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Abstract: Lung adenocarcinoma (LUAD) develops through a stepwise progression from pre-cancerous lesions, in-
cluding atypical adenomatous hyperplasia (AAH), adenocarcinoma in situ (AlS), and minimally invasive adenocarci-
noma (MIA). Understanding the molecular dynamics underlying these transitions is critical for early detection and
therapeutic interventions. A comprehensive proteomic analysis was performed on pre-cancerous and early LUAD
samples using label-free quantitative mass spectrometry. Immunohistochemistry (IHC) and double fluorescence
staining were applied to validate protein expression and mt-dsRNA localization. Trajectory inference was utilized
to model dynamic proteomic changes during lesion progression. Mt-dsRNA levels were significantly elevated in
pre-cancerous lesions, peaking in AIS. Double fluorescence staining revealed partial co-localization with the mi-
tochondrial marker TOMM20, suggesting mitochondrial origin. Differential y-H2AX staining patterns, with nuclear
positivity in AAH and cytoplasmic positivity in AIS and MIA, indicated stage-specific dynamics of the DNA damage
response. Upregulation of dsRNA sensors, including RIG-I and MDA5, and dsRNA-binding proteins (dsRBPs) such
as ADAR1 and HNRNPA2/B1, highlighted a complex regulatory feedback network for both oncogenic and anti-
tumorigenic effects. Notably, in dsRNA-IP assay, ASPH was enriched across all stages including LUAD, while TMED9
and HNRNPA2/B1 were specific to pre-cancerous lesions, reflecting their stage-dependent roles in tumor transfor-
mation. Finally, Trajectory analysis identified distinct proteomic shifts, with AAH lesions exhibiting high progression
scores resembling AIS and MIA, underscoring their malignant potential. This study reveals the multifaceted roles
of mt-dsRNA and its associated proteins in pre-cancerous lesions, providing insights into immune activation, stress
adaptation, and early carcinogenesis. These findings establish a framework for developing biomarkers and targeted
therapies aimed at preventing the transition to invasive LUAD.
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Introduction

Lung adenocarcinoma (LUAD), the most com-
mon histological subtype of non-small cell lung
cancer (NSCLC), constitutes more than 40%
of global lung cancer cases. Although signifi-
cant progress has been made in therapeutic
approaches, including surgical resection, che-
motherapy, and immunotherapy, the prognosis
for advanced-stage LUAD remains unfavorable,
with a five-year survival rate below 20% [1]. This
poor survival outcome underscores the critical

importance of early detection and timely thera-
peutic intervention, which are essential for
enhancing patient survival. Therefore, investi-
gating the early pathological mechanisms and
progression of LUAD has become a pivotal
focus in current oncological research.

Lung adenocarcinoma (LUAD) arises through
a well-defined sequence of histopathological
and molecular alterations, beginning with pre-
neoplastic lesions. The stepwise progression
encompasses atypical adenomatous hyperpla-
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sia (AAH), adenocarcinoma in situ (AlS), and
minimally invasive adenocarcinoma (MIA),
which collectively represent the precursor con-
tinuum preceding invasive LUAD [2]. Each of
these premalignant stages exhibits distinct his-
tomorphological characteristics and carries a
differential risk of malignant transformation.

Atypical adenomatous hyperplasia (AAH), the
earliest identifiable preneoplastic lesion, is
characterized by small (<5 mm), focal prolifera-
tions of mildly dysplastic type Il pneumocytes
or bronchiolar Clara cells. Regarded as a low-
risk precursor, AAH demonstrates minimal
malignant potential. In contrast, adenocarcino-
ma in situ (AIS) consists exclusively of neoplas-
tic cells exhibiting a lepidic growth pattern
along alveolar septa, lacking stromal, vascular,
or pleural invasion. Although larger (£3 cm)
than AAH, AIS remains noninvasive yet carries a
substantially higher risk of progression to inva-
sive LUAD. Minimally invasive adenocarcinoma
(MIA), also <3 cm, retains a predominantly lep-
idic architecture but features focal stromal
invasion (£5 mm)2. This invasive component
distinguishes MIA from AIS and confers an ele-
vated risk of aggressive transformation. Precise
discrimination among these entities is critical
for diagnostic accuracy, prognostic stratifica-
tion, and clinical management, as early inter-
vention in AIS and MIA significantly improves
survival outcomes.

The malignant progression from atypical ade-
nomatous hyperplasia (AAH) to adenocarcino-
ma in situ (AIS), minimally invasive adenocarci-
noma (MIA), and ultimately invasive LUAD is
orchestrated by dynamic interplay among
somatic mutations, epigenetic dysregulation,
and tumor microenvironment (TME) remodel-
ing. Early clonal events in LUAD pathogenesis
predominantly involve driver mutations in
EGFR, ERBB2, NRAS, and BRAF [3], whereas
late-stage progression is marked by TP53 inac-
tivation and aberrations in cell motility-, gap
junction-, and metastasis-related genes, re-
flecting subclonal diversification and malignant
evolution. Metabolic dysregulation, particularly
disrupted bile acid metabolism, arises during
the premalignant phase and actively fuels
tumor growth and invasion [4]. Additionally, sin-
gle-cell RNA sequencing reveals that early neo-
plastic cells closely resemble alveolar type 2
(AT2) cells but undergo dedifferentiation into a
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stem-like progenitor state, which drives tumor
initiation and sustains progression [5].

