcriptional vulnerabilities. The most established axis re- 
mains cereblon (CRBN) modulation, with the immunomodula- 
tory drugs pomalidomide, lenalidomide, and thalidomide form- 
ing a foundational therapeutic class in MM [ 205–207 ]. Clinically, 
thalidomide was first introduced into the myeloma field because 
objective responses were observed in relapsed/refractory MM, 
demonstrating bona fide single-agent antimyeloma activity. How- 
ever, in contemporary practice, thalidomide is not primarily used 

as monotherapy. Responses are often modest and slow to de- 
velop, and long-term single-agent use is limited by tolerability, 
particularly cumulative peripheral neuropathy, somnolence, con- 
stipation, and thromboembolic risk. Accordingly, in the USA, it was 
approved for newly diagnosed MM in combination with dexam- 
ethasone, not as monotherapy. Building on this CRBN paradigm, 
next-generation cereblon E3 ligase modulators (CELMoDs), such 

as iberdomide, further reprogram CRL4∧ CRBN substrate engage- 
ment beyond classical IMiDs and are being developed to extend 

activity into IMiD-refractory settings [ 208 , 209 ]. Mechanistically, 
these agents are designed to drive deeper and more sustained de- 
pletion of key CRBN neosubstrates (e.g. IKZF1/3), thereby ampli- 
fying downstream transcriptional disruption relevant to myeloma 
maintenance. 

In parallel, although MM is not uniformly driven by MAPK 

addiction, MAPK pathway targeting is clinically relevant in ge- 
nomically defined subsets. Vemurafenib has shown activity in 

BRAF-mutant MM, and combined pathway blockade with enco- 

rafenib + binimetinib provides a rational BRAF/MEK precision
strategy in BRAFV600-altered myeloma [ 210 , 211 ]. Beyond these
targeted approaches, MEK inhibition has also been explored ex-
perimentally (e.g. PD184352) as a tool to interrogate MAPK depen-
dence and combination potential in MM models [ 212 ]. 

Epigenetic and transcriptional strategies broaden the MM ther-
apeutic landscape. Romidepsin, as an HDAC-directed agent, ex-
emplifies acetylation-eraser targeting explored in MM [ 213 ]. More
recently, direct perturbation of transcriptional co-activator ma- 
chinery has been pursued via P300/CBP targeting; the P300/CBP
degrader CBPD-409 represents a novel approach with preclini-
cal activity in MM models, supporting continued exploration of
co-activator dependency in myeloma [ 214 ]. Finally, methylation-
linked transcriptional maintenance can be probed through com-
bined arginine methyltransferase targeting, exemplified by PRMT1 
and PRMT5 co-inhibition using GSK3368715 and EPZ015666 in MM-
relevant settings [ 215 ]. Collectively, these examples illustrate how
MM therapy integrates established CRBN-based disease control 
with increasingly genotype- and mechanism-informed strategies, 
while emerging epigenetic and co-activator interventions con- 
tinue to expand the actionable repertoire in this malignancy. 

Chronic myeloid leukemia 

In chronic myeloid leukemia (CML), targeting proteostasis has
been explored as a complementary vulnerability beyond canon-
ical BCR–ABL1 kinase inhibition. In particular, inhibition of
proteasome-associated deubiquitinase activity at UCHL5 and 

USP14 has been investigated using B-AP15 and auranofin, which
disrupt 19S regulatory particle-linked deubiquitination and 

thereby exacerbate proteotoxic stress in leukemic cells [ 216 , 217 ].
Preclinical studies in CML models, including settings relevant to
tyrosine kinase inhibitor resistance, report that this deubiquiti-
nating enzyme (DUB)-directed strategy can suppress leukemic 
cell survival and support the rationale for ubiquitin-proteasome
system (UPS) modulation as a non-kinase therapeutic direction in
CML. 

Other hematologic malignancies 

Outside AML, MM, and CML, HDAC blockade represents one of
the most clinically mature acetylation-directed therapeutic strate- 
gies in hematologic malignancies, with demonstrated applicabil- 
ity across multiple lymphoma and high-risk leukemia contexts.
In CTCL, HDAC inhibition is an established treatment paradigm,
exemplified by vorinostat and romidepsin [ 218 , 219 ]. In PTCL,
HDAC-directed therapy is similarly implemented in an indication-
matched manner, with belinostat and tucidinostat serving as rep-
resentative agents used or evaluated in relapsed/refractory dis-
ease settings [ 220 , 221 ]. In DLBCL, HDAC targeting has advanced
primarily through chemo-backbone–anchored combinations, ex- 
emplified by tucidinostat plus R-CHOP, which integrates epige-
netic modulation into standard immunochemotherapy regimens 
[ 222 ]. In ETP-ALL/LBL, an aggressive T-lineage entity, HDAC inhibi-
tion has likewise been explored in regimen-based strategies rather
than monotherapy, with tucidinostat combined with pediatric- 
inspired chemotherapy (PIC) evaluated in newly diagnosed adult
patients [ 223 ]. Overall, PTM-targeted therapies in hematologic
malignancies mainly involve acetylation regulators, transcription- 
related factors, and proteostasis-associated enzymes. HDAC inhi- 
bition is particularly illustrative of this pattern, having achieved
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Table 6. PTM-associated therapeutic targets and inhibitors in hematologic malignancies. 

