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Abstract: While TRIM proteins are extensively studied in the context of lung tumors, their roles in non-tumor chronic lung diseases
remain underexplored. This review delves into the emerging significance of TRIM family proteins in the pathogenesis of idiopathic
pulmonary fibrosis (IPF), asthma, chronic obstructive pulmonary disease (COPD), and pulmonary hypertension (PH). TRIM proteins
modulate key pathological processes, including inflammation, fibrosis, and cellular remodeling, contributing to disease progression.
We highlight their potential as biomarkers and therapeutic targets, offering promising avenues for drug development in these
debilitating respiratory disorders. However, the translation of these findings into clinical applications faces significant challenges.
These include the dual functional nature of TRIM proteins, their context-dependent roles, the complexity of their downstream
signaling networks, and the limitations of current therapeutic strategies in achieving tissue-specific targeting with minimal oft-target
effects. Addressing these challenges will require innovative approaches and interdisciplinary efforts to unlock the therapeutic potential
of TRIM proteins in non-tumor chronic lung diseases.
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Introduction

Chronic lung diseases continue to be a significant global health burden. According to a systematic analysis of data from
the Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) 2019, approximately 454.6 million people
worldwide were affected by chronic lung diseases in 2019, marking a 39.8% increase since 1990." These conditions were
the third leading cause of death globally, with a 28.5% rise in mortality compared to 1990. Additionally, chronic lung
disorders impose substantial economic burdens on society and individual families.>® Traditional treatments primarily
alleviate symptoms rather than alter the natural course of chronic lung diseases, highlighting the urgent need to better
understand the mechanisms underlying these conditions and to develop novel targeted therapies.*

Protein homeostasis is critical for the proper functioning of all cell types and organs. The two primary systems
responsible for regulating protein degradation are the ubiquitin-proteasome system (UPS) and the autophagy-lysosome
pathway (ALP).>® Within the UPS, E3 ligases, including the TRIM family of proteins, play a pivotal role in maintaining
cellular protein homeostasis by mediating substrate-specific ubiquitination.”® This function makes E3 ligases critical
determinants of the specificity of the UPS and key targets in various diseases.

The human genome encodes over 600 E3 ligases, which are categorized into three families: RING, HECT, and RING-
between-RING (RBR).” RING-type E3 ligases facilitate the direct transfer of ubiquitin from E2 to substrates, while
HECT and RBR ligases first bind ubiquitin before transferring it to the substrate. This highly regulated system ensures
the precise selection of substrates, and E3 ligases play crucial roles in the regulation of multiple diseases, including
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cancer, neurodegenerative diseases, cardiovascular disease, and autoimmune diseases.?!

The tripartite motif (TRIM) family of proteins, a subfamily of RING finger E3 ligases, includes more than 80
members in humans.”> TRIMs primarily function as canonical E3 ligases, promoting the UPS-mediated degradation of

proteins. Interestingly, some TRIMs also act as deubiquitinases, preventing UPS-mediated degradation of proteins.>*2°
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However, the dual role of TRIMs as both ubiquitinases and deubiquitinases is not unique; for example, A20 has been
widely studied for its similar dual function.”” The biological functions of TRIMs are therefore complex, and a deeper
understanding could provide new perspectives for drug target development.

Chronic inflammation is a key driver in the pathogenesis of various chronic lung diseases, including COPD,*®
asthma,?® pulmonary fibrosis,’® and pulmonary fibrosis.>’ While TRIM family proteins have been widely recognized for
their regulatory roles in mediating inflammation,*? their specific contributions to chronic lung diseases remain intriguing
and underexplored. Although much of the research on TRIM proteins has traditionally focused on their roles in cancer,
emerging evidence suggests their significant involvement in non-tumor chronic lung diseases.?® This review aims to shed
light on the roles of TRIM proteins in these conditions (Table 1).

