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Abstract: The ubiquitin-proteasome system (UPS) is a fundamental regulatory mechanism
maintaining cellular proteostasis through the targeted degradation of proteins. Beyond its canonical
role in protein turnover, the UPS governs diverse biological processes, including cell cycle control,
DNA repair, immune responses, and stress adaptation. Dysregulation of UPS components is
increasingly recognized as a driving force in the pathogenesis of numerous diseases, such as cancer,
neurodegenerative disorders, metabolic dysfunctions, and infections. In plants, the UPS also plays a
pivotal role in environmental stress responses and hormone signaling, offering promising avenues
for crop improvement. This review presents a comprehensive overview of the molecular architecture
and functions of the UPS, explores its role in maintaining cellular and systemic homeostasis, and
critically examines the consequences of UPS dysfunction across various disease contexts. We further
highlight emerging technologies, including ubiquitinomics, CRISPR-based screens, and targeted
protein degradation platforms, that are accelerating UPS research. Finally, we discuss current
challenges and future opportunities for translating UPS insights into therapeutic and
biotechnological innovations. A deeper understanding of the UPS across biological systems is
essential for developing next-generation strategies to combat human diseases and enhance
agricultural resilience.

Keywords: ubiquitin-proteasome system; protein degradation; immune regulation; targeted protein
degradation; ubiquitin-omics; plant stress responses

1. Introduction
1.1. Proteostasis and Cellular Protein Quality Control

Proteostasis, or protein homeostasis, is the dynamic process by which cells maintain a functional
proteome through coordinated control of protein synthesis, folding, trafficking, and degradation
(Ottens et al.,, 2021). The balance of proteostasis is essential for cellular health and organismal
survival. Disruptions in this balance, leading to the accumulation of misfolded, aggregated, or
damaged proteins, are implicated in a range of pathological conditions, including neurodegenerative
diseases, cancer, and metabolic disorders (Henning et al., 2017). Central to the maintenance of
proteostasis is the ubiquitin-proteasome system (UPS), which orchestrates the selective degradation
of proteins, thus regulating protein quality and quantity within the cell (Meyer-Schwesinger, 2019).
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1.2. The Ubiquitin-Proteasome System: A Central Regulator of Cellular Function

The UPS represents the primary pathway for the targeted degradation of intracellular proteins
(Hanna et al., 2019). This system operates through the covalent attachment of ubiquitin, a highly
conserved 76-amino acid protein, to substrate proteins destined for turnover. The conjugation of
ubiquitin involves a hierarchical enzymatic cascade mediated by E1 ubiquitin-activating enzymes,
E2 ubiquitin-conjugating enzymes, and E3 ubiquitin ligases, the latter of which confer substrate
specificity (Voutsadakis, 2013). Polyubiquitinated proteins, particularly those modified via lysine-48
(K48) linkages, are recognized and degraded by the 26S proteasome, a multi-subunit protease
complex (Shin et al., 2020). Beyond proteolysis, ubiquitination also modulates diverse aspects of
protein function, including localization, complex formation, and signaling activity, thereby
broadening the regulatory scope of the UPS across numerous cellular pathways (Pohl & Dikic, 2019).

1.3. Rationale for a Cross-Disciplinary Exploration

Recent advances have uncovered that the role of the UPS extends far beyond simple protein
degradation. It is now recognized as a master regulator of key cellular processes such as the DNA
damage response, cell cycle progression, immune signaling, and stress adaptation (Li et al., 2022).
Dysregulation of UPS components contributes to the onset and progression of multiple diseases,
ranging from neurodegenerative disorders and malignancies to infectious diseases and metabolic
syndromes (Maiuolo et al., 2021). Moreover, the UPS plays a critical role in plant responses to
environmental stress and hormonal signaling, underscoring its evolutionary conservation and
functional versatility (Dreher & Callis, 2007). This review aims to provide an integrated perspective
on the molecular mechanisms governing the UPS, its involvement in maintaining cellular and
systemic homeostasis, and its dysregulation across various disease states. We also highlight emerging
therapeutic strategies and technological advances that harness the power of the UPS. By bridging
insights from different biological systems, we seek to underscore the pivotal role of the UPS in health
and disease and identify future opportunities for translational research.

2. The Ubiquitin-Proteasome System: Molecular Architecture and Function
2.1. Ubiquitination: The Enzymatic Cascade (E1, E2, E3)

Ubiquitination is a highly regulated post-translational modification process that targets specific
proteins for degradation or functional modulation (Lee et al., 2023). The cascade begins with the
activation of ubiquitin by an E1 ubiquitin-activating enzyme, which uses ATP to form a high-energy
thioester bond with the ubiquitin molecule. Subsequently, the activated ubiquitin is transferred to an
E2 ubiquitin-conjugating enzyme. The final step involves an E3 ubiquitin ligase, which facilitates the
covalent attachment of ubiquitin to the lysine residues of target substrate proteins (Zhang & Sidhu,
2014). Among these enzymes, E3 ligases confer substrate specificity, with the human genome
encoding over 600 distinct E3 ligases to accommodate the regulation of a vast and diverse proteome
(Yang et al., 2021). Depending on the cellular context, substrates can be mono-ubiquitinated or
polyubiquitinated, directing them toward different fates, including proteasomal degradation,
endocytosis, or signaling modulation (Wang et al., 2023).