Cancers Targets Drugs/inhibitors 

AML KMT2A Revumenib [ 198 ], ziftomenib [ 199 ] 
P300/CBP Inobrodib [ 200 ] 
P300/CBP, BET NEO2734 [ 201 ] 
MDM2 Milademetan ( + LDAC + venetoclax) [ 202 ] 
PRMT5 PRT543 [ 203 ] 
NAE TAS4464 [ 204 ] 

MM CRBN Pomalidomide [ 205 ], lenalidomide [ 206 ], thalidomide [ 207 ] 
CRL4∧ CRBN Iberdomide ( + dexamethasone) [ 208 ] 
BRAF Vemurafenib [ 210 ] 
BRAF + MEK1/2 Encorafenib + binimetinib [ 211 ] 
MEK1/2 PD184352 [ 212 ] 
HDACs Romidepsin [ 213 ] 
P300/CBP CBPD-409 [ 214 ] 
PRMT1 + PRMT5 EPZ015666 + GSK3368715 [ 215 ] 

CML UCHL5, USP14 B-AP15 [ 216 ], auranofin [ 217 ] 
CTCL HDACs Vorinostat [ 218 ], romidepsin [ 219 ] 
PTCL HDACs Belinostat [ 220 ], tucidinostat [ 221 ] 
DLBCL HDACs Tucidinostat ( + R-CHOP) [ 222 ] 
ETP-ALL HDACs Tucidinostat ( + PIC) [ 223 ] 
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elatively mature clinical deployment across multiple hemato- 
ogic settings, from approved single-agent use in selected T-cell 
ymphomas to regimen-integrated strategies in other high-risk 
ymphoid neoplasms. For example, vorinostat in CTCL and beli- 
ostat in relapsed/refractory PTCL both reached regulatory ap- 
roval on the basis of measurable single-agent activity, with re- 
orted response rates of ̃ 30% and 25.8% [ 218 ], respectively. By 
ontrast, in solid tumors, HDAC inhibitors have generally shown 

ore limited single-agent activity and are therefore more often 

ursued as combination partners to enhance immunotherapy or 
hemotherapy, as illustrated by ACY-241 plus nivolumab in NSCLC 

nd ricolinostat/ACY-241–based combinations with paclitaxel in 

V. This difference likely reflects, at least in part, the greater clin- 
cal embedding of epigenetic therapy in hematologic malignan- 
ies, whereas in solid tumors, HDAC inhibition is more often used 

o modulate the tumor microenvironment, immune responsive- 
ess, or treatment sensitivity rather than to serve as a mature stan- 
alone strategy. Representative PTM-associated therapeutic tar- 
ets and inhibitors in hematologic malignancies, including AML, 
M, CML, CTCL, PTCL, DLBCL, and ETP-ALL, are summarized in 

able 6 . 

astrointestinal and hepatobiliary system 

RC 

n CRC, clinically actionable dependencies span established 

eceptor-level targeting, genotype-defined MAPK pathway in- 
ervention, and a growing set of transcriptional, epigenetic, 
nd protein-homeostasis vulnerabilities that are being evaluated 

argely in exploratory clinical or preclinical settings. At the level of 
eceptor tyrosine kinase blockade, EGFR-directed therapy remains 
 cornerstone in biomarker-selected disease, exemplified by the 
nti-EGFR antibody cetuximab, which is clinically established in 

molecularly appropriate CRC subsets and anchors multiple com-
bination regimens in advanced disease management [ 224 ]. In par-
allel, BRAF-driven signaling constitutes a key precision-oncology
niche in CRC. For BRAFV600E-altered metastatic CRC, the clinically
established and approved strategy is combined pathway suppres-
sion, represented by encorafenib plus cetuximab, while alterna-
tive BRAF/EGFR intensification has also been clinically evaluated
using vemurafenib with cetuximab and irinotecan, reflecting ef-
forts to overcome intrinsic and adaptive feedback reactivation in
this genotype-defined context [ 225 , 226 ]. 