Idiopathic Pulmonary Fibrosis

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive interstitial pneumonia of unknown origin that primarily
affects adults.’® Due to a limited understanding of its pathogenesis, effective treatment remains a significant challenge.
The two antifibrotic drugs approved by the latest ATS/ERS/JRS/ALAT guidelines, pirfenidone, and nintedanib, only slow
disease progression without offering a cure®'? Despite these treatments, IPF mortality rates continue to rise, with an
estimated 17,000 deaths annually in Europe alone.” There is an urgent need to explore the underlying mechanisms of
IPF and develop more effective therapies.

The TGF-p signaling pathway is a key driver of fibrosis, with receptor-Smad family transducers (R-Smads) forming
complexes that activate target gene transcription.”* TRIM33, also known as ectodermin, is a RING-type ubiquitin ligase
that interacts with Smad4, serving as a potent endogenous antagonist of Smad signaling.>® Interestingly, subsequent
studies revealed that although TRIM33 acts as a Smad4 monoubiquitin ligase, it does not decrease Smad4 levels but
instead promotes Smad4 K519 monoubiquitination, inhibiting the formation of the Smad2/3 complex and thus suppres-
sing TGF-B gene responses.’® Additionally, TRIM33 promotes TGF-p receptor 1 (Tgfbrl) polyubiquitylation and
suppresses its expression in hematopoietic stem cells, blunting TGF-B signaling activation.’” In the context of IPF,

Table | TRIM Family Proteins in Non-Tumor Chronic Lung

Diseases

Disease | TRIMs Substrates | References

IPF TRIM33 Smad4 [33]
TRIM47 PPMIA [34]
TRIM72 [35]
TRIM21 .. [36]
TRIM7/MEFV/TRIM45 | ... [37]

Asthma | TRIM37 [38]
TRIM33 Smad4 [39]

COPD TRIMI6 [40]
TRIM63 [41-44]
TRIM32 . [45]
TRIM25, Keapl [46]

PH TRIM32 [47]
TRIM24 .. [48]
TRIM63/TRIM55 .. [49]
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TRIM33 expression is increased in the lung tissue of IPF patients and rodent models, and its depletion exacerbates TGF-
Bl signaling, leading to disease progression.>

TRIMs also modulate TGF-B1 signaling indirectly through other proteins involved in the pathway. For example,
PPMI1A, a phosphatase that interacts with Smad2 suppresses its phosphorylation and promotes nuclear export, thereby
inhibiting TGF-p signaling.”® In a lipopolysaccharide (LPS)-induced pulmonary fibrosis model, TRIM47 was shown to
promote the ubiquitination and degradation of PPMIA, contributing to fibrosis®* (Figure 1). Furthermore, TRIM72
expression is increased in IPF lungs and in mouse models subjected to various lung injuries, where it enhances the
membrane repair of type II alveolar epithelial cells, protecting the epithelial layer integrity and reducing fibrosis.*>

Several other TRIMs may also be involved in IPF, although their roles are less well studied. For instance, TRIM21
antibodies are among the most common autoantibodies detected in idiopathic interstitial pneumonia (IIP) patients.*
Bioinformatic analyses have identified significant associations between TRIM7, MEFV, TRIM45, and TRIM47 with
overall survival in IPF.>” Additionally, machine learning studies have suggested TRIM2 as a potential gene signature for
IPE,> with increased expression observed in bleomycin-induced pulmonary fibrosis in mice.*

Asthma
Asthma is a chronic respiratory disease marked by airway inflammation, bronchial hyperresponsiveness, and variable
airflow limitation.®’ The condition arises from a complex interplay of genetic and environmental factors, including
exposure to allergens, air pollution, and microbial products.®” The pathogenesis of asthma involves immune cells,
cytokines, and chemokines that drive chronic inflammation and remodeling of the airways. This results in symptoms
such as wheezing, shortness of breath, chest tightness, and coughing, which can vary in severity and frequency among
individuals.

