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Abstract
[bookmark: _Hlk196921154]Annexin A11 (ANXA11) is a Ca²⁺-dependent phospholipid-binding protein of the annexin family, which has been traditionally studied for its established roles in tumor progression and autoimmune disorders. Recent studies have highlighted the roles of ANXA11 in newly discovered mechanisms related to neurodegenerative diseases, including liquid-liquid phase separation (LLPS), membrane lipid coupling, and function as a molecular tether linking membraneless organelles to lysosomal membranes. Recent landmark findings reveal that ANXA11 co-assembles with TAR DNA-binding protein 43(TDP-43) into heteromeric amyloid filaments, suggesting that these pathological amyloid structures may play a crucial role in neurodegeneration. In this review, we comprehensively explored the physiological and pathological roles of ANXA11 in neurodegeneration and other disorders, with a focus on LLPS, membrane dynamics, and amyloidogenesis. We discussed potential therapeutic strategies targeting the unique properties of ANXA11 and proposed several critical scientific questions that need to be explored.
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[bookmark: _Hlk196921210]Highlights:
1. We summarized the membrane-associated role of ANXA11 in tethering membraneless RNA granules to lysosomes, revealing its interference with axonal RNA transport and its implications for neurodegenerative disease pathogenesis.
2. We highlighted the discovery of ANXA11-TDP-43 heteromeric amyloid filaments, as a novel pathological aggregation in protein-misfolding disorders.
3. We briefly introduced the role of ANXA11 as a disease-specific autoantigen in certain autoimmune diseases and its involvement in cancer metastasis, invasion, and therapy resistance.
4. We explored potential therapeutic strategies targeting ANXA11 and outlined critical scientific questions that require further exploration.
1. Introduction
[bookmark: _Hlk196928461]Annexin A11 (ANXA11), a unique member of the Ca²⁺-dependent phospholipid-binding annexin superfamily, has evolved from its classical roles in membrane association and transport regulation to broader molecular dimensions[1, 2]. While sharing the conserved C-terminal annexin repeat domains that mediate Ca²⁺-dependent membrane association, ANXA11 distinguishes itself through an extended N-terminal low-complexity domain (LCD) that confers novel functions in liquid-liquid phase separation (LLPS) and biomolecular condensate formation[3, 4]. This distinctive bipartite architecture makes ANXA11 a key regulator of interorganellar communication.
[bookmark: _Hlk215346784]While ANXA11 has been extensively studied in autoimmune disorders and cancer pathogenesis, emerging evidence now implicates its direct involvement in neurodegenerative diseases[5-7]. Amyotrophic lateral sclerosis (ALS) is a fatal motor neuron disease characterized by degenerative changes in both upper and lower motor neurons, with approximately 15% of cases being familial (fALS) and 85% sporadic (sALS)[8]. Frontotemporal dementia (FTD) is an early-onset dementia syndrome characterized by progressive degeneration of the frontal and anterior temporal lobes, leading to prominent cognitive impairment, behavioral disturbances, and language dysfunction. Overlaps in genetic predisposition, clinical manifestations, and neuropathological features between FTD and ALS strongly support their classification as part of a continuous disease spectrum (ALS-FTD spectrum disorder). Frontotemporal lobar degeneration with (TAR DNA-binding protein 43) TDP-43 inclusions (FTLD-TDP) represents a neuropathological subtype, which can be classified into types A-E based on the distribution patterns of TDP-43 pathology[9]. Importantly, genetic studies have firmly established pathogenic ANXA11 variants as a cause of ALS, FTD, and ALS-FTD[10]. Recent breakthroughs, particularly the electron cryo-microscopy (cryo-EM) structural resolution of ANXA11-TDP-43 heteromeric amyloid filaments in FTLD-TDP type C, have revolutionized our understanding of pathological protein aggregation[11].
In this review, we discuss the structural and functional features of ANXA11, summarize its roles in membrane dynamics modulation, membraneless organelles trafficking and cell cycle regulation, and highlight its pathological involvement in neurodegenerative diseases and other disorders, particularly through heterotypic amyloid co-assembly with TDP-43 in FTLD. Furthermore, we explore potential therapeutic strategies based on molecular mechanisms of ANXA11 and outline critical scientific questions that require further exploration.
2. Structure and Biological Functions of ANXA11
2.1 Structural Characteristics
[bookmark: _Hlk215587060][bookmark: _Hlk215414267][bookmark: _Hlk215412067]ANXA11 is a special member of the group A annexin family, with a molecular weight of 56 kDa and composed of 505 amino acids. The ANXA11 gene is located on human chromosome 10q22–q23 and consists of 15 exons and 14 introns. Structurally, ANXA11 adopts a bipartite organization: (1) The N-terminal domain (encoded by exons 2-5) features an intrinsically disordered region (IDR) with significant enrichment of glycine (18%), tyrosine (12%), and proline residues. With ~200 amino acid residues, ANXA11 possesses the longest N-terminus of all known annexin family members. This structural plasticity enables participation in LLPS and dynamic biomolecular condensate formation[3, 12]. Notably, ANXA11 interacts with both apoptosis-linked gene 2 (ALG-2) and calcyclin (S100A6) in a Ca²⁺-dependent manner through this N-terminal domain[13, 14], which are pivotal for membrane trafficking[1], proteostasis[15, 16], and protein-lipid phase coupling[12]. In proteostasis, S100A6 binding serves to dissolve and clear amyloid fibrils of mutant ANXA11, a protective function that is specifically compromised by ALS-associated mutations[15, 16]. (2) The C-terminal core domain (encoded by exons 6-15) contains four evolutionarily conserved annexin repeat domains (ARD) that form canonical Ca²⁺-binding motifs, maintaining the characteristic Ca²⁺-dependent membrane association shared across the annexin superfamily[17-19]. The crystal structure of the ANXA11 reveals a stabilizing N-terminal segment that bridges domains I and IV through conserved hydrogen bonds, with ALS-linked mutations often targeting buried, conserved arginine residues critical for structural integrity[20, 21] (Figure 1).
2.2 Biological Functions
2.2.1 Membrane Dynamics Regulation
[bookmark: _Hlk201136992]Membrane-Coupling and Membrane-associated Trafficking