Beyond these mature targeted axes, several pathway-adjacent
and chromatin-linked targets are expanding the translational CRC
landscape. Hippo-pathway effector dependence has motivated
YAP-associated inhibition using simvastatin as a representative
pharmacologic approach supported primarily by preclinical CRC
models [ 227 ]. Likewise, upstream signal integration through SHP2
is being clinically probed with agents such as TNO155, consis-
tent with the broader rationale of intercepting RAS/MAPK relay
and feedback signaling that sustains oncogenic growth programs
[ 228 ]. Transcriptional co-activator circuitry is also being targeted
through dual-node strategies, exemplified by NEO2734, a com-
bined P300/CBP and BET inhibitor now in clinical testing that is
designed to collapse acetylation-coupled transcriptional amplifi-
cation relevant to CRC maintenance [ 229 ]. 

Protein turnover and epigenetic-state vulnerabilities further di-
versify actionable candidates, with most current evidence residing
at the preclinical stage. The cell cycle and ubiquitin–proteasome
interface has been explored via SKP2 targeting (e.g. tanshinone II)
and via deubiquitinase modulation such as USP7 inhibition with
P509, both reported to impair CRC cell survival programs in ex-
perimental systems [ 230 , 231 ]. At the level of chromatin repres-
sion, EZH2 targeting has been investigated as a chemosensitiza-
tion strategy, exemplified by tazemetostat combined with 5-FU,
supporting that epigenetic intervention may reprogram therapeu-
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tic responsiveness rather than act solely as a standalone cytotoxic 
strategy in CRC models [ 232 ]. Expanding beyond canonical signal- 
ing and chromatin targets, tumor-associated glycosylation and re- 
dox dependencies provide additional translational entry points: 
FUT8 inhibition with FDW028 has been reported specifically in 

metastatic CRC (mCRC) models, and ferroptosis-linked vulnerabil- 
ity has been probed via GPX4 targeting using ACE [ 233 , 234 ]. Col- 
lectively, these illustrate how CRC-directed targeting is broaden- 
ing from receptor and genotype-defined drivers toward diverse, 
mechanism-driven intervention points across signaling, transcrip- 
tional control, protein fate, and metabolic stress adaptation. 

GC 

In GC, actionable dependencies include both clinically established 

receptor-level targeting and emerging PTM-linked vulnerabilities 
that are currently supported mainly by preclinical evidence. Clini- 
cally, HER2 amplification defines a biomarker-selected subset in 

which trastuzumab combined with chemotherapy constitutes a 
validated therapeutic backbone and remains the most established 

example of targeted intervention in GC [ 235 ]. Beyond this ap- 
proved axis, several PTM-associated targets have been explored 

predominantly at the experimental stage. In the deSUMOylation 

pathway, SENP1 inhibition using momordin Ic has been reported 

to suppress GC phenotypes and is frequently evaluated in com- 
bination with cisplatin, consistent with a chemosensitization ra- 
tionale in preclinical GC models [ 28 ]. In parallel, citrullination- 
dependent regulation has been interrogated via PAD4 target- 
ing, with GSK484 used as a representative PAD4 inhibitor in GC- 
relevant experimental settings [ 236 ]. At the level of ubiquitin con- 
jugation, UBE2T has emerged as another candidate vulnerability, 
with M435-127 reported to inhibit tumor-promoting programs in 

GC models [ 237 ]. Collectively, these examples highlight a tiered GC 

landscape in which an approved HER2-directed regimen coexists 
with a developing set of PTM-linked targets that are often inves- 
tigated in preclinical systems and, in some cases, framed explic- 
itly around combination strategies such as cisplatin-based sensiti- 
zation that may inform future mechanism-guided therapeutic ex- 
pansion. 

HCC 

In HCC, PTM-directed targeting is expanding beyond canonical ki- 
nase inhibition toward epigenetic and metabolic dependencies 
that regulate lineage programs, stress adaptation, and therapeu- 
tic response, with most current evidence remaining preclinical. A 

recurrent theme is that PTM modulation is frequently positioned 

as a sensitization strategy rather than a standalone cytotoxic ap- 
proach. For example, PAD4-linked citrullination has been impli- 
cated in drug-response modulation, and pharmacologic PAD4 in- 
hibition using GSK484 has been reported to enhance the efficacy 
of established HCC therapies, including sorafenib and lenvatinib, 
supporting a combination-oriented rationale for targeting PAD4- 
dependent programs in HCC [ 238 , 239 ]. 