Globally, asthma is a significant health concern, affecting approximately 4.3% of the population, with prevalence
rates varying widely across different regions.®® Despite advances in treatment, asthma remains a major cause of
morbidity, and there is considerable global disparity in asthma-related mortality and years of life lost due to the
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Figure | TRIM33 mitigates IPF by blunting TGF-B1 signaling through binding Smad4 and inhibiting its interaction with Smad2/3; TRIM47 alleviates pulmonary fibrosis by
interacting with PPMIA and targeting it for UPS-mediated degradation.
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disease.®’ While the overall mortality rate from asthma is relatively low compared to other respiratory conditions, the
impact on quality of life and healthcare systems is substantial, particularly in low- and middle-income countries where
access to effective treatments may be limited.

A key feature of asthma pathogenesis is the role of airway smooth muscle (ASM), which is composed of smooth
muscle cells (ASMCs). ASMCs contribute to bronchoconstriction, airway hyperresponsiveness, and remodeling, making
them a critical target for asthma treatment.** Recent research has highlighted the involvement of specific proteins, such as
TRIM37 and TRIM33, in regulating the behavior of ASMCs.

TRIM37 has been shown to inhibit the proliferation and migration of ASMCs by suppressing the protein expression
levels of p-catenin, c-Myc, and cyclin D1 in ASMCs stimulated by platelet-derived growth factor-BB (PDGF-BB).*®
This suppression interferes with the Wnt/B-catenin signaling pathway, a key regulator of cell growth and differentiation.
The addition of LiCl, a Wnt/B-catenin pathway activator, can significantly reverse the inhibitory effects of TRIM37,
underscoring its role in the regulation of ASMC function.

Similarly, TRIM33 has been found to play a crucial role in modulating ASMC activity. Consistent with findings in
IPF, TRIM33 inhibits SMADA4, thereby suppressing the activation of the Wnt/B-catenin pathway (Figure 2). This action
reduces PDGF-BB-induced proliferation and migration of ASMCs, suggesting that TRIM33 may have therapeutic
potential in controlling airway remodeling in asthma.*

The role of these TRIM proteins in asthma highlights the importance of the Wnt/B-catenin signaling pathway in the
disease’s pathology. Targeting this pathway, and the regulatory proteins involved, could offer new therapeutic strategies
for managing asthma, particularly in cases where traditional treatments are less effective. Given the chronic nature of
asthma and the potential for severe exacerbations, ongoing research into the molecular mechanisms underlying the
disease is essential for developing more effective and personalized treatment options.

Chronic Obstructive Pulmonary Disease
Chronic obstructive pulmonary disease is a heterogeneous lung disease characterized by chronic respiratory symptoms
and irreversible airflow limitation. The World Health Organization (WHO) predicts that COPD will become the third
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Figure 2 TRIM37 inhibits the proliferation and migration of ASMCs by suppressing Wnt/B-catenin pathway activation; TRIM33 blunts the proliferation and migration of
ASMCs by inhibiting Wnt/B-catenin pathway activation through its interaction with Smad4.
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leading cause of death worldwide by 2030.° The annual prevalence of COPD in Germany is reported to be 5.8%,
according to the Robert Koch Institute.®® COPD also imposes a significant disease burden,®” with comorbidities greatly
impacting overall prognosis. For example, COPD-induced peripheral muscle fatigue not only leads to poor exercise
performance but also contributes to reduced health status, increased healthcare utilization, and even mortality.68

TRIM16 has been found to play a critical role in autophagy.®® Chauhan et al’® revealed that TRIM16 is the key factor
interacting with other autophagy regulators, including Galectin-3, ULK1, ATG16L1, and Beclinl, to protect cells from
consequences of lysosome damage by assisting the formation of autolysosomes. In lung tissue and bronchial epithelial
cells isolated from COPD patients, TRIM16 expression is decreased, accompanied by increased expression of galectin-3
and the accumulation of lysosomes with lysosomal membrane permeabilization. This indicates insufficient lysophagy,
suggesting TRIM16’s involvement in COPD pathogenesis*® (Figure 3).