2.2. Diversity of Ubiquitin Chains and Functional Outcomes

The versatility of ubiquitin signaling arises from its ability to form polymeric chains through any
of its seven internal lysine residues (K6, K11, K27, K29, K33, K48, and K63) or the N-terminal
methionine (M1). The type of linkage within the polyubiquitin chain dictates distinct biological
outcomes (Gonzalez-Santamarta et al., 2022). K48-linked polyubiquitin chains represent the canonical
signal for proteasomal degradation, ensuring the removal of damaged, misfolded, or regulatory
proteins (Cetin et al., 2021). In contrast, K63-linked chains are primarily associated with non-
proteolytic functions, including DNA damage response, signal transduction, and endocytic
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trafficking. M1l-linked (linear) chains are particularly involved in regulating immune and
inflammatory responses (Cetin et al., 2021). Other atypical linkages, such as K11 and K29, have been
implicated in cell cycle regulation and lysosomal degradation, respectively (Dhara & Sinai, 2016). The
complexity of the “ubiquitin code” enables the UPS to orchestrate diverse cellular processes with
exquisite specificity and temporal control (Foster et al., 2021).

2.3. The 26S Proteasome: Structure and Regulation

The 26S proteasome is a large, ATP-dependent proteolytic complex responsible for the
degradation of polyubiquitinated proteins. It consists of a cylindrical 20S core particle (CP) and one
or two 19S regulatory particles (RP) that cap the core (Marshall & Vierstra, 2019). The 195 regulatory
complex recognizes ubiquitinated substrates, removes ubiquitin chains through associated
deubiquitinases (DUBs), and unfolds the substrate proteins in an ATP-dependent manner. The
unfolded proteins are then translocated into the proteolytic chamber of the 20S core, where they are
cleaved into small peptides (Snyder & Silva, 2021). Proteasomal activity is subject to tight regulation
by various post-translational modifications, allosteric modulators, and interacting proteins, allowing
cells to dynamically adjust protein degradation rates in response to developmental cues, cellular
stress, and environmental changes (Pennington et al., 2018). Disruption of proteasomal function has
profound implications for proteostasis and is implicated in numerous pathological conditions,
including neurodegenerative diseases and cancer (Kurtishi et al., 2019).

2.4. Deubiquitinases (DUBs): Resetting the System

Deubiquitinases (DUBs) constitute an essential component of the UPS, responsible for the
removal of ubiquitin from substrates or from polyubiquitin chains. By reversing ubiquitination,
DUBs regulate the stability, activity, and interactions of substrate proteins (Farshi et al., 2015). They
also recycle ubiquitin molecules, maintaining a sufficient pool of free ubiquitin necessary for ongoing
cellular processes. DUBs exhibit specificity for certain ubiquitin linkages or substrates, allowing them
to selectively fine-tune signaling pathways or proteolytic processes (Mevissen et al., 2017).
Dysregulation of DUB activity has been implicated in tumorigenesis, neurodegeneration, and
immune dysfunction, highlighting their emerging potential as therapeutic targets in diverse diseases
(Qin et al., 2024).

2.5. UPS vs Autophagy: Complementary or Redundant?

While the UPS primarily degrades short-lived and soluble proteins, autophagy is responsible
for the bulk degradation of long-lived proteins, protein aggregates, and damaged organelles (Fleming
et al., 2022). Although mechanistically distinct, the UPS and autophagy are functionally
interconnected, with significant crosstalk ensuring the maintenance of proteostasis under basal and
stress conditions (Li et al., 2022). When proteasomal capacity is compromised, autophagy can be
upregulated to alleviate the proteotoxic burden. Conversely, defects in autophagy can increase the
reliance on proteasomal degradation (Chua et al., 2022). Molecular regulators such as p62/SQSTM1
mediate interactions between ubiquitinated proteins and the autophagic machinery, further bridging
the two systems (Kumar et al., 2022). Understanding the balance between UPS and autophagy is
crucial for elucidating cellular responses to stress and offers potential therapeutic avenues for
diseases characterized by proteostasis impairment (Panwar et al., 2024).
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3. The UPS in Cellular and Systemic Homeostasis
3.1. Regulation of the Cell Cycle and DNA Damage Response