[bookmark: _Hlk201137123][bookmark: _Hlk201137109][bookmark: _Hlk201137055][bookmark: _Hlk201137200]ANXA11 acts as a multifunctional Ca²⁺-sensing adaptor that orchestrates membrane tethering and interorganellar communication through its unique domain architecture. The Ca²⁺-dependent phospholipid-binding capacity of its C-terminal ANX domain[17] enables dynamic regulation of diverse membrane processes across cell types: in pancreatic β-cells, it localizes to insulin granules, suggesting its involvement in regulating insulin secretion[22]; in neutrophils, a 42-kDa ANXA11 fragment selectively translocates to specific granule membranes in a Ca²⁺-dependent manner, implicating its involvement in granule subtype-specific exocytosis[23]; in cholangiocytes, ANXA11 co-translocates with anoctamin-1 (ANO1) chloride channels to the apical membrane during intracellular Ca²⁺ elevation, modulating ANO1 surface abundance to maintain the protective biliary HCO₃⁻ umbrella against toxic bile acids[6]; in endoplasmic reticulum (ER) to Golgi apparatus transport, ANXA11 stabilizes ER exit sites (ERES) by forming a Ca²⁺-dependent ternary complex with ALG-2 and Sec31A (coat protein complex II outer coat protein), thereby maintaining perinuclear membrane microdomain integrity[1] (Figure 2A).
Nuclear Envelope Integrity
ANXA11 plays a pivotal role in maintaining nuclear envelope stability through a Ca²⁺-dependent and cell cycle-mediated manner. Previous study demonstrated that ANXA11 undergoes Ca²⁺-dependent translocation from the nucleoplasm to the nuclear envelope, mediated by its C-terminal Ca²⁺-sensing domain and N-terminal targeting domain, where it interacts with S100A6. During mitosis, ANXA11 and S100A6 initially accumulate at nuclear envelope folds in prophase, followed by S100A6 degradation while ANXA11 participates in nuclear envelope reformation[24]. Notably, ANXA11 maintains nuclear compartment stability by organizing and stabilizing lamin B2 networks at the nuclear envelope[25] (Figure 2A, C).
[bookmark: _Hlk201137523]2.2.2 Phase Separation and Membraneless Organelles Trafficking
LLPS is a physicochemical phenomenon that drives the formation of membrane-less organelles and biomolecular condensates and thereby enabling precise spatiotemporal regulation of cellular physiological processes. LLPS predominantly emerges in multivalent biomacromolecule biosystems, like protein-protein, protein-RNA, and protein-DNA[26]. The N-terminal LCD of ANXA11 drives LLPS, establishing its role as a central regulator of biomolecular condensate dynamics. Through LLPS, ANXA11 partitions into membraneless RNA granules. Simultaneously, its C-terminal membrane-associated domain specifically targets lysosomal membranes. This dual property enables ANXA11 to serve as a molecular tether, creating a “hitchhiking” mechanism that links RNA granules to lysosome-mediated long-distance trafficking[3]. Remarkably, changes of the ANXA11 phase state can induce coupled phase transitions in lysosomal membrane lipids, enabling protein-lipid phase coupling. This coupling is precisely modulated by Ca2+-responsive regulators ALG-2 and S100A6, establishing a novel paradigm for RNA granule-lysosome co-trafficking and other membrane-condensate interactions. Specifically, ALG-2 promotes ANXA11 condensation, which enhances lipid ordering and increases the mechanical stiffness of ANXA11-lipid assemblies. In contrast, S100A6 disrupts ANXA11 condensation, reducing lipid order and softening the ensemble, potentially facilitating dynamic loading/unloading of RNA granules at specific cellular locations[12] (Figure 2B).
[bookmark: _Hlk201138156]2.2.3 Cell Cycle Regulation
ANXA11 serves as a critical regulator of cell cycle progression through its dynamic subcellular redistribution. During mitosis, ANXA11 undergoes sequential translocation: from the nucleus to the spindle poles during metaphase, then to the spindle midzone in anaphase, before final recruitment to the midbody in late telophase where it integrates into the detergent-resistant structural matrix. Functional studies demonstrate that ANXA11 depletion impairs the formation of functional midbody matrix, leading to cytokinesis failure and subsequent apoptosis[27] (Figure 2C).
3. ANXA11 in Neurodegenerative Diseases
3.1 ALS/FTD spectrum
3.1.1 Clinical Genetic Evidence                                                                                                                                                                                                                                                                                                                                             
Emerging evidence from recent years has established ANXA11 as a novel genetic cause of ALS and FTD. The landmark study by Smith et al. in 2017 first identified ANXA11 mutations in familial ALS patients, demonstrating their disease segregation and presence of ANXA11 aggregations in motor neurons[16]. Subsequent studies have consistently confirmed that pathogenic ANXA11 variants represent a non-negligible cause of ALS, FTD, and ALS-FTD (Table 1)[4, 10, 28-50].
Recent large-scale population studies have begun to delineate the distinct clinical phenotype associated with ANXA11-related disease. A comprehensive European cohort study reported that approximately 1.4% of ALS patients harbored ANXA11 variants, a finding corroborated by a Chinese cohort reporting a frequency of 1.8% [10, 42]. Notably, the European study revealed that patients with ANXA11-ALS presented with a unique profile characterized by a significantly higher prevalence of cognitive impairment, shorter educational history, and a higher body mass index at diagnosis compared to those with wild-type or C9ORF72-ALS. Neuropsychological assessments further detailed profound deficits in executive function, attention, psychomotor speed, and cognitive flexibility[42]. Intriguingly, ethnic differences in phenotypic expression are apparent. While cognitive dysfunction is common in Asian carriers, progression to full-blown FTD is less frequent than in Caucasian patients, among whom a significant proportion develop ALS-FTD[10]. Genotype-phenotype correlations indicate that variants within the C-terminal LCD, such as p.P36R and p.D40G, are strongly associated with bulbar-onset disease, faster progression, and a high risk of FTD, whereas variants in the N-terminal annexin domains may confer a different clinical trajectory[41]. Furthermore, genotype-phenotype analyses confirm that C-terminal variants drive a more aggressive disease course. Specifically, those within the LCD (e.g., p.P36R, p.D40G) are associated with a severe phenotype manifested by bulbar onset, rapid progression, and high FTD risk[10]. Findings from the Chinese cohort further substantiate this clinical severity, linking these C-terminal variants to an earlier age of onset and shorter survival[41].