In parallel, acetyl-CoA and lipid metabolism sustaining onco- 
genic transcriptional states can be targeted via ACLY, with the ACLY 
inhibitor EVT0185 reported to suppress HCC growth and repro- 
gram tumor metabolic/immune features in preclinical models, po- 
sitioning ACLY as a tractable metabolic cofactor node linked to 

acetylation-dependent regulation [ 240 ]. Additional methylation- 
associated chromatin dependencies have also emerged as ac- 

tionable candidates. CARM1 inhibition with SGC2085 has been
shown to impair tumor-promoting transcriptional programs in 

HCC models. Likewise, inhibition of EHMT2 (G9a) using UNC0646
or BIX-01294 supports that HCC can rely on G9a-mediated re-
pressive chromatin states, with pharmacologic blockade dis- 
rupting growth and survival programs in experimental settings
[ 241–243 ]. Expanding the repertoire of histone methyltrans-
ferase targets, SMYD3 inhibition by ZYZ384 has been reported
to attenuate HCC progression, further underscoring the reliance
of HCC on methylation-dependent transcriptional maintenance 
[ 244 ]. Finally, repression-associated chromatin remodeling can
be pharmacologically perturbed through SUV39H1 targeting, with 

chaetocin used to validate SUV39H1-dependent vulnerabilities in 

HCC models [ 245 ]. 
Collectively, these examples define a developing PTM-targeted 

landscape in HCC characterized by combination-centric ap- 
proaches that augment standard systemic therapies (e.g. PAD4 in-
hibition with sorafenib/lenvatinib), and multiple epigenetic and 

metabolic enzyme nodes (ACLY, CARM1, EHMT2, SMYD3, SUV39H1) 
that converge on chromatin state control and transcriptional plas-
ticity. While clinical translation remains limited for many of these
agents, the breadth of mechanistically distinct PTM-linked targets
highlights substantial opportunity for mechanism-guided combi- 
nation strategies in HCC. 

PDAC 

In PDAC, PTM- and proteostasis-oriented strategies are being ex-
plored primarily at the preclinical stage, reflecting the limited
number of validated targeted options in this malignancy. One
emerging axis involves aberrant protein citrullination mediated by
PAD2, where pharmacologic inhibition using Cl-amidine and the
PAD2-selective inhibitor AFM-30a has been reported to suppress
PDAC-associated cellular programs in experimental models, sup- 
porting PAD2-dependent regulation as a tractable vulnerability in
this context [ 246 , 247 ]. 

Another PTM-linked entry point is palmitoylation-dependent 
signaling control via HHAT, with RU-SKI 43 serving as an inhibitor
that suppresses hedgehog ligand maturation and impairs PDAC
model growth [ 248 ]. Notably, despite the encouraging early find-
ings reported in the mid-2010s, translation toward clinical testing
has been limited. This is due in part to the widespread view that
RU-SKI 43 functions primarily as a tool compound with suboptimal
developability characteristics, such as poor in vivo stability and in-
sufficient systemic exposure, as well as potential off-target liabili-
ties [ 249 ]. 

Complementing these PTM-targeted nodes, proteostasis mod- 
ulation through inhibition of proteasome-associated deubiquiti- 
nases has also been investigated. Targeting the UCHL5/USP14
axis using B-AP15 or auranofin has been reported to exacer-
bate proteotoxic stress and compromise PDAC cell survival pro-
grams in preclinical systems [ 250 , 251 ]. Collectively, these ex-
amples delineate an emerging targeted-therapy landscape for 
PDAC in which citrullination, palmitoylation-linked pathways, and 

deubiquitinase-mediated proteostasis represent distinct but con- 
vergent PTM-based therapeutic strategies, although most studies 
remain at the preclinical or early clinical trial stage. Recent work
has further shown that DHHC5-mediated palmitoylation of SDHB
can promote T-cell exhaustion through a metabolic–epigenetic 
axis and that targeting this pathway may enhance the efficacy of
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Table 7. PTM-associated therapeutic targets and inhibitors in gastrointestinal and hepatobiliary cancers. 

Cancers Targets Drugs/inhibitors 

CRC EGFR Cetuximab [ 224 ] 
BRAF Encorafenib ( + cetuximab) [ 225 ] 

Vemurafenib ( + cetuximab + irinotecan) [ 226 ] 
YAP Simvastatin [ 227 ] 
SHP2 TNO155 [ 228 ] 222 
P300/CBP + BET NEO2734 [ 229 ] 
SKP2 Tanshinone IIA [ 230 ] 
USP7 P5091 [ 231 ] 
EZH2 Tazemetostat ( + 5-FU) [ 232 ] 
FUT8 FDW028 (ONLY mCRC) [ 233 ] 
GPX4 ACE [ 234 ] 