Mitochondrial double-stranded RNA (mt-dsR-
NA) is a class of nucleic acids generated via
bidirectional transcription of mitochondrial
DNA (mtDNA), yielding complementary tran-
scripts that form stable double-stranded struc-
tures. Under physiological conditions, mt-dsR-
NA is rapidly degraded by mitochondrial RNA
helicases (e.g., SUV3, PNPase) and associated
surveillance machinery, preventing its aberrant
accumulation. However, upon mitochondrial
membrane leakage or defective RNA quality
control, mt-dsRNA can translocate to the cyto-
sol or extracellular space, where it functions as
a potent pathogen-associated molecular pat-
tern (PAMP) [6]. The immunogenicity of mt-dsR-
NA is mediated through its recognition by cyto-
solic pattern recognition receptors (PRRs), par-
ticularly RIG-I (DDX58) and MDAS (IFIH1), which
initiate downstream signaling cascades via the
mitochondrial antiviral signaling protein (MAVS).
This interaction triggers the activation of inter-
feron regulatory factors (IRFs) and NF-kB, cul-
minating in the robust production of type | inter-
ferons (IFN-a/B) and pro-inflammatory cyto-
Kines [7].

Although mt-dsRNA has been implicated in vari-
ous pathological conditions, including cancer,
autoimmunity, and chronic inflammatory dis-
eases, its role in pre-cancerous lung lesions
remains poorly understood. Questions sur-
rounding its origin, regulation, and impact on
disease progression remain unanswered. In
this study, we investigated the proteomics land-
scape of pre-cancerous lesions in LUAD and
unveiled the multifunctional roles of mt-dsRNA
in driving the transition toward invasive LUAD.

Materials and methods
Sample collection

This study was approved by the ethics commit-
tee of Tongji Hospital, Tongji Medical College,
Huazhong University of Science and Technology.
Tumors (diagnosed between from 2019 to
2023) were obtained with informed consent
from archival sources at Tongji Hospital, Tongji
Medical College, Huazhong University of
Science and Technology. The samples were col-
lected from patients at initial diagnosis. All
diagnoses were independently reviewed by
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three experienced pathologists, and complied
with the latest World Health Organization clas-
sification standards. The tumors came from
patients not treated with neoadjuvant chemo-
therapy or radiotherapy before operation, with
no previous history of malignancy, and diag-
nosed at the time of surgical resection. All
cases were staged according to the National
Comprehensive Cancer Network (NCCN) clini-
cal practice guidelines in oncology for small cell
lung cancer (version 4.2020).

Immunohistochemistry and assessment

Immunohistochemical staining was conducted
using tissue arrays. Prior to de-paraffinization,
the slides were heated to 60°C for ten minutes
to melt the paraffin. The slides were then
washed three times with xylene to solubilize
and remove the paraffin. Next, the xylene was
removed by washing three times with 100%
ethanol followed by 75%, 50% ethanol, and
PBS. After the sections were deparaffinized
and hydrated, the endogenous peroxidase
activity was blocked. Antigen retrieval was per-
formed wusing the Dako Target Retrieval
Solution, High pH (Dako Ominis, Agilent
Technologies, CA, USA), in a PTLink set at 98°C
for 25 min. The slides were then incubated with
the primary antibody at 4°C overnight.

Primary antibodies used in this study were list-
ed in Supplementary Table 1.

Following secondary antibody incubation (~1
hour), the sections were visualized with the
DAB kit (ZLI-9017, Zhongshan Biotechnology,
Beijing, China) and counterstained with hema-
toxylin. The stained samples were scored by
three pathologists independently for the multi-
plication of staining intensity (1 - weak; 2 - mod-
erate; 3 - strong) and the percentage of positive
tumor cells, which resulted in scores of 0-300.
A score of <10 was designated as 0, 10-40 as
1+, 41-140 as 2+, and 141-300 as 3+. All sam-
ples with scores of >10 were considered posi-
tive cases. For Immunofluorescence, primary
and secondary antibodies were incubated simi-
larly as above, followed by DAPI staining.
Images were captured using a fluorescence
microscope.

Protein extraction, trypsin digestion, and LC-
MS/MS processing

For each sample, proteins were extracted from
three tissue slices (5-uym thick) from the FFPE
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block (2-5 mm in diameter). The de-paraffiniza-
tion procedure was the same as IHC as
described above. Air dried sample was scraped
from the slide and resolubilized in 200 ml of 50
mM NH4HCO3. The sample was then incubat-
ed at 95°C for 5 min for de-crosslinking, and
cooled to room temperature. Trypsin digestion
was carried out at 37°C overnight. Peptides
were extracted twice with 200 ul of extraction
buffer (50% acetonitrile and 0.1% formic acid in
water) with 15 min vortex. The resulting pep-
tides were dried and stored at -80°C for future
analysis. The digested peptides were eluted,
divided into three fractions, and analyzed on a
Q Exactive HF-X or Orbitrap Exploris™ 480
mass spectrometer coupled with an Ultimate
3000 RSLCnano LC system (Thermo Fisher
Scientific) and operated at data-dependent
acquisition mode. MS1 was measured in the
Orbitrap at a resolution of 60,000 followed by
tandem MS scans of the top 40 precursors
using higher-energy collision dissociation with
27% of normalized collision energy and 15 s of
dynamic exclusion time.

Mass spectrometry data analysis

MS Raw files were searched against the
National Center for Biotechnology Information
(NCBI) Ref-seq human proteome database
(updated on 04/07/2013, 27,414 entries) in
Firmiana [8], a one-stop proteomic cloud plat-
form for data processing and analysis, imple-
mented with Mascot search engine with
Percolator (Matrix Science, version 2.3.01). The
following search parameters were used: (1)
Mass tolerances were 20 ppm for precursor
ions and 0.05 Da for product-ions; (2) Up to two
missed cleavages were allowed; (3) The mini-
mal peptide length was seven amino acids; (4)
Cysteine carbamidomethylation was set as a
fixed modification, and N-acetylation and
methionine oxidation were considered variable
modifications; and (5) The charges of precursor
ions were limited to +2, +3, +4, +5, and +6. The
peptide and protein FDR were both set to 1%. A
label-free, intensity-based absolute quantifica-
tion (iBAQ) algorithm was used for protein quan-
tification. The iBAQ values were calculated by
dividing the raw intensities by the number of
theoretical observable peptides. FOT (fraction
of total), calculated by dividing a protein’s iBAQ
by the sum of iBAQs of all identified proteins in
a single experiment, was used as normalized
abundance to compare protein abundance
across all experiments. The missing value was
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imputed with 1/10 of the global non-zero mini-
mum value of the sample [9].