[bookmark: _Hlk215407001][bookmark: _Hlk215407008]The clinical spectrum of ANXA11-related neurodegeneration extends beyond classical ALS/FTD to include disorders with overlapping features, particularly corticobasal syndrome (CBS) and progressive supranuclear palsy (PSP)[51, 52]. This overlap is not surprising given that FTD frequently co-occurs with motor disorders, sharing clinical characteristics with ALS, CBS, and PSP[53]. ANXA11 p.P93S variant was identified in a familial case of CBS, where it was shown to disrupt TDP-43 homeostasis[52]. Similarly, studies have revealed ANXA11 aggregation as a primary pathological finding in PSP-like FTD cases, exemplified by the novel ANXA11 p.P75S variant, which caused prominent striatal vacuolization and neurodegeneration[51]. These findings collectively establish that ANXA11 mutations contribute to a continuum of neurodegenerative disorders spanning the ALS/FTD spectrum and including CBS/PSP phenotypes.
3.1.2 Core Pathogenic Mechanisms: ANXA11 Dysfunction Disrupts RNA Granule Dynamics and Promotes TDP-43 Co-Aggregation in ALS-FTD Pathogenesis (Figure 3)
Impaired SGs Dynamics and RNA Granule Transport
ANXA11 mutations drive neurodegeneration through a toxic gain-of-function mechanism by disrupting RNA granule transport, stress granules (SGs) disassembly, and proteostasis[3, 4]. ALS-associated ANXA11 mutations promote pathological LLPS, resulting in persistently stabilized, poorly dynamic SGs that sequester RNA-binding proteins (RBPs) such as TDP-43, fused in Sarcoma (FUS), and heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) into insoluble aggregations[4]. Concurrently, these mutations impair the “hitchhiking” transport system mediated by ANXA11, leading to failed mRNA delivery to synaptic regions and consequent defects in local translation and neuronal maintenance[3]. 
Heteromeric Amyloid Filaments 
A recent cryo-EM study has revolutionized the understanding of the role of ANXA11 in FTLD-TDP type C pathology[11]. ANXA11 was found to co-assemble with TDP-43 into heteromeric amyloid filaments. Amyloid proteins, like amyloid-β (Aβ) in Alzheimer's disease and α-synuclein in Parkinson’s disease, can misfold and aggregate into amyloid fibrils, which can exhibit “prion-like” properties. The amyloid fibrils act as templates (“seeds”) to induce the misfolding and aggregation of their soluble protein monomers, resulting in the generation of new misfolded amyloid that acts as additional “seeds”. The process triggers a self-amplifying cascade, leading to the exponential accumulation of amyloid fibrils. This seeding can occur both within a cell and between cells, potentially contributing to the spread of pathology throughout the brain[54]. The N-terminal extended region (amino acids 1 to 177) of ANXA11 was “prion-like” determined by the software PLAAC[55]. It is currently unclear whether ANXA11 can exhibit “prion-like” replication and transmission.
Immunohistochemical analyses confirmed the colocalization of ANXA11 and TDP-43 in neuronal inclusions, fundamentally redefining the molecular pathology of FTLD-TDP type C[51]. This discovery parallels recent findings on transmembrane protein 106B (TMEM106B) amyloid fibrils—both ANXA11 and TMEM106B exemplify how non-canonical amyloidogenic proteins can independently drive neurotoxicity[56].
Nuclear Envelope Dysfunction
Emerging evidence demonstrates that ANXA11 plays a critical role in maintaining nuclear envelope integrity, with its dysfunction contributing to early pathogenic events in ALS. Both genetic ablation and ALS-associated mutations induce characteristic nuclear abnormalities, most notably Lamin B2 mislocalization, as observed in zebrafish knockout models and post-mortem spinal motor neurons from ALS/FTD patients carrying p.G38R/p.D40G mutations[25]. The compromised nuclear envelope integrity likely contributes to neurodegeneration through impaired nucleocytoplasmic transport[57], genomic instability due to disrupted chromatin organization[58], and defective DNA repair mechanisms[59].
Ca²⁺ Homeostasis Dysregulation
[bookmark: _Hlk211342948]Dysregulation of calcium homeostasis is a crucial pathogenic process in ALS[60]. As a calcium-binding protein, ANXA11’s functional impairment directly contributes to this mechanism[4]. Evidence indicates a clear association between ANXA11 mutations and dysregulation of intracellular calcium homeostasis. The pathogenic mechanism primarily involves two aspects: first, carboxyl-terminal ANX domain variants (p.H390P and p.R456H) disrupt the structure of the Ca²⁺-binding pockets. Molecular dynamics simulations demonstrate that these mutations reduce the distribution of Ca²⁺ at the binding sites, directly leading to a loss of Ca²⁺-dependent membrane translocation capability of ANXA11. Second, calcium imaging analyses of patient-derived cellular models—including fibroblasts and mesenchymal stem cells carrying loss-of-function mutations (p.G228Lfs*29)—consistently reveal significantly elevated basal cytosolic Ca²⁺ concentrations. Considering ANXA11’s established role in Ca²⁺-dependent membrane translocation and membrane integrity maintenance[24, 25], we propose that these mutations may induce calcium dysregulation through secondary disturbances in endoplasmic reticulum calcium leakage and/or altered regulation of plasma membrane channels and transporters. Collectively, these findings position ANXA11 as a central regulator of calcium signaling in ALS, whose disruption through either structural or loss-of-function mutations initiates a cascade of calcium-mediated pathogenic events[4]. 
Impaired Autophagy and Neuroinflammation
The ANXA11 p.P36R mutation induces progressive autophagic dysfunction and neuroinflammatory responses in vivo. Knock-in mouse models demonstrate age-dependent impairment of autophagic flux and neuroinflammation, characterized by: early (2-month) proteinopathy aggregates containing ANXA11/TDP-43/p62, intermediate-stage (9-month) autophagic dysfunction with neuroinflammation, and late-stage (12-month) motor neuron loss and muscle dystrophy[61]. These pathological alterations emerge before the onset of overt motor symptoms, yet demonstrate a clear temporal correlation with progressive motor neuron loss, marked neuroinflammatory responses, and muscle dystrophy. The findings delineate a sequential pathogenic cascade initiated by ANXA11 aggregation, which subsequently triggers autophagic dysfunction and impaired protein clearance, ultimately leading to neuroinflammation and motor neuron degeneration.
3.2 Other Neurological Disorders