GC SENP1 Momordin Ic ( + cisplatin) [ 28 ] 
PAD4 GSK484 [ 236 ] 
HER2 Trastuzumab ( + chemotherapy) [ 235 ] 
UBE2T M435-1279 [ 237 ] 

HCC PAD4 GSK484 ( + sorafenib [ 238 ]/lenvatinib [ 239 ]) 
ACLY EVT0185 [ 240 ] 
CARM1 SGC2085 [ 241 ] 
EHMT2 UNC0646 [ 242 ], BIX-01294 [ 243 ] 
SMYD3 ZYZ384 [ 244 ] 
SUV39H1 Chaetocin [ 245 ] 

PDAC PAD2 Cl-amidine [ 246 ], AFM30a [ 247 ] 
HHAT RU-SKI 43 [ 248 ] 
UCHL5/USP14 B-AP15 [ 250 ], auranofin [ 251 ] 
Siglec–15 NC318 ( + pembrolizumab) [ 192 ] 
PAD4 GSK484 [ 193 ] 
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D-1 blockade, providing an additional example of PTM-directed 

ombination strategies in immunologically resistant PDAC [ 252 ]. 
epresentative PTM-associated therapeutic targets and inhibitors 

n gastrointestinal and hepatobiliary cancers, including CRC, GC, 
CC, and PDAC, are summarized in Table 7 . 

ynecologic and breast cancer 

C 

n BC, including TNBC, clinically actionable dependencies en- 
ompass established receptor- and pathway-level kinase target- 
ng together with a smaller set of emerging PTM-linked vulnera- 
ilities supported largely by preclinical evidence. At the receptor- 
ignaling level, HER2 represents a key actionable axis in HER2- 
ositive BC, with trastuzumab, pertuzumab, lapatinib, and nera- 

inib forming the core of current HER2-targeted therapies [ 253–
56 ]. Downstream of receptor activation, the PI3K–AKT–mTOR 

xis represents another therapeutic target in BC. For example, 
lpelisib in combination with fulvestrant targets PIK3CA-mutant, 
ormone receptor–positive BC [ 257 ]. Capivasertib in combination 

ith fulvestrant inhibits AKT in selected molecular contexts [ 258 ]. 
verolimus in combination with exemestane exemplifies mTORC1 

nhibition as an endocrine-sensitizing therapy [ 259 ]. Beyond these 
ature targeted axes, multi-targeted anti-angiogenic kinase in- 

ibitors have been explored in BC, including nintedanib combined 

ith paclitaxel, which showed an early neoadjuvant clinical signal 
n HER2-negative BC [ 260 ]. 

At the intersection of cell-cycle regulation and ubiquitin-
dependent processes, SKP2 inhibition with SMIP004 enhances the
effec t s of radiotherapy, producing marked suppression of BC cell
growth in vitro and in vivo [ 261 ]. Histone methyltransferases and
demethylases further diversify actionable candidates. DOT1L in-
hibition with EPZ-5676 has shown preclinical activity in TNBC-
relevant models [ 262 ]. In parallel, inhibition of KDM4 with Tach10
or QC6352 has been reported to suppress TNBC growth [ 263 , 264 ].
Collectively, these examples illustrate a tiered landscape of tar-
geted therapies in BC. 

OV 

In OV, PARP inhibitors block PARylation and disrupt the dynamic
regulation of DNA repair proteins and chromatin, thereby limiting
OV growth [ 265 ]. Olaparib was the first PARP inhibitor approved in
the USA for first-line maintenance monotherapy, followed by the
approval of additional agents, including niraparib and rucaparib,
in maintenance settings [ 266–268 ]. 

In addition, deacetylases and bromodomain-containing reader
proteins represent therapeutic targets. For example, targeting
HDAC6 with ricolinostat (ACY-1215) improves survival in preclin-
ical models of ARID1A-mutated OV [ 269 ]. Moreover, ricolinostat
or citarinostat (ACY-241) in combination with paclitaxel produces
synergistic anti-tumor effects [ 270 , 271 ]. Likewise, HDAC8 inhibi-
tion using PCI-34051, including combination with ACY-241, has
been reported to enhance anti-tumor effec t s in OV models, sup-
porting cooperative deacetylase targeting as a rational preclini-
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cal strategy [ 272 ]. In addition, the bromodomain-containing pro- 
tein ATAD2 has been targeted with BAY-850, which suppresses OV 

growth in experimental models [ 273 ]. 
Protein methylation system also serves as a potential ther- 

apeutic target in OV. SETD8 inhibition with UNC0379 has been 

shown to impair OV cell viability and tumor-associated pheno- 
types [ 274 ]. Histone methyltransferase DOT1L-mediated H3K79 
methylation modulates oncogenic transcription. Targeting DOT1L 
with inhibitors such as EPZ-5676, EPZ004777, and SGC0946 has 
demonstrated anti-tumor activity in OV models [ 275 ]. Together, 
these findings highlight PTM-based therapies as an expanding 
therapeutic axis in OV. 