dsRNA-IP and dsRNA-seq experiments

We performed dsRNA-IP and dsRNA-seq experi-
ments using intraoperative frozen specimens
of pre-neoplastic lung lesions or lung adeno-
carcinoma. After obtaining the dsRNA-IP sam-
ples, mass spectrometry analysis was conduct-
ed as previously described. For the RIP RNA
samples, strand-specific library construction
was performed, followed by quality control
using the Bioptic Qsepl00 system. High-
throughput sequencing was then carried out on
the lllumina platform (NovaSeq 6000) with
PE150 sequencing. After acquiring the raw
sequencing data (Raw Data), the initial step
involved data filtering to remove adapter
sequences, followed by sequencing quality
assessment to obtain high-quality data (Clean
Data). The Clean Data were then aligned to the
reference genome, followed by quantitative
analysis and differential expression analysis.

Bioinformatic analysis

For PCA analysis, we utilized the stats R pack-
age (version 3.6.0). Specifically, we first normal-
ized the expression profiles using z-score trans-
formation, followed by dimensionality reduction
analysis with the prcomp function to obtain the
reduced-dimension matrix. Metascape analy-
sis was conducted online (https://metascape.
org) for functional pathway analysis. The on-line
tool (Sangerbox tools, http://www.sangerbox.
com/tool) was used for generating the plots
and heatmap. All other statistical analyses
were carried out with R 3.6.1.

Pseudotime-based trajectory inference ap-
proach

To estimate the trajectory of pre-cancerous
lesions in lung adenocarcinomas, the top 15%
of proteins exhibiting the most expression vari-
ation across samples were selected from the
proteome profiling dataset. The samples were
then inferred using the R package SCORPIUS,
with the resulting inferred scores designated
as PS scores. The estimation of the differentia-
tion potency of samples named were inferred
using the R package SCENT. Consensus clus-
tering was performed using the R package
ConsensusClusterPlus.
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Results

Proteomic dynamics across premalignant lung
lesion progression

This study enrolled 10 AAH, 19 AIS, 25 MIA,
and 20 LUAD (TNM stage |) samples along with
their paired adjacent normal lung tissues
(Figure 1A, 1B). The clinical characteristics of
these patients were summarized in Supple-
mentary Table 2. We carried out a proteomic
study using these samples by label-free quanti-
tative mass spectrometry (MS) (Figure 1C). The
protein identities and relative abundances of
each case, designated as fraction of total (FOT),
are provided in Supplementary Table 3. The
PCA plot reveals a clear separation between
preinvasive lesions (AAH, AIS, MIA) and their
adjacent normal tissues (paraAAH, paraAlS,
paraMIA), particularly along PC1, which acc-
ounts for 26.53% of the variance. Among the
lesions, MIA displays the most distinct pro-
teomic profile, while AAH and AIS cluster more
closely together (Figure 1C).

Comparative proteomic analysis of atypical
adenomatous hyperplasia (AAH) versus adja-
cent normal lung tissues demonstrated a pre-
dominant downregulation of characteristic pro-
teins, with 133 proteins showing >50% reduc-
tion (Figure 1D). Metascape enrichment analy-
sis identified these differentially expressed
proteins as functionally clustered in critical
structural and microenvironmental pathways:
intermediate filament organization, cytoskele-
tal dynamics in muscle cells, NABA CORE
MATRISOME components, hemostasis-related
pathways, and extracellular matrix (ECM) orga-
nization. The coordinated downregulation of
intermediate filament networks likely destabi-
lizes epithelial cell polarity and cell-cell adhe-
sion, initiating dysplastic morphological altera-
tions. Concurrent impairment of muscle cell
cytoskeletal components may compromise
bronchiolar/alveolar contractility and structural
integrity, fostering aberrant proliferative nich-
es. Notably, the depletion of matrisome pro-
teins and ECM remodeling pathways reflects
disrupted deposition of collagenous scaffolds
and laminin-rich basement membranes - key
determinants of tissue biomechanical proper-
ties. Such ECM dyshomeostasis perturbs in-
tegrin-mediated mechanotransduction, growth
factor sequestration, and tissue stiffness gra-

Am J Cancer Res 2025;15(9):3888-3903


https://e-century.us/files/ajcr/15/9/ajcr0167508suppltab2.xlsx
https://e-century.us/files/ajcr/15/9/ajcr0167508suppltab2.xlsx
https://e-century.us/files/ajcr/15/9/ajcr0167508suppltab3.xlsx

DsRNA-induced proteomic changes in lung precancerous lesions
A Adjacent-lung AAH AIS MIA