[bookmark: _Hlk215407135][bookmark: _Hlk215407172][bookmark: _Hlk215407178]Beyond its established role in ALS/FTD, ANXA11 has been implicated in a spectrum of myopathies[33, 62-65]. The initial link was identified in Brazilian families where the ANXA11 p.D40Y variant co-segregated with ALS, vacuolar myopathy, or a combination of both[33]. Multisystem proteinopathy (MSP) is a rare autosomal dominant disorder characterized by the pathological accumulation of protein aggregates in multiple tissues, including skeletal muscle, bone, and the central nervous system. Its classical phenotypes encompass inclusion body myopathy (IBM), Paget’s disease of bone (PDB), FTD and/or ALS[62]. ANXA11 is now recognized as a causative gene for MSP, where the recurrent p.D40Y variant can produce complex phenotypes that co-segregate IBM, ALS, and FTD within single pedigrees[62]. Subsequent studies of the same D40Y variant in families from diverse populations revealed an autosomal dominant adult-onset muscular dystrophy, characterized by limb-girdle weakness, axial involvement, and rimmed vacuolar pathology with ANXA11-positive inclusions[63]. The phenotypic spectrum extends to other Asp40 substitutions: p.D40I causes a severe, childhood-onset oculopharyngeal muscular dystrophy[64], whereas p.D40V results in a young-adult-onset myopathy with prominent bulbar and distal weakness[65]. The striking clustering of pathogenic mutations at Asp40 highlights its critical role, indicating that diverse substitutions at this residue may disrupt key molecular functions yet ultimately converge on a common disease pathway.
4. ANXA11 is a Specific Autoantigen in Autoimmune Diseases
ANXA11 has emerged as both a shared autoantigen and genetic risk factor across multiple autoimmune diseases. Anti-ANXA11 antibodies were detected in the serum of patients with systemic lupus erythematosus, undifferentiated connective tissue disease, rheumatoid arthritis, Sjögren’s syndrome, antiphospholipid syndrome, IgG4-associated cholangitis (IAC), and autoimmune pancreatitis[5].
In addition to its role as an autoantigen, ANXA11 has also been implicated in autoimmune pathogenesis through genetic associations. The first sarcoidosis genome-wide association study (GWAS) pinpointed ANXA11 with the nonsynonymous rs1049550 (R230C) single-nucleotide polymorphism as a disease-susceptibility gene[66]. Subsequent investigations have confirmed this genetic locus and established its association with clinical manifestations[67, 68].
Beyond its immunogenic and genetic roles, ANXA11 also functions as a pathogenic effector, particularly in biliary tract pathology[5]. In IgG4-related disease, anti-ANXA11 autoantibodies serve as a specific target of IgG4 and IgG1 autoantibodies in IgG4-associated cholangitis (IAC), the classic biliary manifestation of this multiorgan disorder[69]. Under physiological conditions, ANXA11 helps maintain the protective barrier of bile ducts through membrane localization of the chloride channel ANO1, the key effector molecule responsible for the “biliary HCO3− umbrella”. However, in IAC, anti-ANXA11 autoantibodies disrupt this regulatory mechanism, resulting in impaired ANO1 membrane expression, compromised bicarbonate secretion, and subsequent pathological bile acid accumulation that drives progressive biliary damage[6, 70].
5. ANXA11 is Involved in the Metastasis, Invasion, Drug Resistance, and is a Potential Diagnostic Biomarker of Cancers
While earlier studies established the roles of ANXA11 in the drug resistance and progression of ovarian, breast, and colorectal cancers[71], recent advances have illuminated its multifaceted functions across diverse cancers.
5.1 Gastrointestinal Cancers
ANXA11 has been implicated in various gastrointestinal cancers, including colorectal cancer, gastric cancer, pancreatic cancer, and hepatocellular carcinoma, where it plays a complex and crucial role in carcinogenesis, metastasis, drug resistance, and as a potential biomarker (Table 2). Specifically in CRC, ANXA11 is significantly overexpressed and is closely associated with therapeutic response and tumor progression[72]. A South Korean research team demonstrated that the ANXA11 rs1049550 single nucleotide polymorphism serves as a predictive biomarker for bevacizumab response in CRC patients, with T-allele carriers showing enhanced sensitivity, while also correlating with tumor volume and metabolic activity as measured by ¹⁸F-FDG PET imaging[7, 73, 74]. In gastric cancer, ANXA11 demonstrates significant overexpression and promotes tumor cell proliferation, migration, and invasion. Urinary biomarker panels combining ANXA11, CDC42, and NAPA show exceptional predictive value for premalignant lesion progression, with an area under the curve (AUC) of 0.92.[75]. In pancreatic cancer, ANXA11 is selectively enriched in tumor-derived exosomes[76]. 
The pathogenic mechanisms of ANXA11 in cancer involve diverse molecular pathways across different tumor types. In colorectal cancer, ANXA11 modulates chemotherapy response through protein phosphatase 1 regulatory subunit 15A (PPP1R15A) interaction and promotes tumor progression via the LINC00857/SLC1A5 glutamine metabolic axis[74, 77], with in vivo studies confirming its oncogenic role as ANXA11 knockout suppresses tumor formation[77]. Gastric cancer studies reveal that ANXA11 activates the AKT/GSK-3β signaling pathway to drive malignant progression[78]. Hepatocellular carcinoma demonstrates context-dependent mechanisms where in metastatic cells, ANXA11 promotes malignancy through Akt2/FoxO1 signaling and MMP-9 activation, while in less aggressive cells, its loss enhances metastasis and drug resistance via c-Jun activation, with additional involvement in immune evasion through circSOD2-mediated miR-497-5p sponging that upregulates ANXA11 to contribute to anti-PD-1 therapy resistance[79-81].
5.2 Urological Tumors
In urological tumors, ANXA11 exhibits distinct clinical significance as a diagnostic biomarker for prostate cancer and a prognostic indicator/subtype classifier for bladder cancer[82-84]. In prostate cancer, serum autoantibodies specifically targeting ANXA11 demonstrate high diagnostic accuracy, serving as a promising non-invasive biomarker[84]. In bladder cancer, ANXA11 shows prognostic value with elevated expression correlating with improved survival, while exhibiting subtype-specific enrichment in luminal muscle-invasive bladder cancer versus basal subtypes that preferentially express ANXA1-3[82, 83].
[bookmark: _Hlk214287521]5.3 Nervous System Tumors
