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circCACNAI1D drives pulmonary fibrosis by regulating
pyruvate kinase M2 dimer-tetramer switching
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Abstract. Pulmonary fibrosis is a progressive and fatal intersti-
tial lung disease characterized by aberrant fibroblast activation
and excessive extracellular matrix deposition. Circular RNAs
(circRNAs) have emerged as critical regulators of fibrotic
pathogenesis. However, their mechanistic roles remain incom-
pletely defined. In the present study, circCACNAI1D was
identified as a novel driver of pulmonary fibrosis progression
through direct interaction with pyruvate kinase M2 (PKM?2).
Specifically, circCACNAI1D binds PKM2 and promotes its
nuclear translocation and dimerization. This process is facili-
tated by desuccinylation at conserved lysine residues (K135,
K166 and K270). The conformational shift from the tetrameric
to the dimeric state reprograms cellular metabolism toward
aerobic glycolysis and activates a pro-fibrotic transcriptional
program, including direct upregulation of KIF4A. In addition,
the pharmacological stabilization of PKM?2 tetramers with
TEPP-46 attenuated fibrotic phenotypes in vitro and alleviated
bleomycin-induced pulmonary fibrosis in mice. These find-
ings define a previously unrecognized circRNA-driven axis
that coordinates PKM?2 conformational switching, metabolic
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reprogramming and transcriptional activation, and suggest a
potential therapeutic strategy for pulmonary fibrosis.

Introduction

Idiopathic pulmonary fibrosis is a progressive and fatal intersti-
tial lung disease characterized by aberrant fibroblast activation
and excessive extracellular matrix deposition, leading to irre-
versible scarring and respiratory failure (1,2). Although the
understanding of its pathogenesis has advanced, the molecular
mechanisms underlying fibroblast metabolic reprogramming,
a hallmark of fibrosis progression, remain incompletely
defined (3,4). Current therapeutic agents, including pirfeni-
done and nintedanib, primarily attenuate disease progression
rather than reverse established fibrosis. Therefore, identifying
novel pathogenic drivers and therapeutic targets remains
essential (5,6).

A growing body of evidence suggests that metabolic repro-
gramming is a hallmark of fibrotic remodeling (4,7,8). Similar
to rapidly proliferating cells, activated fibroblasts upregulate
aerobic glycolysis to support biosynthesis, redox balance,
contractility and extracellular matrix production (9,10). In
pulmonary fibrosis, this shift is not merely a secondary
consequence of injury, but a critical driver of myofibroblast
persistence and tissue remodeling. These observations have
sparked interest in metabolic enzymes as potential upstream
regulators of fibrogenesis.

Among these enzymes, pyruvate kinase M2 (PKM2) has
emerged as a particularly critical metabolic and signaling
node (11-13). PKM2, an alternatively spliced isoform of the
PKM gene, exists in a dynamic equilibrium between a highly
active tetrameric form and a less active dimeric form (14).
Tetrameric PKM2 efficiently catalyzes the final step of
glycolysis in the cytosol, whereas dimeric PKM2 favors the
diversion of glycolytic intermediates into anabolic pathways
and can translocate to the nucleus, where it functions as
a protein kinase or transcriptional co-activator (9,11,15).
Recent studies support a direct role for PKM2 in organ
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fibrosis. For example, in pulmonary fibrosis, PKM2 has been
shown to promote disease progression by stabilizing TGF-f
receptor I and amplifying profibrotic signaling (16). In addi-
tion, in the kidneys, PKM2-dependent glycolytic remodeling
has been shown to drive pericyte activation and fibrogenic
transition (17), whereas the pharmacological activation of
PKM2 with TEPP-46 suppresses aberrant glycolysis and
renal fibrosis (18). Furthermore, in the liver, enforced PKM2
tetramerization restrains hepatic stellate cell activation and
protects against fibrosis (19). Finally, studies using liver and
vascular injury models further support PKM?2 as a determinant
of profibrotic metabolic remodeling (20,21). Taken together,
these findings indicate that the dimer-tetramer equilibrium of
PKM2 is functionally critical in fibrosis.

Diverse post-translational modifications (PTMs) regulate
PKM2 activity, localization and oligomeric state. Among
these, lysine succinylation has attracted increasing interest
owing to its ability to notably alter residue charge and reshape
protein conformation (22). Previoius studies have indicated
that succinylation-dependent PKM?2 dimerization contributes
to fibrosis-related phenotypes in the heart and other patho-
logical contexts (23,24). SIRTS is the most well-characterized
desuccinylase and regulates multiple metabolic enzymes,
including PKM2 (25-27). However, the upstream mechanisms
that control PKM2 succinylation-dependent conformational
switching in pulmonary fibrosis remain largely unknown. In
particular, whether a disease-associated non-coding RNA
directly modulates PKM2 succinylation and thereby influences
its dimer-tetramer equilibrium remains elusive.