Beyond pulmonary pathological changes, COPD is also associated with several systemic effects, such as nutritional
abnormalities, weight loss, and skeletal muscle dysfunction.”' Cigarette smoke is a key risk factor for COPD, leading to
pathological changes in the respiratory tract and lung parenchyma, which subsequently result in airflow limitation.”* The
inflammatory responses induced by cigarette smoke not only cause abnormalities in the lungs but are also linked to
extrapulmonary pathophysiological changes, including malnutrition, weight loss, osteoporosis, and skeletal muscle
wasting,”> Among these, weight loss is particularly associated with peripheral muscle dysfunction and exercise intoler-
ance, and is considered an independent risk factor for survival.”*7>

TRIM63, also known as MURF1, and atrogin-1 are key E3 ubiquitin ligases involved in muscle protein degradation
during acute skeletal muscle atrophy.”® Although the expression of TRIM63 and atrogin-1 is not elevated in stable COPD
patients,*’ Tim Crul et al** investigated the mRNA expression profile of the quadriceps muscle in COPD patients during
acute exacerbations compared to stable COPD patients. Through gene ontology analysis, they identified upregulation of
transcripts involved in ubiquitin-dependent protein catabolism in hospitalized COPD patients compared to those with
stable disease. Given that TRIM63 is a muscle-specific atrophy-related E3 ubiquitin-protein ligase, subsequent Real-time
PCR validated the increased expression of TRIM63 in hospitalized COPD patients. This increase is consistent with
expression levels observed in COPD patients with muscle atrophy as well as in those with preserved muscle mass,*
which may be partly driven by activation of the mitogen-activated protein kinases (MAPKs) pathway.’’

Qe

B-galactoside

s ¢ g LN
//‘/x gy \\\\
Lysosome Py £ gy NN
Y4 e W\
V4 ) W

" A\Y
TRllém P 4 " UL )ﬁ "
- )) - ( Beclinl “
B n TRIMT Q
caB ] o Q n

fateieti] 6 3

C UB 3
TRIMT . 1B ULK1 O I
Beclinl ) l : 2 ;
16 > k—, Q _h 1B ) n
\
TRIMT Q \ / ‘"B”B) y fag n
lateieta] w g R P "
caB ULK1I O W y £ 1B 9 "
p n”BnB y £ ) W C uB » 4
£ g 1B g \\‘sx //
A 4 1B N /"//
o - RRN ~
[ | 2
p UBIB) y Damaged lysosome Sy Autolysosome =

Figure 3 CSE enhanced lysosome damage while inhibiting autophagy by suppressing TRIMI6 expression.
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Barreiro et al** reported increased expression of TRIM32 and total ubiquitination levels in COPD patients, which
might contribute to peripheral muscle weakness and mass loss. The use of the phosphodiesterase-4 inhibitor roflumilast
was shown to reverse proteolysis in skeletal muscle cells, as evidenced by decreased TRIM32 expression and total
protein ubiquitination levels.

Oxidative stress is another predominant mechanism implicated in muscle wasting in COPD patients.”® Pomiés et al**
demonstrated that the pro-oxidant molecule H202 activates TRIM63 expression, whereas the antioxidant molecule
ascorbic acid reduces TRIM63 expression. Additionally, they found that the proteasome inhibitor MG132 not only
restores basal atrophy levels in COPD myotubes but also suppresses pro-oxidant-induced myotube atrophy, suggesting
that oxidative stress-induced TRIM63 overexpression may further promote atrophy via the proteasome pathway.