[bookmark: _Hlk214287639][bookmark: _Hlk215407324]ANXA11 emerges as a key oncogenic driver across neural tumors[85-87]. In glioblastoma, its overexpression driven by copy number gain promotes leptomeningeal dissemination and correlates with poor prognosis[85]. Beyond genetic amplification, ANXA11 expression is critically regulated by competing endogenous RNA (ceRNA) networks, wherein non-coding RNAs function as molecular sponges that sequester shared microRNAs. This molecular sponging relieves the repression on ANXA11, and its consequent overexpression serves as a key mechanism driving tumor progression. In diffuse gliomas, the long non-coding RNA EIF3J-AS1 binds to and “sponging” tumor-suppressive miR-1343-3p. This molecular sequestration relieves miR-1343-3p-mediated post-transcriptional repression of ANXA11, leading to its aberrant overexpression. The consequent upregulation of ANXA11 ultimately enhances glioma cell proliferation while suppressing apoptosis, thereby driving tumor progression through the EIF3J-AS1/miR-1343-3p/ANXA11 regulatory axis[86]. Similarly, in NF1-associated malignant peripheral nerve sheath tumors, the circular RNA circ_0061587 exhibits oncogenic properties by acting as a molecular sponge for miR-485-5p. The sequestration of miR-485-5p disrupts its normal regulatory function, resulting in simultaneous overexpression of both ANXA11 and RUNX1. This coordinated dysregulation creates a pro-oncogenic environment that significantly accelerates tumor growth and invasive potential, operating through the circ_0061587/miR-485-5p/ANXA11-RUNX1 signaling circuit[87]. These findings establish ANXA11 as a convergent node in neuro-oncogenesis and a promising therapeutic target.
[bookmark: _Hlk215345955]6. Therapeutic Strategy for ANXA11-Related Disorders
[bookmark: _Hlk215345965]Currently, no therapeutic interventions have been developed to specifically target abnormal ANXA11. The strategies discussed below are primarily conceptual and hypothetical, extrapolated from research on analogous targets in neurodegeneration, autoimmunity, and oncology. They are presented as a framework to guide future research efforts. Proposed investigative strategies are centered on several key pillars: modulating ANXA11 expression, enhancing its degradation, regulating its biological functions, and developing disease-specific therapeutics (Figure 4).
6.1 Targeting ANXA11 Production
Recent breakthroughs in precision genetic therapies have greatly enhanced treatment development for various diseases. The CRISPR/Cas9 system demonstrates particular effectiveness in repairing disease-causing mutations, presenting durable therapeutic benefits, as evidenced by preclinical studies targeting superoxide dismutase 1(SOD1) mutations in ALS have been successfully validated in mouse models[88]. Parallel developments in antisense oligonucleotide (ASO) technology and RNA interference (RNAi) approaches have enabled precise modulation of gene expression through mRNA targeting. For example, the FDA-approved ASO drug nusinersen effectively treats spinal muscular atrophy by targeting mRNA[89]. These approaches could also be applied to silence overexpressed ANXA11 in cancers such as glioblastoma and colorectal cancer.
6.2 Promoting ANXA11 Degradation
Enhancing the clearance of pathological ANXA11 aggregates or overexpressed proteins could involve proteasome and autophagy activation. mTOR inhibitors like rapamycin or transcription factor EB (TFEB) activators may boost the lysosomal degradation of ANXA11-TDP-43 fibrils in neurodegeneration[90]. Alternatively, proteolysis-targeting chimeras (PROTACs) could be designed to selectively ubiquitinate and degrade mutant ANXA11 or its pathological binding partners, such as TDP-43, offering a precision medicine approach[91].
6.3 Regulating Functions of ANXA11
Given the phase separation capability and diverse biological functions of ANXA11, targeting its activity has emerged as a promising therapeutic strategy. Molecular chaperones such as Hsp40, Hsp70, and HSPB1, which play critical roles in protein homeostasis, have been shown to suppress abnormal phase separation and amyloid aggregation of disease-related proteins including FUS, TDP-43, and tau[92-95]. These chaperones stabilize liquid condensates and inhibit their liquid-to-solid transition. Given the structural and functional similarities between ANXA11 and these proteins—such as the presence of LCD and involvement in membraneless organelle assembly[96-98]—chaperone-based interventions represent a plausible approach to counteract ANXA11 dysfunction by maintaining its physiological phase separation and preventing pathological aggregation. Furthermore, ALS associated mutations in ANXA11 disrupt intracellular Ca²⁺ homeostasis and impair Ca²⁺-dependent membrane trafficking[3, 4]. In this context, modulating Ca²⁺ signaling may offer complementary therapeutic benefits. By sequestering cytosolic Ca²⁺ into the endoplasmic reticulum, SERCA activators can reduce the cytosolic Ca²⁺ burden, thereby potentially restoring its function in membrane trafficking. In parallel, Ca²⁺ channel blockers such as verapamil may mitigate excessive Ca²⁺ influx, providing a complementary approach to alleviate Ca²⁺-dependent pathologies[99].
6.4 Disease-Specific and Symptomatic Therapies
For autoimmune conditions with detectable anti-ANXA11 autoantibodies, B-cell depletion therapy like rituximab or immunoadsorption[100] can effectively remove pathogenic autoantibodies. In malignancies where ANXA11 promotes tumor progression, targeted inhibition of its downstream oncogenic pathways holds significant therapeutic potential, particularly through the use of AKT/GSK-3β signaling inhibitors like Capivasertib[101] and SLC1A5 transport blockers like V-9302[102].
7. Conclusion and future perspectives
This review systematically elucidates the multifaceted roles of ANXA11 in physiological and pathological processes. ANXA11 integrates Ca²⁺-dependent membrane binding with LLPS, positioning it as a central coordinator of inter-organelle communication. In neurodegenerative diseases, ANXA11 variants drive pathology through disrupted RNA granule dynamics, heteromeric amyloid formation with TDP-43, and impaired cellular homeostasis. In autoimmune diseases, ANXA11 functions as a disease-specific autoantigen, while in cancer, it contributes to metastasis, invasion, and therapy resistance.
Looking forward, several critical questions remain. The potential role of ANXA11-mediated phase separation in modulating cancer-related signaling pathways represents an unexplored frontier in tumor biology. Furthermore, it remains to be determined whether ANXA11 misfolding triggers autoimmunity by exposing cryptic epitopes, a possibility that warrants dedicated investigation. Finally, the co-condensation and cross-seeding mechanisms underlying ANXA11-TDP-43 heteromeric filament formation demand deeper mechanistic elucidation, as these processes hold profound implications for understanding and therapeutically targeting protein aggregation in FTLD. Addressing these knowledge gaps will not only refine our understanding of ANXA11 pathophysiology but also illuminate novel therapeutic strategies across its associated disease spectrum.
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[bookmark: _Hlk215414544]Table1: Summary of ANXA11 Variants and Their Pathogenic Mechanisms
	Nucleotide Changes
	Variant
	Domain Location
	Pathogenicity
	Ethnicity
	Associated Disease
	Molecular Mechanism
	Pathological Hallmarks
	Reference