Circular RNAs (circRNAs) are covalently closed RNA
molecules generated by back-splicing of precursor tran-
scripts (28-30). As they lack free 5' and 3' ends, circRNAs
often exhibit enhanced resistance to exonucleases, although
their stability in biological and clinical specimens is
context-dependent (31,32). circRNAs have emerged as key
regulators of fibrotic disorders, such as pulmonary fibrosis,
in which they modulate fibroblast activation, extracellular
matrix production, inflammatory signaling and metabolic
adaptation (1,3,33,34). The majority of mechanistic studies
have focused on their roles as microRNA sponges or modula-
tors of RNA-binding proteins (35). However, more recently,
circRNAs have also been recognized as direct protein-binding
molecules capable of altering protein localization, enzymatic
activity and assembly into functional complexes (35,36).
This emerging concept raises a critical, yet unexplored
possibility, whereby specific circRNAs may directly regulate
PKM?2 conformational dynamics and metabolic signaling in
pulmonary fibrosis.

In the present study, circCACNAID was identified as an
upregulated circRNA in fibrotic lungs and activated fibro-
blasts. In addition, it was demonstrated that circCACNA1D
directly binds to PKM2, promotes desuccinylation at K135,
K166 and K270, and shifts PKM?2 from the tetrameric toward
the dimeric state. This conformational switch enhances
glycolytic reprogramming and nuclear PKM2 signaling,
leading to the induction of the downstream effector kinesin
family member 4A (KIF4A) and the promotion of fibroblast
activation and pulmonary fibrosis. These findings define a
circCACNA1D-PKM2 axis that links circRNA-mediated
protein regulation to metabolic plasticity in pulmonary fibrosis.

Materials and methods

Cells, cell culture and treatments. The human fetal lung
fibroblast cell line, MRC-5, was obtained from The American
Type Culture Collection. Cells were cultured in minimum
essential medium (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% fetal bovine serum (Gibco; Thermo
Fisher Scientific, Inc.), 1% penicillin-streptomycin solution
(cat. no. CM0004-100ML; Shandong Sparkjade Scientific
Instruments Co., Ltd.), 1% sodium pyruvate (cat. no. 11360070;
Gibco; Thermo Fisher Scientific, Inc.), 1% GlutaMAX (cat.
no. 35050061; Gibco; Thermo Fisher Scientific, Inc.) and 1%
non-essential amino acids (cat. no. 11140050; Gibco; Thermo
Fisher Scientific, Inc.). The cells were maintained at 37°C in a
humidified atmosphere containing 5% CO,.

MRC-5 cells were cultured as aforementioned. To estab-
lish an in vitro model of fibrosis, the cells were exposed to
5ng/ml recombinant human TGF-p1 (cat. no. PHG9202; Gibco;
Thermo Fisher Scientific, Inc.) for 0, 48 or 72 h. For gain- and
loss-of-function experiments, the cells were transfected with
a circCACNAI1D overexpression (OE) plasmid, small inter-
fering RNAs (siRNAs) targeting circCACNAID (sense, CAA
AUCAUAACUUGAGGCATT; antisense, UGCCUCAAG
UUAUGAUUUGTT) and KIF4A (sense, CGUCAAGCGCAG
AUGUCUATT; antisense, UAGACAUCUGCGCUUGAC
GTT), a PKM2-NLS (nuclear localization signal) plasmid, a
KIF4A OE plasmid or corresponding negative controls (si-NC
sense, UUCUCCGAACGUGUCACGUTT; antisense, ACG
UGACACGUUCGGAGAATT) (Keyybio) using Lipo3.0 (cat.
no. BMUI11-CN; Abbkine Scientific Co., Ltd.) according
to the manufacturer's instructions. For siRNA transfec-
tion, the final concentration of each siRNA was 50 nM. The
siRNA-Lipo3.0 complexes were incubated at room tempera-
ture for 15 min before being added to the cells. Following 6 h
of transfection, the medium was replaced with fresh complete
medium, and cells were harvested 48 h post-transfection
for subsequent analyses. The transfection efficiency was
verified at 48 h post-transfection, whereby circCACNA1D
OE and siRNA knockdown were confirmed using reverse
transcription-quantitative PCR (RT-qPCR), with only experi-
ments achieving >5-fold OE or >70% reduction relative to the
controls included in downstream analyses (Fig. SIA and B).
In addition, the expression levels of PKM2-NLS and KIF4A
were confirmed using western blot analysis (Fig. SIC-E). In
co-transfection rescue experiments, MRC-5 cells were first
transfected with si-circCACNA1D/si-KIF4A (50 nM) or a
scrambled siRNA control. A total of 6 h following the initial
transfection, the cells were transfected with the PKM2-NLS
plasmid (2 ug/well; 6-well plate format) or an empty vector
control, followed by TGF-p1 (5 ng/ml) stimulation for 48 h.
In all co-transfection experiments, total nucleic acid was kept
consistent across groups using empty vectors or scrambled
siRNAs (negative controls) as appropriate. For pharmacolog-
ical intervention, TGF-p1-stimulated cells were treated with
TEPP-46 (MedChemExpress; cat. no. HY-18657) at the
indicated concentrations for 48 h.