The ubiquitin-proteasome system (UPS) is indispensable for the regulation of the cell cycle,
ensuring precise control over the abundance and activity of key cell cycle regulators (Dang et al.,
2017). Timely degradation of cyclins, cyclin-dependent kinase (CDK) inhibitors, and checkpoint
proteins is orchestrated through the activity of E3 ligase complexes such as the anaphase-promoting
complex/cyclosome (APC/C) and the SCF (Skp1-Cullin-F-box) complexes (Koliopoulos et al., 2022).
For instance, APC/C-mediated ubiquitination and subsequent proteasomal degradation of mitotic
cyclins is crucial for the progression through and exit from mitosis (Greil et al., 2022). Aberrant UPS
function in this context leads to cell cycle arrest or uncontrolled proliferation, both of which have
profound pathological consequences, including tumorigenesis (Fhu and Ali., 2021). Similarly, the
UPS plays a central role in the DNA damage response by modulating the stability of proteins
involved in DNA repair pathways (Molinaro et al., 2021). A prominent example is the regulation of
the tumor suppressor p53, whose levels are tightly controlled by the E3 ligase MDM2 under
homeostatic conditions. In response to genotoxic stress, inhibition of MDM?2-mediated ubiquitination
leads to p53 stabilization, allowing it to activate target genes involved in cell cycle arrest, DNA repair,
and apoptosis (Nagpal and Yuan, 2021). Thus, the UPS acts as a dynamic and sensitive regulator of
genome integrity and cell fate decisions (Song et al., 2021).

3.2. Adaptation to Proteotoxic Stress

Cells are continually exposed to proteotoxic stresses, including oxidative stress, heat shock, and
endoplasmic reticulum (ER) stress, which threaten the stability of the proteome (Lang et al., 2021).
The UPS plays a frontline role in mitigating these threats by selectively degrading misfolded,
oxidized, or otherwise damaged proteins before they can aggregate and impair cellular function
(Koszla and Solek, 2024). During ER stress, the unfolded protein response (UPR) is activated to
restore homeostasis, with the ER-associated degradation (ERAD) pathway relying heavily on the UPS
for the removal of aberrant proteins from the ER lumen (Ajoolabady et al., 2022). Likewise, oxidative
stress leads to modifications in protein structure that are rapidly recognized and targeted for
degradation via ubiquitin tagging (Synder et al., 2021). Failure to maintain efficient UPS activity
under stress conditions results in the accumulation of toxic protein aggregates, a hallmark of many
neurodegenerative diseases and other proteopathies (Chopra et al., 2022). By constantly adapting to
proteotoxic insults, the UPS serves as a crucial component of the cellular stress response machinery.

3.3. Regulation of Cellular Signaling and Transcriptional Programs

The UPS extends its influence beyond proteostasis by intricately regulating key signaling
pathways and transcriptional networks (Ulfig and Jakob, 2024). In the canonical NF-kB signaling
pathway, the degradation of the inhibitory protein IkBa by the UPS is essential for the activation and
nuclear translocation of NF-«xB, a master regulator of inflammation and immune responses (Collins
et al, 2016). Similarly, components of the Wnt/B-catenin pathway are tightly controlled by
ubiquitination, with {-catenin degradation by the SCF"BTrCP complex preventing aberrant
activation of proliferative signals (Yu et al., 2021). Transcription factors such as c-Myc, STATs, and
HIF-1a are also subject to UPS-mediated degradation, which determines their stability and
transcriptional output in response to diverse stimuli (Lee et al., 2023). Moreover, recent research has
revealed that ubiquitination of chromatin regulators and histone-modifying enzymes adds another
layer of complexity to gene expression control. Through these mechanisms, the UPS ensures that
signal transduction and transcriptional programs are tightly regulated in a context-dependent and
temporally precise manner (Aberger and Altaba, 2014).
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3.4. Contribution of Systemic Homeostasis

Beyond the cellular level, the UPS contributes fundamentally to the maintenance of organismal
homeostasis (Hoppe and Cohen, 2020). In the immune system, the generation of antigenic peptides
for presentation by major histocompatibility complex class I (MHC-I) molecules is critically
dependent on proteasomal activity (Kloetzel, 2004). The immunoproteasome, a specialized form of
the proteasome induced during inflammatory responses, enhances the generation of peptides
optimal for immune surveillance (Groettrup et al., 2010). In metabolic regulation, components of
insulin signaling and lipid metabolism are modulated by ubiquitination, linking UPS activity directly
to nutrient sensing and energy balance (Marshall, 2006). Aging is associated with a gradual decline
in proteasome activity and ubiquitin recycling, leading to increased protein aggregation and cellular
dysfunction (Frankowska et al., 2022). This decline is thought to underlie many aspects of age-related
diseases, including neurodegeneration, sarcopenia, and metabolic disorders. Understanding how
systemic signals modulate UPS function across different tissues remains a key frontier in biology,
with profound implications for disease prevention and therapeutic intervention (Guo et al., 2024).