H&E
staining

o8

P

TET Y

J;% »
N

Sample
Dissection

100
®
z®
)
»
3
W a0 60 0 1000
mz
D AAH vs adjacent AAH AlS vs AAH MIA vs AIS
8+ {
s Regulated
A Up-regulated
Vv Down-regulated
3 3 s
D = [
c 5 2
< I S
= = =3
o Q o
3 % D -
S 3
[ w 4
o o o
i=2) j=J
o 2 o
v v
8 ¥ v Y
104 o
— 7T T 11— — T T T T T
00 05 10 15 20 25 30 35 40 45 50 00 05 10 15 20 25 30 35 40 45 50 0.0 05 10 15 20 25 3.0 35
-log,, (pvalue) -log,, (pvalue) -log,, (pvalue)
E AAH vs adjacent AAH AIS vs AAH MIA vs AIS
intermediate filament organization - [ ) Metabolism of RNA - @ intracellular protein transport - ®
Cytoskeleton in muscle cells - Translation - [ ] Vesicle mediated transport | o
regulation of neurotransmitter
NABA CORE MATRISOME | 3 Neutrophil degranulation - receptor localization to postsynaptic 4 &
specialization membrane
Hemostasis | ° intracellular protein transport - o phospholipid metabolic process |
] central nervous system projection |
Extracellular matrix organization | [ ) membrane organization - o neuron axonogenesis
1 | FDR ] | vesilce mediated transport to the | FDR
Neutrophil degranulation ° ™ VEGFA VEGFR2 signaling |~ ® FOR - lasma membran ° 0
-25
N _ Signaling by Rho GTPases, Miro . -15
t-t 4 20 4 - . 1
actin filament-based process. ® o O ase and RUIGETES ] @ 50 in utero embryonic development ' o
o “ it lation of cell substrate
positive regulation of cell substrat -05
Staphylococeus aureus infection - @ -5 Membrane Trafficking L] %0 junction organization ] e
0 00
peptide cross-linking |~ ® 1 Parkinson disease - 1 [ ] carbohydrate metabolic process -] 1 o
Arthythmogenic right ventricular nucleobase-containing small molecule ]
cardiomyopatny | ® metabolic process | ° sphingolipid catabolic process °
0'05 n.'m DI|5 OIZO 0‘25 0'30 IOS OI10 0'15 0.20 0'25 Dllﬂ '04 0'03 DCIJB O!ID 0!|2 D,!H
GeneRatio GeneRatio GeneRatio

Figure 1. Proteomic dynamics across premalignant lung lesion progression. A. Pathological diagnoses were con-
firmed and included in the study based on the typical morphological features of HE staining in normal lung, AAH, AIS,
and MIA. B. Through comparative section analysis, we selected the lesioned areas for microdissection and sample
preparation. C. PCA plot showing separation between preinvasive lesions (AAH, AIS, MIA) and normal tissues (para-
AAH, paraAlS, paraMIA). MIA exhibits the most distinct proteomic profile. D. The volcano plot illustrates differentially
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expressed proteins across three comparative groups: AAH versus paracancerous lung tissue, AIS versus AAH, and
MIA versus AlS. It reveals three key features: AAH predominantly exhibits down-regulated proteins relative to normal
tissue; The transition to AIS demonstrates increased up-regulated proteins mostly; Subsequent MIA progression
shows decreasing differential protein expression compared to AIS. E. Metascape enrichment analysis of differently
expressed proteins across three comparative groups: AAH versus paracancerous lung tissue, AlS versus AAH, and

MIA versus AIS.

dients, collectively generating a permissive
microenvironment for premalignant clone
expansion. Furthermore, dysregulated hemo-
stasis pathways - marked by altered fibrinogen
processing and platelet activation crosstalk -
may potentiate localized fibrin deposition and
chronic inflammation. These processes are
mechanistically linked to early carcinogenic
events, including genomic instability via reac-
tive oxygen species and epithelial-mesenchy-
mal transition (EMT) activation through TGF-3
signaling (Figure 1E).

In addition, proteomics revealed 1,163 pro-
teins upregulated >2-fold in adenocarcinoma in
situ (AIS) versus atypical adenomatous hyper-
plasia (AAH), with functional enrichment in RNA
metabolism, translation, neutrophil degranula-
tion, intracellular trafficking, membrane dynam-
ics, VEGFA-VEGFR2 signaling, and Rho/Miro
GTPase pathways (Figure 1D, 1E). These coor-
dinated alterations drive malignant transforma-
tion through proliferative amplification, meta-
bolic reprogramming, and microenvironmental
crosstalk. The marked upregulation of RNA pro-
cessing machinery and translation-related pro-
teins underscores a global shift toward oncop-
rotein biogenesis, fueling unchecked cell cycle
progression. Concurrently, neutrophil degranu-
lation signatures - characterized by elevated
myeloperoxidase (MPO) and matrix metallopro-
teinases (MMPs) - induce chronic inflammation
and extracellular matrix (ECM) degradation.
This inflammatory milieu facilitates immune
evasion via PD-L1 upregulation while promot-
ing angiogenic sprouting through VEGF-A secre-
tion. Enhanced intracellular transport systems,
including COPII vesicle trafficking and lysosom-
al exocytosis, enable efficient secretion of
growth factors and autocrine receptor recy-
cling, sustaining proliferative signaling. Mem-
brane reorganization processes, such as lipid
raft assembly, optimize spatial coordination of
VEGFA-VEGFR2 complexes, amplifying angio-
genesis to support expanding lesions. Rho
GTPases restructure actin networks to enhance
motility, while Miro GTPases (MIR01/2) medi-
ate mitochondrial redistribution along microtu-
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bules, coupling energy production to invasion
fronts. Paradoxically, RHOBTB3 - a substrate-
recognition component of Cullin-3 ubiquitin
ligase complexes - exhibits dysregulated ex-
pression, potentially compromising its tumor-
suppressive role in cell cycle checkpoint control
and apoptosis.