Animal model of pulmonary fibrosis. All animal proce-
dures were approved by The Animal Ethics Committee of
Shandong Medical and Pharmaceutical University, Yantai,
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China (approval no. 2021-355). Male C57BL/6 mice (age,
6 weeks; weighing 20-24 g) were purchased from The Nanjing
University Model Animal Research Center. A total of 24 mice
were used in the present study. All mice were housed under
specific pathogen-free barrier conditions on a 12-h light/dark
cycle (lights on from 07:00 to 19:00) at 22+2°C with 50+10%
relative humidity. Light intensity within the cage position was
maintained at 15-20 lux to stabilize circadian rhythms. As
mice are nocturnal rodents, all sample collection and experi-
mental procedures were fixed to the same time window during
the light phase to avoid potential interference from circadian
variation. Mice were randomly assigned to the following four
groups (n=6/group): i) Sham control (saline); ii) bleomycin
(BLM); iii) BLM + vehicle (DMSO); and iv) BLM + TEPP-46.

Pulmonary fibrosis was induced by a single intratra-
cheal instillation of BLM (5 mg/kg body weight in 50 ul
sterile saline/mouse; Nippon Kayaku Co., Ltd.) using a
Penn-Century MicroSprayer (Penn-Century Inc.). The mice
in the sham group received an equal volume of sterile saline.
From day 3 following instillation, mice in the TEPP-46 group
received daily oral gavage of TEPP-46 (cat. no. HY-18657;
MedChemExpress) (30 mg/kg in the vehicle), whereas the
vehicle group received an equal volume of 2.5% DMSO in
saline. On day 28, lung tissues were harvested for molecular
and histopathological analyses.

Animal euthanasia. In accordance with the American
Veterinary Medical Association Guidelines for the Euthanasia
of Animals (2020 Edition), all animals were humanely
euthanized at the end of the experimental protocol. At the
experimental endpoint (day 28 after BLM instillation), all mice
were deeply anesthetized by intraperitoneal injection with
pentobarbital sodium (150 mg/kg body weight). Following
the loss of pedal reflex, euthanasia was performed by cervical
dislocation. After which, lung tissues were immediately
harvested for subsequent analyses.

RNA immunoprecipitation (RIP)-PCR analysis. RIP assays
were performed using an RNA immunoprecipitation kit
(cat. no. P0101, Guangzhou Geneseed Biotech. Co., Ltd.)
according to the manufacturer's instructions. MRC-5 cells
(~1x107 cells/sample) were lysed in lysis buffer supplemented
with 1% (v/v) protease inhibitor and 1% (v/v) RNase inhibitor
(included with the immunoprecipitation kit). Lysates were
incubated overnight at 4°C with magnetic beads pre-conjugated
to 5 ug anti-PKM2 antibody (cat. no. 4053S; Cell Signaling
Technology, Inc.) or normal rabbit IgG (cat. no. 2729S; Cell
Signaling Technology, Inc.) as a negative control. Following
extensive washing (with washing buffer provided with the kit),
RNA was extracted using the RNA extraction reagent provided
with the RNA immunoprecipitation kit (Guangzhou Geneseed
Biotech. Co., Ltd.) according to the manufacturer's instruc-
tions, and reverse-transcribed using the Evo M-MLV reverse
transcription kit (AG11706, Hunan Accurate Bio-Medical
Technology Co., Ltd.). The enrichment of circCACNAI1D was
quantified using RT-qPCR with SYBR-Green (SYBR-Green
Premix Pro Taq HS; Hunan Accurate Bio-Medical Technology
Co., Ltd.). The qPCR program consisted of an initial dena-
turation at 94°C for 600 sec, followed by 45 cycles of 94°C
for 5 sec, 60°C for 32 sec and 72°C for 30 sec. The following
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primer sequences were used: circCACNAI1D forward, 5'-GCC
AATTGTGTGGCCTTAGCT-3' and reverse, 5'-CCTCTT
GCATAGTTTGCCTCAAG-3'. Normal IgG was used as a
negative control, and relative enrichment was calculated using
the 224 method (37).