4. Disease-Specific Insights into UPS Dysregulation
4.1. Neurodegenerative Disorders
UPS Dysfunction in Alzheimer’s, Parkinson’s, and Huntington’s Disease

Neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and
Huntington’s disease (HD) are characterized by the progressive accumulation of misfolded and
aggregated proteins, a hallmark linked to impaired ubiquitin-proteasome system (UPS) function
(Ciechanover & Kwon, 2015). In AD, the UPS fails to effectively degrade hyperphosphorylated tau
proteins and amyloid-f3 peptides, leading to the formation of neurofibrillary tangles and amyloid
plaques that disrupt neuronal communication and viability (Ajoolabady et a., 2022). Similarly, in PD,
mutations in genes such as PARK2, encoding the E3 ligase parkin, compromise the clearance of
damaged mitochondria and misfolded proteins, contributing to dopaminergic neuron degeneration
(Madsen et al., 2021). HD, caused by expanded polyglutamine tracts in the huntingtin protein, results
in protein aggregates that can physically inhibit proteasome activity, exacerbating cellular stress and
promoting neurotoxicity (Hipp et al., 2014). Importantly, evidence suggests that UPS dysfunction
may precede visible protein aggregation, positioning impaired proteasomal degradation as a
potential initiating event in neurodegenerative pathogenesis rather than a mere downstream
consequence (Papaevgeniou & Chondrogianni., 2016).

Role of Protein Aggregates and Ubiquitin Tags

In the context of neurodegeneration, protein aggregates are often found to be ubiquitinated,
indicating that cells recognize these abnormal structures but are unable to effectively clear them.
These ubiquitinated aggregates can bind to proteasomes, blocking substrate entry and impairing
degradation efficiency (Tyedmers et al., 2010). Moreover, different types of ubiquitin chain linkages
can influence aggregate dynamics. While K48-linked ubiquitination typically targets proteins for
degradation, K63-linked chains are implicated in regulating aggregate formation and signaling
pathways (Tracz & Bialek, 2021). An imbalance in ubiquitin chain types or failure to recognize specific
ubiquitinated substrates further contributes to proteostasis collapse. Cellular attempts to sequester
aggregates into structures such as Lewy bodies or inclusion bodies represent a protective mechanism,
but ultimately, the burden overwhelms degradative systems (Sherman & Goldberg, 2001).

Therapeutic Strategies Targeting the UPS in Neurodegeneration

Given the central role of UPS dysfunction in neurodegenerative diseases, several therapeutic
strategies are under investigation. Enhancing proteasomal activity through small molecules, such as
inhibitors of deubiquitinases like USP14 (e.g., IU1), can increase the degradation of misfolded
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proteins (Lee et al., 2010). Augmenting E3 ligase function, particularly that of parkin, has been
proposed to promote mitochondrial quality control and substrate clearance (Miiller-Rischart et al.,
2013). Novel technologies such as proteolysis-targeting chimeras (PROTACs) offer a means to
artificially direct pathogenic proteins toward proteasomal degradation (Pettersson & Crews, 2019).
Additionally, compounds that prevent aggregate formation or enhance disaggregation may
indirectly alleviate proteasomal burden. Gene therapy approaches targeting defective UPS
components represent an emerging frontier, offering potential for durable neuroprotection (Pena et
al., 2020).

4.2. Cancer Biology
UPS Regulation of Oncoproteins and Tumor Suppressors

The UPS governs the stability of key regulators of cell proliferation, apoptosis, and DNA repair,
making it a central player in tumorigenesis (Tu et al., 2012). Oncoproteins such as c-Myc, Cyclin D1,
and Mdm?2 are tightly controlled through ubiquitination-mediated degradation under normal
conditions (Shi & Gu, 2012). Tumor suppressors, most notably p53, are similarly regulated, with
MDM2-mediated ubiquitination ensuring low basal p53 levels. In cancer, aberrant UPS activity often
promotes malignant progression (Marine et al., 2010). Overexpression of MDM2, leading to excessive
p53 degradation, is observed in multiple cancer types, while impaired ubiquitination of oncoproteins
allows their pathological accumulation (Chao, 2015). Depending on the cellular context, either
hyperactivation or inhibition of UPS components can drive tumorigenesis, underscoring the dual
roles of UPS in cancer biology (Papaioannou & Chevet., 2017).

E3 Ligases as Tumor Drivers or Suppressors

E3 ligases represent a particularly diverse and functionally critical subset of UPS components in
cancer. Some E3 ligases, such as MDM2, SKP2, and HUWE], act as oncogenes by targeting tumor
suppressors for degradation, thereby promoting proliferation and survival (Kao et al., 2018).
Conversely, others like FBW?7 function as tumor suppressors by degrading oncoproteins such as c-
Myc, Cyclin E, and Notch (Wang et al.,, 2012). Loss of FBW7 is frequently associated with poor
prognosis and therapy resistance across various cancers (Fan et al., 2022). Recent studies have
highlighted the context-dependent roles of specific E3 ligases, suggesting that their functional output
may vary depending on the molecular landscape of the tumor, further complicating therapeutic
targeting strategies (Zou et al., 2023).