Finally, Proteomic profiling identified 127 pro-
teins upregulated >2-fold in minimally inva-
sive adenocarcinoma (MIA) versus adenocarci-
noma in situ (AIS), with functional enrichment in
intracellular/vesicle-mediated transport, neu-
rotransmitter receptor trafficking, and phos-
pholipid metabolism (Figure 1D, 1E). These
adaptive mechanisms collectively orchestrate
stromal invasion through secretory repro-
gramming, membrane plasticity, and metabolic
symbiosis. Enhanced intracellular transport
machinery, including Rab GTPase-driven vesic-
ular trafficking and COP9 signalosome-mediat-
ed exosome biogenesis, facilitates the secre-
tion of matrix-degrading enzymes and pro-inva-
sive cytokines, enabling basement membrane
breaching and stromal infiltration. Parallel
upregulation of synaptic-like neurotransmitter
receptor trafficking pathways - notably gluta-
mate receptor (MmGIuR) endocytosis and
GABAergic receptor recycling - suggests co-
option of neuronal regulatory modules. This
may potentiate integrin B1/FAK complex redis-
tribution and growth factor receptor clustering
at invadopodia, enhancing mechanosensory
responses to extracellular stiffness gradients.
Phospholipid metabolic rewiring, marked by
elevated phospholipase D (PLD) and lysophos-
phatidic acid (LPA) synthase activity, generates
second messengers that activate RHO/ROCK-
mediated cytoskeletal contractility and PI3K/
AKT survival signaling. Simultaneously, phos-
pholipid enrichment in secretory vesicles pro-
motes membrane curvature generation, facili-
tating exosome release to precondition the
metastatic niche.

The observed pattern - predominant protein
downregulation in normal-to-AAH transition,
massive upregulation from AAH to AlS, and lim-
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Figure 2. Loss of adhesion and stress response in AAH. (A) Heatmap of downregulated adhesion-related proteins
in AAH. (B-F) Paired dot plots depict expression profiles of adhesion regulators (B), Keratins (C), matrix proteins (D),
MAPK signaling pathway-related proteins (E), and collagens (F) across sample pairs.

ited upregulation from AIS to MIA - reflects dis-
tinct biological shifts during carcinogenesis.
Early-stage downregulation (normal—AAH) like-
ly disrupts tissue architecture and homeostasis
(e.g., ECM, cytoskeleton), enabling dysplastic
initiation. The subsequent surge in protein
expression (AAH—AIS) marks aggressive acti-
vation of proliferation (translation, metabo-
lism), inflammatory signaling (neutrophil degra-
nulation), and angiogenesis (VEGFA-VEGFR2),
driving premalignant expansion. Finally, the
modest upregulation (AIS—MIA) suggests a
shift toward microenvironmental adaptation
(vesicle transport, phospholipid metabolism)
and invasive specialization, prioritizing cellular
motility and stromal remodeling over bulk
growth. This dynamic progression highlights
stage-specific vulnerabilities for targeted in-
terventions.

Proteomics revealed AAH was characterized
by loss of adhesion, early infiltration of macro-
phages, and cellular response to stress

In the AAH stage, loss of adhesion was one
of the most significant characteristics (Figure
2A). The most obviously decreased proteins
included matrix proteins such as C1S, C4A,
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C4B, C8A, F2, collagens such as COL1A1,
COL1A2, COL6A1, COLBA2, Keratins such as
KRT1/2/9/10, and adhesion regulators such
as MCAM, PECAM1, TIMP3, and ITGAL1. Mean-
while, MAPK3, AKAP2, PALM2, PRKAR1A, and
PRKAR2A were also decreased compared with
adjacent lung tissues, indicating an inhibition
of MAPK signal pathway (Figure 2B-F). However,
this inhibition of MAPK was transient in AAH as
it was not detected in later stages of AAH and
MIA.

Of the up-regulated proteins in AAH, the ex-
pression of macrophage specific markers
MRC1(CD206) and ALOX5 were significant
(Figure 3A). To validate the immune infiltration
status in pre-cancerous lesions of lung adeno-
carcinoma, we conducted immunohistochemis-
try of CD4, CD8, and CD163. As a result, signifi-
cantinfiltration of CD163 positive macrophages
were observed in AAH (Figure 3B) while it was
not obvious for CD4 or CD8 positive T cells
(data not shown). What's more, metascape
analysis suggested the overexpressed proteins
in AAH were enriched in the regulation of cellu-
lar response to stress (especially the response
to endoplasmic reticulum stress), mainly includ-
ing ALOX5, UBQLN1, DDRGK1 (Figure 3C).
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dynamics.

DNA damage and response occurred in pre-
cancerous lesions of lung adenocarcinoma

Considering the growing stress in precancerous
lesions, we observed that H2AFX was also
upregulated (Figure 4B). One of the earliest
events in response to nascent DNA damage in
human cells is the phosphorylation of the his-
tone variant H2AX on serine 139, forming
y-H2AX, a sensitive marker for DNA double-
strand breaks (DSBs) [10]. To validate the pres-
ence of DNA damage, we performed immuno-
histochemical staining of y-H2AX (Figure 4A).
Interestingly, y-H2AX showed predominant
nuclear localization in 8 out of 11 AAH cases,
while both nuclear and cytoplasmic signals
were detected in 6 out of 11 AIS and 8 out of
11 MIA samples (Figure 4C, 4D). Although cyto-
plasmic y-H2AX staining was observed in AIS
and MIA, it remains possible that this may not
solely reflect translocation from the nucleus.
We cannot exclude the possibility that the cyto-
plasmic staining results from antibody cross-
reactivity with unknown antigens upregulated
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in these lesions. Therefore, this interpretation
should be considered with caution.