The Keapl-Nrf2 pathway is a well-established cellular stress response pathway to oxidative and electrophilic
chemicals.” Keapl, part of an E3 ubiquitin ligase complex, normally binds to the transcription factor Nrf2 in the
cytoplasm, targeting it for proteasomal degradation.® During oxidative stress, Nrf2 is released from Keapl, translocates
to the nucleus, and activates the expression of key enzymes involved in cellular defense against oxidative stress,
including HO1 and NQO1.®' Notably, TRIM25, another E3 ubiquitin ligase, can directly bind to Keapl, targeting it
for ubiquitination and proteasome-dependent degradation. This leads to Nrf2 activation and a reduction in oxidative
stress.®® Additionally, another study found that the increased expression of TRIM65, by regulating the Keapl-Nrf2
pathway, partly contributes to the protective effects of (—)-Epicatechin, a type of flavonoid, in COPD.*

Pulmonary Hypertension

Pulmonary hypertension is a multifaceted and progressively worsening condition marked by increased blood pressure
within the pulmonary arteries, which can lead to right ventricular heart failure, along with significant morbidity and
mortality.®® PH is categorized into five groups based on distinct underlying pathophysiological mechanisms, with
pulmonary arterial hypertension (PAH) being one of the most extensively researched subtypes.®*

The pathogenesis of PH is driven by several factors, including endothelial dysfunction, vasoconstriction, excessive
proliferation of pulmonary artery smooth muscle cells (PASMCs), and, in certain instances, thrombosis.®> Genetic
mutations, particularly in the BMPR2 gene, have been identified as major contributors to the development of PH.5%%7
In addition, inflammatory and autoimmune processes also contribute to the progression of the disease.®

Globally, PH affects approximately 1% of the population, with the prevalence rising to 10% among the elderly (over 65
years old).*® Despite advancements in treatment options, the prognosis for PAH patients remains grim, with a reported 5-year
mortality rate of about 34% in PAH patients,® This underscores the critical importance of early diagnosis and intervention.

Current treatment approaches for PAH focus on alleviating symptoms, slowing disease progression, and enhancing
the quality of life. Therapeutic strategies include three main classes of pulmonary vasodilators: endothelin receptor
antagonists, phosphodiesterase type 5 inhibitors, and prostacyclin analogs.® The choice of therapy is often tailored to the
severity of the disease and the patient’s response to initial treatments. Lung transplantation is considered a definitive
treatment for patients with advanced disease.”® However, there remains a pressing need for a deeper understanding of
PAH and the identification of more effective therapeutic targets.

Pulmonary vascular remodeling, driven by an imbalance between PASMC proliferation and apoptosis, is a primary cause
of PAH.”"?? Hu et al*’ found that TRIM32 expression was reduced in plasma samples from PAH patients compared to healthy
controls, which exacerbated hypoxia-induced PASMC proliferation and migration. Conversely, overexpression of TRIM32
inhibited PASMC proliferation and migration while promoting apoptosis under hypoxic conditions. TRIM32 exerted these
effects by suppressing the PI3K/Akt signaling pathway. In contrast, Jingwen Xu et al*® reported that TRIM24 expression was
decreased in a chronic hypoxia-induced pulmonary arterial hypertension mouse model and hypoxia-treated PASMCs.
Knockdown of TRIM24 inhibited hypoxia-induced PASMC proliferation and migration by blocking the AKT/mTORC1
axis. The distinct functions of these TRIM proteins may be due to their interaction with different downstream substrates,
despite both functioning as E3 ubiquitin ligases (Figure 4).

Similar to chronic lung diseases such as COPD, PAH can also lead to skeletal muscle atrophy and contractile
dysfunction.”® Thanh et al* discovered that knockdown of TRIM63 and TRIMS535, which are key proteins involved in
muscle protein degradation, protected against peripheral myopathy in a monocrotaline-induced pulmonary hypertension
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Figure 4 TRIM32 inhibited PASMC proliferation and migration by inhibiting the PI3K/AKT signaling pathway; TRIM24 promoted PASMC proliferation and migration via
AKT/mTOR axis.

mouse model. They also observed that TRIMS5S5 expression was lower in TRIM63 knockout mice compared to wild-type
C57BL/6 mice, highlighting the close regulatory relationship between TRIM63 and TRIMSS. While TRIM63 and
TRIMSS are crucial regulators of skeletal muscle, their role in muscle protein degradation in lung diseases is not

94,95

exclusive but extends to other conditions such as cancer cachexia, cardiac cachexia’® chronic kidney disease,”’

. . (e . . . . . . . . .
diabetes,” and sarcopenia,’ underscoring their significant role in muscle atrophy associated with chronic diseases.