Targeted Protein Degradation as a Novel Anti-Cancer Strategy

The advent of targeted protein degradation platforms has revolutionized cancer therapeutics.
PROTAG:S, bifunctional molecules that recruit E3 ligases to disease-relevant proteins, enable the
selective ubiquitination and degradation of previously “undruggable” targets, including
transcription factors and scaffolding proteins (Samarasinghe & Crews, 2021). In parallel, molecular
glues, such as lenalidomide, modulate E3 ligase-substrate specificity to induce degradation of specific
oncogenic factors (Nagel et al., 2021). Clinical trials investigating PROTACs targeting androgen
receptors, estrogen receptors, and anti-apoptotic proteins such as BCL-XL are ongoing, offering
promising new avenues for treatment. Nonetheless, challenges remain, including achieving tissue
specificity, avoiding off-target effects, and circumventing resistance mechanisms.

4.3. Infectious Diseases

Viral Manipulation of the Host UPS

Many viruses have evolved sophisticated mechanisms to hijack the host UPS for their own
benefit, modulating immune responses and facilitating replication. Human immunodeficiency virus
(HIV) encodes accessory proteins such as Vif and Vpu that recruit host E3 ligase complexes to
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ubiquitinate and degrade antiviral factors like APOBEC3G and tetherin (Strebel, 2007). Human
papillomavirus (HPV) E6 and E7 proteins similarly exploit the UPS to degrade tumor suppressors
p53 and Rb, driving oncogenesis (Tomaic, 2016). Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has also been implicated in UPS manipulation, with viral proteins such as ORF10
proposed to interact with Cullin-2 E3 ligase complexes, potentially altering host protein stability and
dampening immune defenses (Zhou et al., 2024). These examples highlight the critical role of UPS
modulation in viral pathogenesis.

Bacterial Subversion of Ubiquitination Pathways

Pathogenic bacteria have also developed strategies to subvert the UPS. Legionella pneumophila,
for instance, injects effector proteins like the SidE family, which catalyze ubiquitination
independently of the canonical E1-E2-E3 cascade, facilitating bacterial survival within host cells
(Tomaskovic et al., 2022). Salmonella and Shigella species produce bacterial E3 ligase-like proteins
that modulate host immune signaling pathways to evade clearance (Sharma et al, 2018).
Mycobacterium tuberculosis interferes with proteasome function in macrophages, impairing antigen
presentation and facilitating immune evasion (Chandra et al., 2022). These findings underscore the
versatility of ubiquitin system manipulation in host-pathogen interactions.

Therapeutic Opportunities Targeting UPS-Pathogen Interactions

Understanding how pathogens manipulate the UPS has opened new therapeutic avenues.
Strategies aimed at restoring host UPS function, blocking pathogen-mediated hijacking of ubiquitin
machinery, or enhancing proteasomal degradation of infected cells are under active investigation
(Alonso & Garcia del Portillo, 2004). Immunoproteasome activators that enhance antigen
presentation could improve pathogen clearance, while pathogen-specific UPS inhibitors might
selectively disrupt microbial survival mechanisms without harming host proteostasis (Thakur et al.,
2019). Advances in this field could yield novel anti-infective therapies with high specificity and
reduced risk of resistance.

4.4. Immune Regulation and Inflammation

The UPS is fundamental to immune regulation, mediating antigen processing, cytokine
signaling, and immune cell homeostasis (Di Conza et al., 2023). During antigen presentation,
proteasomal degradation of intracellular proteins generates peptides for loading onto MHC class I
molecules, a process further optimized by immunoproteasomes under inflammatory conditions
(Rana et al., 2023). Cytokine signaling pathways, particularly those involving NF-«kB, are tightly
controlled by UPS-mediated degradation of inhibitors such as IkBa (Haberecht-Miiller et al., 2021).
Dysregulation of UPS components can lead to chronic inflammation or immune suppression,
contributing to diseases such as rheumatoid arthritis, inflammatory bowel disease, and cancer (Wang
& Maldonado, 2006). Furthermore, mutations affecting E3 ligases such as Cbl-b or impairments in
DUBs have been implicated in autoimmune pathogenesis, highlighting the delicate balance
maintained by UPS activity within the immune system (Parihar & Bhatt, 2021).