Expression of dsRNA sensors started increas-
ing in AIS and MIA

Innate immune sensors of dsRNA included the
RIG-I-like receptors (RLRs) and dsRNA sensor
PKR (encoded by EIF2AK2). RLRs are repre-
sented by three proteins: RIG-I, MDA5, and
LGP2 (encoded by DDX58, IFIH1, and DHX58,
respectively) (Figure 5A, 5B). Binding of either
RIG-1 or MDA5 to dsRNA drives induction of IFN
signaling through activation of MAVS. Here in
our study, DDX58, IFIH1, and MAVS were
detected to be up-regulated in AIS and MIA
rather than AAH, instigating a further IFN
response. On the other hand, protein kinase R
(PKR) and oligoadenylate synthases (OASSs)
induce growth inhibition by disrupting protein
synthesis and degrading RNA. Unlike the RIG-I
family members, the dsRNA sensor PKR
(encoded by EIF2AK2) binds to dsRNA via two
dsRNA-binding domains. The primary substrate
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of PKR is the translation initiation factor elF2a
(encoded by EIF2S1). Interestingly, EIF2AK2,
EIF2S1, and OAS3 also started increasing in
AIS and MIA, indicating a function of barrier in
carcinogenesis (Figure 5B).

dsRNA-binding proteins (dsRBPs) was up-regu-
lated along with dsRNA sensors in AIS and MIA

Mammals have three ADARs, each with a
C-terminal catalytic domain and 2 or 3 dsRBDs
[11]. The adenosine to inosine (A-to-l) editing by
ADAR1 within dsRNA is essential for marking
“self” RNAs and suppressing activation of
dsRNA sensors. ADAR1 has two isoforms, p150
and p110, and it is p150 that is responsible for
suppression of dsRNA sensing by MDA5 and
PKR. The two isoforms are generated through
the use of two promoters, and although the lon-
ger isoform is canonically thought of as being
IFN inducible, both isoforms are induced to
some extent by IFN signaling. The human
ADARZ2 protein is encoded by the gene ADARB1.
The editing function of ADAR2 is essential in
mice where it edits the GRIA2 mRNA, which
encodes an AMPA (a-amino-3-hydroxy-5-meth-
yl-4-isoxazole propionate) glutamate receptor.
Editing of GRIA2 mRNA converts a CAG codon
to CIG, thus recoding the mRNA to make Arg in
place of GIn in the protein product. Notably, in
our study only ADAR1 rather than ADAR2 was
up-regulated in AIS and MIA. In humans, the
ADARS3 protein is encoded by the gene ADARB2.
ADAR3 has no catalytic activity and has the
ability to bind single-stranded RNA. But ADAR3
was not detected in our study.

What’s more, the STAU1 and NFQO (encoded by
ILF3) were increased in AIS and MIA. STAU1
binding is important to overcome nuclear reten-
tion for dsRNA. NF9O stabilizes the mRNAs by
competing with the dsRBPs STAU1 for binding,
thus preventing SMD of pro-mitotic mRNAs [12,
13]. Although overexpression of the dsRBDs of
ADAR1, ADAR2, or STAU1 each could prevent
activation of PKR in the absence of ADAR1,
ADAR1 also inhibits STAU1 function in an edit-
ing-independent way, by competing for its dsR-
NA-binding sites. That is to say there existed a
complex competition between STAU1, ADAR1,
and PKR. And the up-regulation of dsRBPs
might be a negative feedback towards dsRNA
activated IFN signalling.
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The rising dsRNA in pre-cancerous lesions was
validated by IHC and co-IF

According to previous reports, mt-dsRNA foci
are almost not detected in slow-dividing and
quiescent cell cultures, however, upon in vitro
model of malignant transformation with telom-
erase reverse transcriptase (hTERT), the large T
antigen of simian vacuolating virus 40 (LT)
oncoprotein and the oncogenic RAS allele,
HRASE12V, the fully carcinogenic cell line, hTERT-
LT-RAS, readily formed colonies and exhibited
higher oxygen consumption rates and extracel-
lular acidification rates. Meanwhile, mt-dsRNA
foci were only detected upon additional expres-
sion of SVA0LT and further increased in num-
ber and intensity after the expression of
HRAS®2V [14]. In addition, it was also reported
that mt-dsRNA was accumulated in human lung
adenocarcinoma.

Firstly, through immunohistochemical detec-
tion with the J2 monoclonal antibody (Figure
5C), we verified that dsRNA started increasing
in AAH compared with adjacent lung tissues,
which was earlier than the protein expression
change of dsRNA sensors or binding proteins.
The rising of dsRNA seemed transient during
the pre-cancerous stages of lung adenocarci-
noma. The positive staining was most obvious
in AIS, gradually lower in MIA (Figure 5D). In
addition, double fluorescence staining of
dsRNA and TOMM20 found dsRNA was partly
co-located with TOMM20, suggesting the rising
dsRNA may come from mitochondrion (Figure
5E).

Identification of dsRNA-binding proteins and
sequencing of dsRNA

Compared with lung, the dsRNA-IP assay
(Supplementary Table 4) identified three possi-
ble dsRBPs which had special function in pre-
cancerous progression of lung adenocarcino-
ma, including ASPH, TMED9, and HNRNPA2B1
(Figure 5F). Of them, ASPH was highly enriched
by dsRNA-pull down assay in both pre-cancer-
ous lesions and LUAD while both TMED9 and
HNRNPA2B1 were only highly detected in pre-
cancerous lesions rather than LUAD samples.
What’s more, all of these three proteins were
not significantly up-regulated in AAH but
increased in AIS/MIA in previous proteomic
landscape results.
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Small activating dsRNA [double-stranded RNA;
saRNA (small activating dsRNA)] complemen-
tary to promoter regions can up-regulate gene
expression in mammalian cells, a phenomenon
termed RNAa (RNA activation) [15]. hnRNPA2/
B1 interacts with the saRNA in vivo and in vitro
and is required for RNAa activity. Besides,
RNAa requires the AGO2 (argonaute 2) protein
to regulate RNAI [16]. In our results, the rising
expression of AGO2 was significantly obvious in
MIA rather than AAH and AIS, which also con-
firmed RNAa as a downstream effect of hnRN-
PA2/B1 and dsRNA binding.