Therapeutic Targeting of TRIM Proteins: Opportunities and Challenges
Potential of TRIM Proteins as Therapeutic Targets

Targeting TRIM proteins as therapeutic interventions has gained considerable interest, with several strategies emerging to
achieve selective modulation of these multifunctional proteins. However, the complexity of TRIM-mediated pathways
necessitates precise and innovative approaches to minimize off-target effects and enhance therapeutic efficacy.

Small-molecule inhibitors remain a foundational strategy for targeting TRIM proteins. These compounds typically disrupt
protein-protein interactions or inhibit enzymatic activity, such as the ubiquitin ligase function of TRIM proteins. For instance,
recent research has demonstrated that inhibitors targeting TRIM24, such as IACS-9571 and dTRIM?24, effectively suppress
glioblastoma stem cell (GSC) proliferation and invasion. Additionally, the dual TRIM24/BRPF1 inhibitor 20L (Y08624)
demonstrated significant tumor growth suppression in prostate cancer (PC) xenograft models, highlighting its therapeutic
potential.'® These findings highlight the therapeutic potential of TRIM24 inhibitors in mitigating the progression of
tumors.'®" Similar approaches might be applicable in chronic non-tumor diseases. For example, studies have shown that
melittin-induced down expression of TRIM47 or siRNA-mediated knockdown of TRIM47 in lung fibrosis models alleviates
fibrotic processes by restoring the anti-fibrotic PPM1A and suppressing TGF-p signaling.>*

RNA-based strategies, such as antisense oligonucleotides (ASOs) and small interfering RNAs (siRNAs), offer high
specificity by targeting unique mRNA sequences. In addition to their success in modulating TRIM47 in fibrosis,>* RNA-
based methods have been explored for downregulating other TRIM proteins implicated in chronic diseases.'®*'**
However, delivery challenges and off-target effects remain barriers to their broader application in vivo. There are two
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other technologies for targeted degradation based on the UPS-mediated protein degradation. These might also hold
promise for the targeted degradation of E3 ligase themselves.

The development of proteolysis-targeting chimeras (PROTACs) has revolutionized the targeted degradation of
proteins.'® PROTACs are bifunctional molecules that recruit target proteins to E3 ligases for ubiquitination and
subsequent proteasomal degradation. Although not yet explored extensively in chronic non-tumor diseases, PROTAC-
based strategies hold promise for selectively degrading pathogenic TRIM proteins such as TRIM33 or TRIM47, both of
which are implicated in pulmonary fibrosis.>

An emerging strategy for selective protein modulation is TRIM-away technology, which leverages TRIM21°s ability to
degrade specific proteins. By combining TRIM21 with antibodies against a target protein, TRIM-away directs the target for
rapid proteasomal degradation.'® This technology has been successfully applied in preclinical models of cancer and

neurodegeneration,'*”-1%®

showcasing its flexibility and efficiency. The application of TRIM-away in chronic lung diseases
might enable precise degradation of pathogenic TRIM proteins, such as TRIM72 or TRIM63, thereby mitigating fibrosis or

systemic muscle wasting.