4.5. Metabolic Disorders and Aging

UPS dysfunction is increasingly recognized as a contributing factor to metabolic disorders and
age-related diseases. In insulin signaling, the degradation of insulin receptor substrate (IRS) proteins
by SOCS-mediated ubiquitination attenuates signaling and promotes insulin resistance, a hallmark
of type 2 diabetes (Galic et al., 2014). Lipid metabolism is similarly regulated through UPS-mediated
control of transcription factors such as SREBP and PPARy (Gu et al., 2024). Impairments in these
pathways contribute to obesity, hepatic steatosis, and metabolic syndrome. Aging is accompanied by
a decline in proteasomal activity, leading to the accumulation of damaged proteins and defective
organelles, particularly mitochondria (Kaushik & Cuervo, 2015). The failure of mitophagy, often
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initiated by UPS-mediated tagging of dysfunctional mitochondria via E3 ligases like parkin,
contributes to increased oxidative stress and systemic metabolic dysfunction (Kocaturk & Gozuacik,
2018). Enhancing UPS efficiency or targeting specific degradation pathways represents a promising
strategy to mitigate metabolic disease progression and promote healthy aging.

5. The UPS in Plant Biology and Agricultural Innovation
5.1. Regulation of Stress Responses and Hormone Signaling

In plants, the UPS is a fundamental regulator of responses to both abiotic and biotic stresses (Liu
et al., 2024). Environmental challenges such as drought, salinity, heat, and pathogen infection induce
rapid and dynamic changes in the plant proteome, necessitating tight control over protein stability
(Singh et al., 2023). The UPS orchestrates these responses by selectively degrading key transcription
factors, signaling intermediates, and regulatory proteins involved in stress adaptation (Uday et al.,
2024). For instance, components of the drought and salinity stress pathways, including transcription
factors such as DREB2A, are regulated via ubiquitination to fine-tune gene expression under adverse
conditions (Chaffai et al., 2024). Hormone signaling networks in plants are also heavily dependent
on the UPS for their regulation (Saha et al., 2024). In the auxin signaling pathway, perception of the
hormone leads to the recruitment of AUX/IAA repressors to the SCFATIR1 E3 ligase complex,
resulting in their ubiquitination and proteasomal degradation (Cui et al., 2024). This degradation
event releases the repression of auxin-responsive genes, enabling developmental processes such as
cell elongation and differentiation (Phanindhar & Mishra, 2023). Similar mechanisms operate in
gibberellin, jasmonate, and abscisic acid (ABA) signaling, where hormone-triggered degradation of
negative regulators rapidly adjusts the physiological response. The ability of the UPS to mediate swift
and reversible changes in protein abundance is thus critical for plant adaptability and survival under
fluctuating environmental conditions (Kumar et al., 2024).

5.2. Opportunities for Crop Improvement Through UPS Engineering

enhancing stress tolerance, growth regulation, and resource use efficiency (Javed et al., 2022).
Genetic manipulation of specific UPS components, such as E3 ligases or deubiquitinases, has
demonstrated the potential to confer beneficial traits without negatively affecting overall plant fitness
(Suranjika et al., 2024). For example, overexpression of E3 ligases that promote drought resistance, or
the engineering of UPS pathways that enhance nutrient uptake, can improve crop performance under
suboptimal agricultural conditions (Alam et al., 2022). Advances in genome-editing technologies,
including CRISPR/Cas9, now allow precise targeting of UPS genes to create crops with customized
responses to environmental cues (Nerkar et al., 2022). Moreover, modulating UPS-regulated hormone
signaling pathways offers another avenue for trait improvement. Targeting the UPS components
controlling flowering time, seed dormancy, or fruit ripening could lead to the development of
varieties better suited to changing climates and agricultural demands (Banjare et al., 2023). However,
given the broad and interconnected roles of the UPS in plant development, careful and context-
specific interventions are necessary to avoid unintended pleiotropic effects (Cabrera-Serrano et al.,
2025).

5.3. Cross-Kingdom Insights into Ubiquitination Mechanisms

The core architecture of the UPS is remarkably conserved across eukaryotic kingdoms, yet plants
have evolved unique adaptations to address the challenges of a sessile lifestyle (Pozoga et al., 2022).
For instance, plants possess plant-specific ubiquitin-like modifiers, such as RUB (related to ubiquitin),
and specialized E3 ligases tailored for environmental sensing and response (Li, 2021). Comparative
studies between plant and animal UPS systems have provided valuable insights into the evolution of
stress resilience mechanisms. Furthermore, lessons from plant UPS research are increasingly
informing animal and human biology (Kacprzyk et al., 2024). Mechanisms discovered in plants, such
as fine-tuning protein turnover in response to redox changes or nutrient fluctuations, have parallels
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in mammalian systems and could inspire novel therapeutic strategies for proteostasis-related
diseases. Thus, exploring the plant UPS not only advances agricultural biotechnology but also
contributes to a broader understanding of ubiquitin biology and its applications across disciplines
(Sinha et al., 2022).