EC 

In EC, PTM-informed therapeutic strategies have focused on RNA 

splicing-associated kinases, with CLK emerging as a tractable 
node. The pan-CLK inhibitor SM08502 has been evaluated as a 
mechanistic strategy to disrupt CLK-dependent splicing programs 
and attenuate oncogenic transcriptional output in EC models. Im- 
portantly, SM08502 has also been investigated in a combination 

context, with SM08502 plus paclitaxel reported to enhance antitu- 
mor activity relative to either agent alone in preclinical EC-relevant 
settings, supporting a rationale for pairing splicing-pathway per- 
turbation with cytotoxic backbone therapy in this disease [ 276 ]. 
Together, these findings highlight CLK inhibition as a promising 
translational approach to exploit RNA-processing vulnerabilities 
in EC. Collectively, these findings underscore the expanding thera- 
peutic potential of PTM strategies across BC, OV, and EC. Represen- 
tative PTM-associated therapeutic targets and inhibitors in gyne- 
cologic and BCs, including BC/TNBC, OV, and EC, are summarized 

in Table 8 . 

Genitourinary system 

PCa 

In PCa, PTM-directed targeting is emerging primarily through pre- 
clinical strategies that aim to disrupt transcription, chromatin re- 
pression, and cell-cycle–linked ubiquitin signaling programs that 
support progression and therapeutic resistance. One prominent 
axis is the transcriptional co-activator P300/CBP. Representative 
PROTAC degraders such as CBPD-409/CBPD-268 induce pharma- 
cologic depletion of P300/CBP and have demonstrated antitumor 
activity in PCa models [ 278 ]. 

In addition, the ubiquitin-conjugation machinery that pro- 
motes cell proliferation has been explored. The small-molecule in- 
hibitor HKI-357 has been reported to suppress UBE2C-dependent 
programs and restrain castration-resistant prostate cancer (CRPC) 
progression in PCa models [ 279 ]. Epigenetic repression further di- 
versifies the landscape. EHMT2 (G9a) inhibition with BIX-01294 
has been used to pharmacologically interrogate G9a-linked chro- 
matin states in PCa model [ 280 ]. Similarly, chromatin accessibil- 
ity is modulated by histone demethylases, and the KDM5 inhibitor 
PBIT has been shown to inhibit CRPC cell growth in preclinical 
studies [ 281 ]. 

BLCA 

In BLCA, an increasing number of PTM-based therapeutic targets 
are being identified, and corresponding targeted agents are un- 
der development. For example, in BLCA, fibroblast growth factor 

receptor (FGFR) inhibitors represent an important targeted thera-
peutic strategy, with erdafitinib approved for patients with locally
advanced or metastatic urothelial carcinoma carrying FGFR3 alter- 
ations who have experienced disease progression after prior sys-
temic therapy [ 282 ]. 

Beyond phosphorylation, methylation-based PTM systems also 

represent therapeutic targets in BLCA. SETD8 is a histone lysine
methyltransferase that enhances oncogenic transcription. Phar- 
macologic inhibition with UNC0379 suppresses tumor growth and
reduces cell fitness in preclinical models [ 283 ]. Likewise, KMT9 is
an actionable target in muscle-invasive BC. Inhibition with KMI169
impairs tumor-promoting phenotypes in preclinical models, high- 
lighting the potential to disrupt KMT9-driven methylation pro-
grams and suppress tumor growth [ 284 ]. 

RCC 

In RCC, and particularly in the clear cell subtype (ccRCC), vul-
nerabilities associated with PTM systems and protein stability
are closely integrated with the canonical von Hippel–Lindau
(VHL)–hypoxia-inducible factor (HIF) oxygen-sensing pathway, 
representing one of the most clinically advanced paradigms of
proteostasis-guided therapeutic targeting in solid tumors. Loss 
of VHL function in ccRCC stabilizes HIF transcriptional programs,
and pharmacologic interception of this dependency has trans-
lated into clinical benefit with the HIF-2 α inhibitor belzutifan [ 285 ].

Beyond this established pathway, DUB modulation provides an
additional, largely preclinical layer of intervention in RCC. USP7
has been implicated as a regulator of oncogenic stability networks
in ccRCC, and the USP7 inhibitor P5091 has been reported to sup-
press tumor-promoting programs in RCC model systems, support-
ing DUB-directed perturbation of ubiquitin-dependent control as 
an emerging therapeutic direction [ 286 ]. Collectively, these exam-
ples highlight a tiered RCC landscape in which clinically imple-
mented targeting of the VHL–HIF2 α axis is complemented by ex-
perimental strategies aimed at rewiring ubiquitin-mediated pro- 
tein stability through DUB inhibition. 