	102G>A
	M34I
	N-terminal LCD
	P/LP
	Italy
	ALS
	NA
	NA
	[42]

	103C>T
	P35S
	N-terminal LCD
	P/LP
	Italy
	ALS
	NA
	NA
	[42]

	107C>G
	P36R
	N-terminal LCD
	LP
	China, Korea
	fALS, sALS, ALS-FTD, bvFTD
	1. Aberrant protein aggregation 2. Neuroinflammation 3. Autophagy impairment
	NA
	[4, 10, 30, 39, 41, 43, 61]

	112G>A
	G38R
	N-terminal LCD
	P
	Eurameri-can, German, Korean, France, South African
	fALS, ALS-FTD
	1. Impaired calcyclin binding 2. Dysregulated Ca²⁺ homeostasis 
3. Aberrant SGs dynamics 
4. Nuclear dysfunction (Lamin B2 mislocalization)
	1. ALS-typical spinal cord inclusions and lateral tract degeneration
2. Co-localized ANXA11/TDP-43 inclusions in cortex and hippocampus
3. Type A Frontotemporal Lobar Degeneration (FTLD) pathology
	[4, 16, 25, 28, 35, 37, 51]

	277C>T
	P39S
	N-terminal LCD (CACY)
	P
	America
	corticobasal syndrome (CBS)
	1. Disrupted RNA granule-lysosome tethering; Loss of nuclear TDP-43 function; 
2. Microglia-predominant immune dysregulation
	NA
	[52]

	119A>G
	D40G
	N-terminal LCD (CACY)
	P/LP
	British, Italy, European, Chinese, Korean
	fALS, sALS, ALS-FTD, semantic dementia, bvFTD
	1. Impaired calcyclin binding 2. Disrupted RNA granule-lysosome tethering 3. Aberrant SG dynamics 4. Nuclear dysfunction (Lamin B2 mislocalization) 5. Enhanced aggregation propensity
	ANXA11 aggregates in spinal cord motor neurons and hippocampal neuronal axons
	[3, 4, 10, 16, 25, 30, 38, 43-45, 47-49]

	118_119delGAinsAT
	D40I
	N-terminal LCD (CACY)
	P
	Spain
	childhood-onset OPDM
	1. Aberrant protein aggregation 2. Aberrant SGs dynamics
3. Abnormal LLPS
	ANXA11 protein aggregates in muscle tissue: Sarcoplasmic aggregates forming “pearl strips”; Large complex structures in sarcoplasm; Layered subsarcolemmal chains
	[64]