Challenges in Developing TRIM-Targeted Therapies

Despite the growing recognition of TRIM proteins as critical modulators in various diseases, significant challenges remain in
translating these findings into clinical therapies. One major obstacle is the dual functional nature of TRIM proteins, which act
not only as ubiquitin ligases but also, in some cases, as deubiquitinases. This duality complicates the development of highly
specific inhibitors or activators, as targeting one function may inadvertently affect the other, leading to unforeseen
outcomes.”*'% Additionally, TRIM proteins often exhibit context-dependent roles; the same TRIM protein can act as
a tumor suppressor in one tissue while promoting malignancy in another, further complicating therapeutic applications.'*-*2

Another hurdle is the intricate network of downstream substrates regulated by TRIM proteins. Identifying and
selectively targeting these substrates remains a daunting task due to the extensive crosstalk between signaling pathways.
For instance, TRIM25 is known to ubiquitinate multiple substrates involved in antiviral immunity, inflammation, and
oxidative stress, raising concerns about off-target effects.*! Furthermore, TRIM proteins lack a catalytic cysteine residue,
thus targeting their activity cannot rely on directly inhibiting the catalytic (nucleophilic) sites through covalent
modification.''® Instead, modulating TRIM functions requires a comprehensive analysis of their multidomain character-
istics, which hinders rational drug design and the development of specific small-molecule modulators.’

The challenges of drug delivery and bioavailability must also be addressed. Small-molecule inhibitors or activators
targeting TRIM proteins need to effectively reach intracellular compartments where TRIM proteins exert their functions,
such as the nucleus or cytoplasmic aggregates. This is particularly critical for diseases like IPF or COPD, where the
affected tissues are localized deep within the respiratory system.’

Moreover, safety concerns related to off-target effects and systemic toxicity pose additional barriers. Given the broad
expression and diverse functions of TRIM proteins, systemic inhibition or activation could lead to deleterious effects in
non-diseased tissues. For example, TRIM16 is involved in COPD pathogenesis by enhancing cellular senescence, yet
targeting TRIM16 for its role in autophagy might inadvertently affect lysophagy processes critical for cellular home-
ostasis in other organ systems.*®’® Therefore, achieving tissue-specific delivery and ensuring a favorable therapeutic
index are essential for successful clinical translation.

Addressing these challenges will require an interdisciplinary approach combining advanced structural biology, high-
throughput screening, and innovative drug delivery systems. Furthermore, integrating single-cell technologies and
patient-derived organoid models could provide more precise insights into TRIM protein functions and their therapeutic
potential.

Conclusion and Perspective

This review underscores the critical importance of TRIM family proteins in non-tumor chronic lung diseases, including
IPF, asthma, COPD, and PH. By modulating inflammation, fibrosis, and cellular remodeling, TRIM proteins emerge as
pivotal regulators of disease progression and potential biomarkers or therapeutic targets. These findings highlight an
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important transition from tumor-centered research to exploring TRIM proteins in broader pathological contexts, offering
new avenues for addressing unmet clinical needs.

Despite these advancements, the clinical application of TRIM-targeted therapies remains in its early stages, with
several challenges still to be resolved. Key hurdles include the dual functional nature of TRIM proteins, their context-
dependent effects, and the complexity of their interactions within extensive signaling networks. These challenges
necessitate innovative approaches to ensure tissue-specific targeting, minimize off-target effects, and effectively deliver
therapeutics to the intracellular compartments where TRIM proteins exert their functions.

Looking ahead, future research should emphasize a deeper mechanistic understanding of TRIM protein functions in
specific disease contexts. Cutting-edge methodologies such as single-cell technologies, patient-derived organoids, and
advanced computational modeling can shed light on the intricate roles of TRIM proteins and guide therapeutic design.
Emerging strategies, including PROTACs and TRIM-away technology, hold promise for addressing the unique chal-
lenges of targeting TRIM proteins. Additionally, exploring the role of TRIM proteins in currently underrepresented areas
of chronic lung disease may uncover new therapeutic opportunities.

Realizing the clinical potential of TRIM proteins will require collaborative, interdisciplinary efforts that integrate
molecular biology, pharmacology, and clinical expertise. By fostering such collaborations, we can accelerate the
translation of basic research into impactful therapies, ultimately improving the lives of patients affected by chronic
lung diseases worldwide.
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