Overall, these studies highlight the therapeutic potential of tar-
geting PTM pathways across genitourinary cancers, including PCa,
BLCA, and RCC; the key PTM-associated targets and corresponding
inhibitors are summarized in Table 9 . 

HNSCC and NB 

In HNSCC, EGFR-directed therapy remains the most clinically ma-
ture targeted strategy, exemplified by the anti-EGFR antibody ce-
tuximab, which is an approved agent and is incorporated into
standard regimens in biomarker- and setting-appropriate disease 
contexts [ 287 ]. In parallel, chromatin-state modulation is being
explored as an additional vulnerability layer: inhibition of the
histone demethylase JMJD3 (KDM6B) using GSK-J1/GSK-J4 has 
been reported to suppress HNSCC-associated malignant pheno- 
types in experimental systems, supporting JMJD3-dependent epi- 
genetic programs as a preclinical target class in this tumor type
[ 288 ]. In addition, farnesylation-directed intervention has been in-
vestigated as another PTM-linked therapeutic avenue in molecu-
larly defined HNSCC: tipifarnib, which targets the farnesyltrans-
ferase complex (FNTA/FNTB), supports protein farnesylation as 
a potentially actionable vulnerability in HRAS-mutant disease 
[ 289 ]. 
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Table 8. PTM-associated therapeutic targets and inhibitors in gynecologic and breast cancers. 

Cancers Targets Drugs/inhibitors 

BC/TNBC HER2 Trastuzumab [ 253 ], pertuzumab [ 254 ], lapatinib 

[ 255 ], neratinib [ 256 ] 
PI3K Alpelisib ( + fulvestrant) [ 257 ] 
AKT Capivasertib ( + fulvestrant) [ 258 ] 

mTORC1 Everolimus ( + exemestane) [ 259 ] 
TK Nintedanib ( + paclitaxel) [ 260 ] 

SKP2 SMIP004 [ 261 ] 
DOT1L EPZ-5676 [ 262 ] 
KDM4 Tach101 [ 263 ], QC6352 [ 264 ] 

OV HDAC6 Ricolinostat ( + paclitaxel) [ 270 ], ACY241 [ 277 ] 
HDAC8 PCI-34051 ( + ACY241) [ 272 ] 
ATAD2 BAY-850 [ 273 ] 
SETD8 UNC0379 [ 274 ] 
DOT1L EPZ-5676, EPZ004777 and SGC0946 [ 275 ] 
PARP Olaparib [ 266 ], niraparib [ 267 ], rucaparib [ 268 ] 

EC CLK SM08502 ( + paclitaxel) [ 276 ] 

Table 9. PTM-associated therapeutic targets and inhibitors in genitourinary cancers. 

Cancers Targets Drugs/inhibitors 

PCa P300/CBP CBPD-409/268 (PROTAC ) [ 278 ] 
UBE2C HKI-357 [ 279 ] 
EHMT2 BIX-01294 [ 280 ] 
KDM5 PBIT [ 281 ] 

BLCA FGFR Erdafitinib [ 282 ] 
SETD8 UNC0379 [ 283 ] 
KMT9 KMI169 [ 284 ] 

RCC VHL Belzutifan [ 285 ] 
USP7 P5091 [ 286 ] 
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Within neurodevelopmental malignancies, NB also displays 
ractable chromatin repression dependencies. Targeting the 

ethyltransferase SUV39H1 with chaetocin has shown antitumor 
ctivity in preclinical NB models, consistent with reliance on 

3K9 methylation-linked transcriptional repression programs 
n NB maintenance [ 290 ]. Collectively, these examples illustrate 
 tiered landscape across HNSCC and NB, in which approved 

GFR blockade in HNSCC coexists with emerging, largely pre- 
linical epigenetic interventions across both head and neck and 

euro-oncologic tumor contexts. Representative PTM-associated 

herapeutic targets and inhibitors in HNSCC and NB are summa- 
ized in Table 10 . 

Across cancer systems, PTM-directed therapeutics now span 

 continuum from established, approval-anchored precision on- 
ology to exploratory strategies that reprogram transcriptional 
tate, chromatin architecture, and protein homeostasis. The most 
linically mature landscape is observed in respiratory malig- 
ancies, particularly NSCLC, where multiple approved kinase- 
irected agents leverage phosphorylation-driven oncogene ad- 
iction across EGFR-, ALK-, BRAF/MEK-, and HER2-defined sub- 
ets, and are increasingly complemented by investigational non- 
inase PTM/recognition nodes. More broadly, this pattern is also 

Table 10. PTM-associated therapeutic targets and inhibitors in other 

cancers. 