	118G>T
	D40Y
	N-terminal LCD (CACY)
	LP
	France, Brazil
	fALS, ALS-FTD, hIBM, ALS+hIBM, Adult-onset DMD
	NA
	1. Rimmed vacuoles with ANXA11/TDP-43/p62 co-pathology
2. Absence of inflammatory infiltrates
	[33, 35, 62, 63]

	119A>T
	D40V
	N-terminal LCD (CACY)
	LP
	Brazil
	ANXA11-related myopathy
	NA
	Misfolded ANXA11 aggregates within the vacuoles
	[65]

	173C>T
	A58V
	N-terminal LCD (CACY)
	P/LP
	Italy
	ALS
	NA
	NA
	[42]

	223C>T
	P75S
	N-terminal LCD
	P
	America
	PSP/FTD-NOS
	NA
	Vacuolar annexinopathy with severe striatal degeneration and neuritic/jagged NCIs, independent of TDP-43.
	[51]

	373G>C
	G125R
	N-terminal LCD
	LP
	China
	sALS
	NA
	NA
	[10]

	463C>T
	Q155*
	N-terminal LCD
	P
	Italy
	svPPA
	NA
	NA
	[43]

	477_503del
	159_168del
	N-terminal LCD
	P/LP
	Italy
	ALS
	NA
	NA
	[42]

	523G>A
	G175R
	N-terminal LCD
	P/LP
	British
	fALS
	NA
	NA
	[16]

	566G>A
	G189E
	N-terminal LCD
	P/LP
	British
	sALS
	Impaired calcyclin binding
	NA
	[16]

	581T>C
	I194T
	N-terminal LCD
	LP
	China
	sALS
	NA
	NA
	[10]

	629G>A
	R210W
	C-terminal Annexins
	LP
	China
	sALS
	NA
	NA
	[10]

	682_690del9insTTGTTGT
	G228Lfs*29
	C-terminal Annexins
	P/LP
	Korea
	sALS
	Dysregulated Ca²⁺ homeostasis
	NA
	[4]

	704G>A
	R235Q
	C-terminal Annexins
	P/LP
	British
	sALS
	1. Impaired calcyclin binding 2. Disrupts RNA granule-lysosome tethering
	NA
	[3, 16]

	739G>A
	G247S
	C-terminal Annexins
	P/LP
	Italy
	ALS
	NA
	NA
	[42]

	760C>G
	L254V
	C-terminal Annexins
	LP
	France
	sALS
	NA
	NA
	[35]

	823G>A
	R308*
	C-terminal Annexins
	P/LP
	Italy
	ALS
	NA
	NA
	[42]

	878C>T
	A293V
	C-terminal Annexins
	LP
	China
	sALS
	NA
	NA
	[31]

	904C>T
	R302C
	C-terminal Annexins
	LP
	China
	sALS
	NA
	NA
	[30]

	921C>G
	I307M
	C-terminal Annexins
	LP
	China
	sALS
	NA
	NA
	[31]

	1036C>T
	R346C
	C-terminal Annexins
	P/LP
	British
	fALS
	Disrupts RNA granule-lysosome tethering
	NA
	[3, 16]

	1086+1G>A
	G363_L364ins24
	C-terminal Annexins
	P
	Japan
	sALS
	Aberrant protein with increased aggregation propensity
	ANXA11-positive skein-like neuronal cytoplasmic inclusions (NCIs) in lower motor neurons; Partial co-localization with pTDP-43 and p62; Neuron-predominant aggregation (lower motor neurons > glia)
	[46]

	1169A>C
	H390P
	C-terminal Annexins
	P/LP
	Korea
	sALS
	1. Dysregulated Ca²⁺ homeostasis 2. Impaired SGs dynamics
	NA
	[4]

	1191G>C
	E397D
	C-terminal Annexins
	P/LP
	Italy
	ALS
	NA
	NA
	[42]

	1208G>C
	G403A
	C-terminal Annexins
	P/LP
	Italy
	ALS
	NA
	NA
	[42]

	1243T>A
	S415T
	C-terminal Annexins
	P/LP
	Italy
	ALS
	NA
	NA
	[42]

	1354C>T
	R452W
	C-terminal Annexins
	P/LP 
	India
	sALS
	NA
	NA
	[40]

	1367G>A
	R456H
	C-terminal Annexins
	P/LP
	Korea
	sALS
	1. Dysregulated Ca²⁺ homeostasis 2. Impaired SGs dynamics
	NA
	[4]

	1424G>A
	R475Q
	C-terminal Annexins
	P/LP
	Italy
	ALS
	NA
	NA
	[10, 51]

	1471G>A
	G491R
	C-terminal Annexins
	LP
	China
	sALS
	NA
	NA
	[10, 30]

	137C>T
	A46V
	N-terminal LCD
	LP/VUS
	German,
China
	sALS
	NA
	NA
	[10, 28]

	629G>A
	R210Q
	C-terminal Annexins
	LP/VUS
	France
	fALS
	NA
	NA
	[10, 35]


1. The variants are designated as Pathogenic (P), Likely Pathogenic (LP), or a Variant of Uncertain Significance (VUS) according to the established American College of Medical Genetics and Genomics (ACMG) classification criteria.
2. bvFTD: behavioral variant FTD; CACY: Calcyclin-Binding Site; DMD: Duchenne Muscular Dystrophy; FTD-NOS: Frontotemporal Dementia-Not Otherwise Specified; fALS: familial ALS; hIBM: hereditary Inclusion Body Myopathy; LCD: Low-Complexity Domain; NA: Not Available/Not Applicable; NCIs: Neuronal Cytoplasmic Inclusions; OPDM: Oculopharyngeal Muscular Dystrophy; PSP: Progressive Supranuclear Palsy; SG: Stress Granules; sALS: sporadic ALS; svPPA: semantic variant Primary Progressive Aphasia