6. Emerging Tools and Technologies to Study the UPS
6.1. Ubiquitin-omics and Mass Spectrometry

The advent of advanced mass spectrometry (MS) techniques has revolutionized the study of
ubiquitination on a proteome-wide scale (Xu et al., 2024). Ubiquitinomics, the global profiling of
ubiquitinated proteins, has provided unprecedented insights into the dynamics of the ubiquitin
landscape in health and disease (Geddes-McAlister & Uhrig, 2025). Enrichment strategies utilizing
antibodies specific to ubiquitin remnants, such as the diGly (K-e-GG) motif, allow for the selective
capture and identification of ubiquitination sites from complex biological samples (van der wal et al.,
2022). Quantitative MS approaches, including tandem mass tag (TMT) labeling and label-free
quantification, enable dynamic comparisons of ubiquitination patterns under different cellular
conditions, treatments, or disease states (Sang et al., 2025). Recent advances have further expanded
the ability to map atypical ubiquitin chain linkages and branched polyubiquitin architectures,
revealing novel layers of regulation beyond the canonical K48 and K63 linkages (PT & Sahu, 2024).
The integration of ubiquitinomics with other omics platforms, such as phosphoproteomics and
transcriptomics, is now providing systems-level insights into how ubiquitination intersects with
broader cellular networks.

6.2. CRISPR-Based Screens for Functional Dissection of the UPS

CRISPR-Cas9 genome editing technologies have opened powerful avenues for dissecting the
functional components of the UPS (Haq et al., 2024). Genome-wide CRISPR knockout (CRISPR-KO)
and activation (CRISPRa) screens allow systematic identification of E3 ligases, deubiquitinases, and
ubiquitin-like modifiers that regulate specific cellular phenotypes. For example, CRISPR screens have
uncovered novel UPS regulators of proteasomal degradation, immune responses, and drug resistance
mechanisms. Pooled CRISPR libraries targeting UPS-related genes can also be used to identify
synthetic lethal interactions, informing therapeutic strategies for diseases such as cancer (Tubio-
Santamaria et al., 2023). Furthermore, CRISPR interference (CRISPRi) enables the partial repression
of target genes without complete knockout, providing a more nuanced view of gene function and
facilitating the study of essential UPS components. As CRISPR technologies continue to evolve, their
application to UPS research promises to deepen our understanding of ubiquitin-mediated regulation
and identify novel therapeutic targets (Ashitomi et al., 2025).

6.3. Live-Cell Imaging of Ubiquitination and Proteasomal Activity

Recent technological advances in live-cell imaging have enabled direct visualization of
ubiquitination events and proteasomal degradation dynamics in real time (Berkley et al., 2025).
Fluorescent ubiquitin sensors, degron-tagged reporter constructs, and Forster resonance energy
transfer (FRET)-based assays allow the monitoring of protein ubiquitination and turnover within
living cells (Troster et al., 2025). These tools facilitate spatiotemporal analysis of how ubiquitination
patterns change in response to cellular stress, signaling events, or therapeutic interventions. For
instance, time-lapse imaging of proteasomal degradation can reveal how cells adapt their proteostasis
machinery under oxidative stress or during infection (Enenkel et al., 2022). Live-cell imaging
approaches are increasingly being integrated with optogenetics and super-resolution microscopy,
offering unprecedented resolution and control in studying the dynamic regulation of the UPS in situ
(Kalies, 2023).
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6.4. Artificial Intelligence and Computational Modeling of Ubiquitination

Artificial intelligence (AI) and machine learning approaches are rapidly transforming the field
of ubiquitin biology by enabling the prediction of ubiquitination sites, degron motifs, and E3-
substrate relationships (Hou et al.,, 2022). Deep learning models trained on ubiquitination datasets
can accurately forecast degradation signals embedded within protein sequences, accelerating the
identification of novel UPS targets (Ullah et al., 2024). Computational modeling of ubiquitin chain
assembly, E3 ligase specificity, and proteasomal degradation kinetics is providing systems-level
perspectives that complement experimental observations (Sikander et al., 2022). Al-driven analyses
are also aiding drug discovery efforts by predicting the efficacy and selectivity of targeted protein
degradation molecules such as PROTACs and molecular glues (An et al.,, 2025). As computational
tools become more sophisticated, their integration with high-throughput experimental platforms will
enhance the precision and scalability of UPS research (Liu et al., 2024).

7. Challenges and Future Directions
7.1. Mapping E3 Ligase Specificity at Scale

Despite significant progress in elucidating the components of the ubiquitin-proteasome system
(UPS), a major unresolved challenge remains the comprehensive mapping of E3 ligase-substrate
relationships. With over 600 E3 ligases encoded in the human genome, only a small fraction has well-
characterized substrate profiles (Sun, 2022). Traditional methods such as co-immunoprecipitation
and yeast two-hybrid screening are labor-intensive and often miss transient or low-affinity
interactions (Tabar et al., 2022). Recent advances in proximity-labeling techniques, such as BioID and
APEX tagging, combined with mass spectrometry, are beginning to uncover broader E3-substrate
networks (Millar, 2023). However, distinguishing direct substrates from indirect interactors remains
a critical hurdle. The development of scalable, high-throughput, and substrate-centric discovery
methods is urgently needed to fully chart the UPS landscape. A complete E3-substrate interactome
would greatly accelerate the identification of novel therapeutic targets and deepen our
understanding of cellular regulatory circuits (Potjewyd & Axtman, 2021).