We further conducted a J2 antibody-based
dsRNA Immunoprecipitation mass spectrum
RIP-seq (Supplementary Table 5). As a result,
we identified many dsRNA sequences related
with mitochondrial in the pre-cancerous le-
sions. These sequences included MT-ND4,
MT-ND5, MT-ND4L, MT-CYB, MT-ATP6, MT-ND1,
MT-ND2, MT-CO3, MT-CO1, MT-ATP8, and PEMT
(log2FC >2) (Figure 5G), all of which were
involved in the electron transport chain OXPHOS
system in mitochondria and oxidative phos-
phorylation. Moreover, Aminoacyl-tRNA biosyn-
thesis related genes including MT-TT, MT-TE,
and MT-TY were also significant. These results
indicated that dsRNA was predominantly
released from mitochondria, and that mito-
chondrial stress signals were translocated to
the cytosol during the precancerous progres-
sion of LUAD.

New risk evaluation model for pre-cancerous
lesions based on proteomic data

In this study, we applied a pseudotime-based
trajectory inference approach on proteomic
expression data derived from pre-cancerous
lung lesions (Supplementary Table 6) to provide
a dynamic view of how protein expression
evolves during the transition from normal to
pre-cancerous states. This method allows for
the reconstruction of the progressive trend in
the proteomic landscape, and revealed a with
distinct shifts in protein abundance corre-
sponding to different stages of lesion de-
velopment.

The inferred trajectories of changes revealed
trends similar to those observed in the different
stages of lesion development. Specifically, the
closer the inferred temporal score is to 1, the
more advanced the stage of precancerous pro-
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gression. Cancer samples exhibited higher
inferred values compared to adjacent normal
tissues (Figure 6A). Notably, we found that
some AAH samples still displayed relatively
high inferred temporal scores. Additionally, we
employed consensus clustering and single-cell
differentiation potency estimation to evaluate
the proteomic changes associated with early
lung cancer lesions. Both methods led to simi-
lar conclusions, with a strong correlation (r =
0.91) between the PS score and SR score
(Figure 6B). The consensus clustering analysis
classified the samples into four clusters.
Cluster 1 primarily consisted of nearly all LUAD
tumor samples, about half of MIA and AIS tumor
samples, and a smaller proportion of AAH sam-
ples (Figure 6C, 6D). In contrast, Clusters 3 and
4 were largely composed of para-tumor sam-
ples. Moreover, we observed that the expres-
sion of the aforementioned molecules followed
an increasing trend with the inferred trajectory
PS score, suggesting their potential role in driv-
ing early tumorigenic processes.

Discussion

Mitochondrial double-stranded RNA (mt-dsR-
NA) has emerged as a key player in cancer biol-
ogy, serving both as a mediator of immune
responses and as a factor influencing tumor
progression. mt-dsRNA is produced from bidi-
rectional transcription of mitochondrial DNA
and typically degraded by mitochondrial surveil-
lance mechanisms [17]. However, in cancer,
mitochondrial dysfunction often leads to the
accumulation and release of mt-dsRNA into the
cytoplasm or extracellular space. The escape
of mt-dsRNA from mitochondria occurs due to
stress-related mitochondrial membrane per-
meability changes or defective RNA degrada-
tion. Here our study uncovered several signifi-
cant roles of mitochondrial-derived double-
stranded RNA (mt-dsRNA) and its associated
proteins in pre-cancerous lesions of lung
adenocarcinoma (LUAD), emphasizing its mu-
[tifaceted involvement in immune activation,
cellular stress responses, and early tumor
progression.

Proteomic analysis highlighted dynamic chang-
es in protein expression during the transition
from AAH to AIS, MIA, and invasive LUAD. Early
loss of adhesion-related proteins (e.g., colla-
gens, keratins) was identified in AAH, correlat-
ing with tissue remodeling and immune infiltra-
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Figure 6. Trajectory analysis of proteomic progression. A. Pseudotime trajectory (SCORPIUS) showing progression
scores (PS): higher scores correlate with advanced stages (LUAD>MIA>AIS>AAH). Some AAH samples exhibit high
PS, indicating malignant potential. B. Correlation (r = 0.91) between PS scores and single-cell potency scores (SR).
C, D. The consensus clustering analysis classified the samples into four clusters. Cluster 1 primarily consisted of
nearly all LUAD tumor samples, about half of MIA and AIS tumor samples, and a smaller proportion of AAH samples.

tion. Upregulation of stress-related proteins, evident in response to endoplasmic reticulum
such as ALOX5, UBQLN1, and DDRGK1, was stress in AAH.
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Increased expression of y-H2AX, a marker for
DNA double-strand breaks (DSBs), was ob-
served in pre-cancerous lesions by both pro-
teomics data and IHC verification. The observa-
tion of differential patterns of y-H2AX staining -
nuclear-positive and cytoplasmic (plasma)-pos-
itive - in pre-cancerous lesions suggests dis-
tinct underlying biological processes and may
provide insights into the stage-specific dynam-
ics of DNA damage response (DDR) and cellular
stress in lung adenocarcinoma progression.
Nuclear positivity indicates active DDR in
response to genotoxic stress, which is common
in pre-cancerous lesions as cells experience
replication stress or oxidative damage. In AAH,
nuclear y-H2AX may reflect an attempt by cells
to manage replicative stress and maintain
genomic stability, potentially serving as a
tumor-suppressive mechanism. Cytoplasmic
y-H2AX may result from aberrant phosphoryla-
tion of H2AX under conditions of extreme cel-
lular stress or mitochondrial dysfunction, dis-
rupting its normal nuclear localization. Mis-
localization could be linked to impaired nucle-
ar-cytoplasmic transport pathways, often al-
tered in tumorigenic processes. Predominantly
Nuclear y-H2AX indicated an active DDR
attempting to repair DSBs caused by early
genomic instability or oxidative stress, and sug-
gested a protective response to prevent malig-
nant transformation. In the advanced Pre-
Cancerous Stages (e.g., MIA), predominantly
cytoplasmic y-H2AX suggested impaired DDR
and increased mitochondrial distress, contrib-
uting to genomic instability.