Table 2:  ANXA11 is involved in the metastasis, invasion, drug resistance, and is a potential diagnostic biomarker of cancers
	Cancer Type
	Expression Level
	Key Mechanisms/Functions
	Clinical Significance
	Reference

	Colorectal Cancer
	↑
	1. Regulates glutamine metabolism
2. SNP rs1049550 links to chemosensitivity
	Predictive biomarker for disease and bevacizumab response
	[7, 72, 73, 77]

	Gastric Cancer
	↑
	Activates AKT/GSK-3β pathway to proliferation/invasion
	Urinary biomarker panel (ANXA11+CDC42+NAPA) for premalignant lesions (AUC=0.92)
	[75, 78]

	Pancreatic Cancer
	↑
	/
	/
	[76]

	Hepatocellular Carcinoma
	Context-dependent
	1. Pro-metastatic in Hca-F cells (Akt2/FoxO1/MMP-9)
2. Tumor-suppressive in Hca-P cells (↓c-Jun phosphorylation)
	Associated with PD-1 resistance
	[80, 81]

	Prostate Cancer
	↑
	Combines with PRDX6 autoantibodies
	Non-invasive diagnostic (90% sensitivity, 100% specificity), subtype prediction
	[84]

	Glioblastoma
	↑
	Copy number amplification-driven
	Poor prognosis biomarker
	[85]


1. Symbols ↑: upregulated; ↓: downregulated
2. Context-dependent roles: ANXA11 exhibits dual pro-/anti-tumor effects in liver cancer based on metastatic potential
3. SNP: Single nucleotide polymorphism; AUC: Area under the ROC curve; PD-1: Programmed cell death protein 1
Figure legend：
Graphical Abstract. ANXA11 in Health and Disease: Membrane-Associated Roles and Beyond
In neurodegenerative diseases, ANXA11 mutations may drive protein aggregation and they together induce multifaceted cellular dysfunction, including dysregulated stress granules dynamics, sustained neuroinflammation, compromised nuclear envelope integrity (e.g., lamin B2 mislocalization), disrupted Ca²⁺ homeostasis, impaired RNA granule transport, and defective autophagic flux. In cancers, ANXA11 promotes tumorigenesis, regulates cancer metastasis/invasion and mediates drug resistance, serving as a potential diagnostic biomarker. Anti-ANXA11 autoantibodies are associated with multiple autoimmune diseases.

Figure 1. Structural Features of ANXA11 
(A) Schematic diagrammatic interpretation of ANXA11 protein. ANXA11 contains an N-terminal low-complexity domain (LCD) and four C-terminal annexin repeat domains (ARD) forming Ca²⁺-binding motifs (visualized with IBS2.0). The amino acid residues 1–177 represent the prion-like domain predicted by PLAAC. The orange oval represents the structural domain of ANXA11 and calcyclin/S100A6 binding. The amino acid residues 39–74 indicate the regions involved in forming heteromeric amyloid filaments with TDP-43, as identified by cryo-EM studies.
(B) Predicted 3D structure of ANXA11 showing C-terminal four ARDs (red) and the N-terminal LCD (purple), with Ca²⁺ binding sites. Predicted by AlphaFold and visualized using PyMOL Molecular Graphics System.

Figure 2. Multifunctional roles of ANXA11 in membrane-associated processes
(A) Membrane-Coupling and Membrane-associated Trafficking: In ER to Golgi apparatus transport, ANXA11 assembles with Sec31A and Ca²⁺-binding protein ALG-2 to form a Ca²⁺-dependent ternary complex at ERES membranes, maintaining the structural integrity of these membrane microdomains; ANXA11 maintains nuclear envelope stability through lamin B2 network organization, while mutations induce lamin B2 mislocalization and nuclear envelope disassembly; in cholangiocytes, ANXA11 mediates translocation of ANO1 chloride channels to the apical membrane, maintaining the biliary HCO3- umbrella; in pancreatic β-cells, ANXA11 localizes to insulin granules; in neutrophils, ANXA11 fragment selectively translocates to specific granule membranes in a Ca²⁺-dependent manner.
(B) Phase Separation and Membraneless Organelles Trafficking: In neurons, ANXA11 tethers RNA granules to lysosomes through N-terminal LCD-mediated phase separation and C-terminal ARD membrane anchoring. This “hitchhiking” mechanism enables coupled protein-lipid phase transitions, impaired by ALS mutations.
(C) Cell Cycle Regulation: ANXA11 dynamically relocalizes during mitosis to orchestrate cell division: initially responding to Ca²⁺ signals by associating with the nuclear envelope in complex with S100A6 during prophase, subsequently localizing to spindle poles in metaphase coinciding with S100A6 degradation, then migrating to the spindle midzone during anaphase, and finally integrating into the midbody structure during telophase to enable cytokinesis. ANXA11 is indispensable for proper midbody formation and successful cell division, as its depletion leads to cytokinesis failure.

[bookmark: _Hlk214565094]Figure 3. Pathogenic Mechanisms of ANXA11 in Neurodegenerative Diseases
ANXA11 dysfunction in neurodegeneration: impaired RNA granule transport, nuclear membrane dysfunction, Ca²⁺ dysregulation, impaired SGs dynamics and autophagy, protein aggregation, and neuroinflammation. Pathogenic variants of ANXA11, combined with aging-related changes and cellular stress factors, promote its abnormal accumulation and facilitate the formation of “prion-like” aggregates. These mutations may further disrupt SGs dynamics and impair autophagy, leading to abnormal protein aggregation and creating a vicious cycle that exacerbates neurodegeneration.

[bookmark: _Hlk215345436]Figure 4. Conceptual framework of potential therapeutic strategies for ANXA11-related disorders
The schematic illustrates four potential therapeutic approaches: (1) Targeting ANXA11 Production; (2) Promoting ANXA11 Degradation; (3) Regulating Functions of ANXA11; (4) Disease-Specific and Symptomatic Therapies.