7.2. Achieving Selectivity in Therapeutic Targeting

Another major challenge in leveraging the UPS for therapeutic interventions lies in achieving
precise selectivity (Dhoundiyal et al., 2024). Small molecules targeting the proteasome or broad
classes of E3 ligases risk unintended effects on global proteostasis, potentially leading to toxicity and
off-target consequences (kim et al., 2024). New technologies such as PROTACs and molecular glues
offer improved selectivity by directing degradation toward specific disease-associated proteins.
Nevertheless, optimizing the specificity, bioavailability, and tissue distribution of these molecules
remains a formidable task (wang et al., 2024). The design of programmable degrons, rational E3 ligase
recruitment, and tissue-specific delivery platforms represents promising strategies to enhance
therapeutic precision (Békés et al., 2022). Overcoming these challenges is critical for translating
targeted protein degradation strategies into safe and effective treatments.

7.3. Expanding UPS Insights to Underexplored Diseases

While UPS research has predominantly focused on cancer, neurodegeneration, and infectious
diseases, its roles in other pathological contexts remain comparatively understudied (Gongalves et
al., 2024). Emerging evidence implicates UPS dysfunction in cardiovascular diseases, fibrotic
disorders, and rare genetic syndromes (Biernacka et al., 2024). For instance, defects in proteasomal
activity have been linked to cardiac hypertrophy and heart failure, while aberrant ubiquitination of
fibrotic mediators may contribute to pathological tissue remodeling. Expanding UPS research into
these areas could uncover novel mechanisms of disease progression and identify new therapeutic
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windows. Greater attention to the roles of the UPS in underexplored diseases will be critical for fully
appreciating its systemic importance and therapeutic potential.

7.4. Opportunities in Precision Medicine and Synthetic Biology

The convergence of UPS research with precision medicine and synthetic biology offers exciting
opportunities for future innovation (Yan et al., 2023). Personalized ubiquitinomics, integrating
patient-specific ubiquitination profiles, could enable the identification of individualized therapeutic
vulnerabilities (Su et al, 2021). Meanwhile, synthetic biology approaches are engineering
programmable ubiquitin circuits, synthetic E3 ligases, and orthogonal degradation pathways to
control cellular behavior with unprecedented precision (Teixeira & Fussenegger, 2024). These
innovations hold promise not only for therapeutic applications but also for advancing biotechnology
and regenerative medicine. As our understanding of the UPS deepens, its integration with cutting-
edge technologies will likely drive the development of highly targeted, personalized interventions
capable of restoring proteostasis in a wide range of diseases (Kumar, 2025).

8. Conclusions

The ubiquitin-proteasome system (UPS) serves as a central hub for maintaining cellular health
by orchestrating protein turnover, regulating key signaling pathways, and safeguarding proteostasis
under both normal and stress conditions. Its roles extend beyond proteolytic degradation, influencing
nearly every aspect of cell biology, including immune responses, cell cycle progression, DNA repair,
metabolic regulation, and adaptation to environmental challenges. Dysregulation of the UPS is
increasingly recognized as a driver of a wide range of diseases, from cancer and neurodegenerative
disorders to infectious and metabolic diseases, underscoring its critical importance in human health
and disease. The past decade has witnessed remarkable advances in our understanding of UPS
mechanisms, fueled by the development of new tools such as ubiquitinomics, CRISPR-based
functional screens, live-cell imaging, and artificial intelligence-driven modeling. These technologies
have not only deepened our mechanistic insights but have also opened new therapeutic avenues,
particularly through the emergence of targeted protein degradation platforms like PROTACs and
molecular glues. Furthermore, research on plant UPS systems offers valuable cross-kingdom
perspectives and highlights the evolutionary versatility of ubiquitin-mediated regulation. Despite
these advances, significant challenges remain. Comprehensive mapping of E3 ligase specificity,
achieving therapeutic selectivity, and expanding our understanding of UPS roles in underexplored
diseases are critical next steps. Future research integrating precision medicine, synthetic biology, and
systems-level approaches holds immense promise for unlocking the full potential of the UPS as a
therapeutic target. As our knowledge of the ubiquitin-proteasome system continues to expand, it is
becoming increasingly clear that mastering the control of ubiquitination and proteasomal
degradation will not only enable us to treat existing diseases but may also allow us to proactively
maintain cellular and organismal health. Harnessing the UPS with precision offers a transformative
opportunity to reshape the future of medicine, agriculture, and biotechnology.
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