In addition, Proteomics detected RIG-I (encod-
ed by DDX58) and MDA5 (encoded by IFIH1)
were significantly upregulated in AIS and MIA.
The dsRNA sensor PKR (encoded by EIF2AK2)
and its substrate elF2a (EIF2S1) were also
upregulated. Activation of RIG-I and MDA5
downstream signaling through the MAVS pro-
tein led to type | interferon (IFN-I) production
and pro-inflammatory cytokine release. This
may play an anti-tumorigenic role by inducing
immune surveillance mechanisms, recruiting
cytotoxic T cells and promoting apoptosis of
damaged or pre-cancerous cells. At the same
time, dsRNA sensor PKR activation led to
growth inhibition and stress adaptation.
Chronic activation of PKR may drive adaptive
stress responses in tumor cells, enabling sur-
vival under adverse conditions such as hypoxia

3901

or nutrient deprivation. PKR signaling may
also modulate inflammatory pathways (e.g.,
NF-kB), creating a tumor-promoting microenvi-
ronment. On the other hand, dsRNA-Binding
Proteins (dsRBPs) activation served as a feed-
back mechanism to modulate IFN-I responses.
ADAR1 (adenosine deaminase acting on
dsRNA) was upregulated in AIS and MIA, which
performed A-to-l editing of dsRNA to reduce
immune activation by masking dsRNA from
sensors like MDAS and PKR. Meanwhile, STAU1
facilitated nuclear export of dsRNA, while NFOO
stabilized mRNAs to prevent degradation.
What's more, HNRNPA2/B1 interacted with
dsRNA to mediate RNA activation (RNAa), pro-
moting transcriptional upregulation of target
genes [18]. Increased the expression of onco-
genic pathways via RNAa can promote cell pro-
liferation and invasion in pre-cancerous lesions.

The downstream proteins of dsRNA play critical
and divergent roles in pre-cancerous lesions,
either promoting or suppressing the transition
to malignancy. Understanding these roles in
the context of tumor microenvironment and
stage-specific expression provides a frame-
work for targeted therapies aimed at disrupting
pro-tumorigenic signals while reinforcing anti-
tumorigenic defenses. Targeting pro-tumorigen-
ic proteins like ADAR1 and hnRNPA2/B1 can
restore immune detection and suppress onco-
genic pathways. Enhancing the activity of anti-
tumorigenic proteins like RIG-I and OAS could
boost immune responses in pre-cancerous
lesions, preventing progression to malignancy.
Stage-specific interventions tailored to the
dominant dsRNA-related proteins could opti-
mize therapeutic outcomes.

By IHC verification, mt-dsRNA levels were
shown to increase significantly in pre-cancer-
ous lesions (AAH, AIS, MIA) compared to adja-
cent normal lung tissues, with the highest lev-
els observed in AlS. The double fluorescence
staining analysis revealed that mt-dsRNA was
partially co-localized with the mitochondrial
marker TOMM20, suggesting its mitochondrial
origin. The dsRNA-pull-down assay identified
three critical proteins. ASPH was enriched in
both pre-cancerous lesions and invasive LUAD
while TMED9 and HNRNPA2/B1 were specific
to pre-cancerous lesions. This difference likely
reflects stage-specific roles and biological func-
tions of these proteins during the progression
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from pre-cancerous stages to invasive cancer.
Pre-cancerous lesions experience significant
cellular stress (e.g., mitochondrial dysfunction,
ER stress) that requires specialized proteins
like TMED9 and HNRNPA2/B1 to manage RNA
processing and homeostasis. As lesions transi-
tion to invasive cancer, the cellular stress
response may adapt or shift to pathways that
no longer require these proteins, leading to
their downregulation.

Finally, the inferred trajectories of changes
analysis played a pivotal role in contextualizing
and reinforcing the proteomic findings of the
study by providing a dynamic and temporal
perspective on the progression of pre-cancer-
ous lesions to invasive lung adenocarcinoma
(LUAD). This method offers a dynamic and
quantitative framework that complements tra-
ditional histopathological and molecular analy-
ses, enabling improved diagnostic, prognostic,
and therapeutic strategies. The trajectory anal-
ysis identified distinct clusters of lesions with
varying progression scores, highlighting pre-
cancerous lesions with higher malignant poten-
tial. AAH samples with higher inferred scores
showed proteomic features resembling AIS or
MIA, suggesting they represent high-risk le-
sions requiring closer monitoring or early inter-
vention. What’'s more, targeting these proteins
in high-risk lesions could delay or prevent the
transition to invasive LUAD, representing a pre-
ventive therapeutic strategy.

In conclusion, while mt-dsRNA accumulation in
pre-cancerous lung lesions represents a prom-
ising area of investigation, much remains
unknown about its regulation, functional conse-
quences, and clinical relevance. Addressing
these gaps will require comprehensive profiling
and mechanistic studies to uncover the role of
mt-dsRNA in early lung carcinogenesis and its
potential as a diagnostic or therapeutic target.
The downstream proteins of dsRNA play critical
and divergent roles in pre-cancerous lesions,
either promoting or suppressing the transition
to malignancy. Understanding these roles in
the context of tumor microenvironment and
stage-specific expression provides a frame-
work for targeted therapies aimed at disrupting
pro-tumorigenic signals while reinforcing anti-
tumorigenic defenses. Targeting dsRNA path-
ways offers a versatile approach to modulating
immune responses, with the potential to
enhance anti-tumor immunity in cancer or sup-
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press hyperactive immune responses in auto-
immune diseases. Advances in understanding
dsRNA biology and developing selective, con-
text-specific therapies will pave the way for
innovative treatments that harness the power
of dsRNA signaling for diverse clinical applica-
tions. Future research integrating multi-omics
approaches and clinical workflows can unlock
the full potential of trajectory analyses and pro-
teomics for early detection, risk stratification,
and targeted therapies in lung cancer preven-
tion and treatment.
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