Cancers Targets Drugs/inhibitors 

HNSCC JMJD3 GSK-J1/GSK-J4 [ 288 ] 
EGFR Cetuximab [ 287 ] 

FNTA/FNTB 

complex 
Tipifarnib [ 289 ] 

NB SUV39H1 Chaetocin [ 290 ] 

seen in molecularly defined subsets of several other solid tu-
mors, such as BRAF V600E-altered CRC, HER2-positive GC, FGFR3-
altered BLCA, and VHL–HIF2 α-dependent RCC, in which defined
driver dependencies enable clinically mature, signaling-linked tar-
geted strategies. A similarly rich, clinically actionable repertoire
is evident in hematologic malignancies, where PTM-centric inter-
vention has long been a proving ground for drugging epigenetic
regulators and proteostasis circuitry, enabling both biomarker-
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alongside regimen-adapted HDAC blockade in selected lymphoid 

neoplasms. 
By contrast, gastrointestinal/hepatobiliary, gynecologic–

breast, and genitourinary cancers show a more heterogeneous 
pattern: a smaller number of approval-level PTM-targeted ther- 
apies are concentrated in defined molecular niches, whereas 
much of the current momentum lies in ongoing trials and preclin- 
ical programs that target chromatin repression, transcriptional 
co-activation, ubiquitin–proteasome/UBL pathways, and stress- 
adaptation mechanisms. This broader pattern is especially 
evident in tumors such as SCLC, MPM, PDAC, and parts of HCC, 
where clearly actionable driver-defined strategies remain limited 

and PTM-oriented approaches more often rely on epigenetic 
regulators, proteostasis pathways, and combination-based sen- 
sitization strategies rather than single-node inhibition. Notably, 
even in cancers with established targeted agents, such as HNSCC 

with cetuximab, additional PTM-directed therapies are still being 
pursued because single-pathway inhibition is often insufficient to 

produce durable responses, and resistance frequently emerges. 
Beyond established organ-specific examples, myristoylation rep- 
resents an emerging PTM-targeted therapeutic axis. Zelenirstat, 
an N-myristoyltransferase (NMT1/2) inhibitor, is currently in Phase 
I evaluation, while preclinical studies support NMT inhibition as a 
potential strategy in MYC/MYCN-driven tumors [ 291 ]. Overall, the 
cross-system view highlights two parallel trajectories: continued 

expansion of approved kinase-centric targeting where oncogene 
addiction is present, and rapid growth of PTM-informed strategies 
aimed at extending actionability beyond classical drivers through 

epigenetic, proteostatic, and immune-modulatory intervention 

points. 

Challenges and perspectives 

PTM systems constitute a major regulatory mechanism in cel- 
lular biology, and their dysregulation is increasingly recognized 

as a key driver of tumor initiation, progression, and therapeu- 
tic resistance. Advances in quantitative proteomics and compu- 
tational analysis have substantially expanded our ability to pro- 
file PTMs, accelerating the identification of PTM-based biomarkers 
and therapeutic targets [ 292 , 293 ]. Importantly, PTMs not only re- 
flect oncogenic state but also actively modulate drug sensitivity 
and tumor–immune interactions, providing a mechanistic foun- 
dation for both biomarker development and therapeutic interven- 
tion. 

Despite these advances, clinical translation remains con- 
strained by the transient, low-stoichiometry, and context- 
dependent nature of many PTMs. Emerging enrichment strategies 
[ 294 ], spatial and low-input proteomics workflows [ 295–299 ], and 

targeted verification pipelines are improving analytical depth and 

robustness, yet scalability and standardization remain limiting 
factors [ 300 , 301 ]. In parallel, the interpretability of PTM-centric 
datasets represents a major challenge, as regulatory information 

is encoded at the level of site-specific and context-dependent 
modifications rather than protein abundance [ 302 ]. 

Future progress will depend on integrating PTM profiling with 

systematic perturbation approaches and network-based compu- 
tational strategies to move from descriptive maps toward mech- 
anistic and predictive models. A key opportunity lies in the de- 
velopment of system-level PTM biomarkers that capture coor- 

dinated activity across writers, erasers, readers, and substrates,
thereby reflecting pathway state and adaptive rewiring. Viewed in
this light, treating PTMs as integrated regulatory systems rather
than isolated chemical marks is likely to underpin next-generation
biomarkers and more durable therapeutic strategies in precision
medicine. 
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