RNA pull-down and mass spectrometry. Biotin-labeled
RNA probes complementary to the sense sequence of circ-
CACNAID and an antisense control were synthesized by
Guangzhou RiboBio Co., Ltd. Probes were conjugated to
streptavidin magnetic beads (cat. no. Bes5102; BersinBio),
and whole-cell lysates from MRC-5 cells were incubated with
the probe-bound beads overnight at 4°C. Following stringent
washing with the washing buffer provided with the kit, the
magnetic beads were collected using a magnetic stand at room
temperature. Bound proteins were then eluted by boiling at
98°C for 10 min and separated by 10% SDS-PAGE. Gels were
silver-stained, and the specific band at ~60 kDa was excised
for in-gel tryptic digestion. Peptides were analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
using an Orbitrap Exploris 480 mass spectrometer (Thermo
Fisher Scientific, Inc.). For LC-MS/MS identification of
succinylation sites, raw data were analyzed using MaxQuant
(v1.6.15.0). Searches were performed against the Mus musculus
reference proteome (Mus_musculus_10090_SP_20220107.
fasta; 17,097 sequences). The false discovery rate was set
to <1% at the peptide and protein levels, and each identified
protein was required to contain at least one unique peptide.
The mass spectrometry proteomics data have been submitted
to the ProteomeXchange Consortium through the PRIDE
partner repository with the dataset identifier PXD075455, and
are accessible at https://www.ebi.ac.uk/pride/archive/projects/
PXDO075455.

RT-gPCR. Total RNA was extracted from cells or tissues
using TRIzol reagent (AG21102; Hunan Accurate Bio-Medical
Technology Co., Ltd.), and cDNA was synthesized using the
Evo M-MLV RT Premix Kit (AG11706, Hunan Accurate
Bio-Medical Technology Co.,Ltd). RT-qPCR was performed on
a Rotor-Gene 3000 real-time PCR system using SYBR-Green
Premix Pro Taq HS (Hunan Accurate Bio-Medical Technology
Co., Ltd). B-actin was used as an internal control, and relative
expression levels were calculated using the 244°4 method (37).
The primer sequences are provided in Table SI. Melting curve
analysis was performed after each qPCR run to confirm the
specificity of amplification, and all primer pairs produced
a single melting peak. Primer amplification efficiencies,
validated by standard curve analysis using serial dilutions
of cDNA, ranged from 90 to 110%. The stability of B-actin
as a reference gene was confirmed under all experimental
conditions, with no significant variation in Ct values observed
between treatment groups.

Immunofluorescence and RNA fluorescence in situ hybrid-
ization (FISH). MRC-5 cells grown on coverslips were fixed
with 4% paraformaldehyde and permeabilized with 0.5%
Triton X-100. A Cy3-labeled probe (30 nucleotides in length)
targeting the circCACNA1D back-splice junction (Guangzhou
RiboBio Co., Ltd.) was used for FISH. Hybridization was
performed overnight at 37°C in a humidified chamber
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according to the manufacturer's instructions. Following
FISH, the cells were blocked with 10% goat serum (cat.
no. C0265; Beyotime Biotechnology) at room temperature for
1 h and incubated overnight at 4°C with anti-PKM2 antibody
(1:50; cat. no. 4053S; Cell Signaling Technology, Inc.). After
washing with PBS, the cells were incubated with Alexa Fluor
488-conjugated secondary antibody (1:200; cat. no. S0018;
Affinity Biosciences) for 30 min at room temperature in the
dark. Nuclei were counterstained with DAPI (Beijing Solarbio
Science & Technology Co., Ltd.) at room temperature for
8 min, and images were captured using a laser-scanning
confocal microscope (Stellaris 5; Leica Microsystems GmbH).

Nuclear-cytoplasmic fractionation and western blot analysis.
Nuclear and cytoplasmic fractions were isolated using
NE-PER™ Nuclear and Cytoplasmic Extraction Reagents
(Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocol. For total protein extraction, cells or tissues
were lysed in RIPA buffer supplemented with protease and
phosphatase inhibitors. Protein concentrations were measured
using a BCA assay. Equal amounts of protein (20 pg/lane)
were separated by 10% SDS-PAGE and transferred to PVDF
membranes by wet transfer at 200 mA for 120 min on ice. The
membranes were blocked with 5% non-fat milk and incubated
overnight at 4°C with primary antibodies. Following incuba-
tion with HRP-conjugated secondary antibodies (1:2,000;
SAB48169; Bioswamp, Wuhan Bienle Biotechnology Co.,Ltd.)
at room temperature for 1 h, protein bands were detected using
an enhanced chemiluminescence kit (ED0015-B; Shandong
Sparkjade Scientific Instruments Co., Ltd.). Densitometric
quantification was performed using ImageJ software (National
Institutes of Health). The relative expression level of each
target protein was calculated as the ratio of target band
intensity to that of B-tubulin on the same membrane and was
further normalized to the control group (set as 1). Results are
expressed as the fold change relative to the control. Primary
antibodies included: PKM?2 (1:1,000; cat. no. 4053S; Cell
Signaling Technology, Inc.), a-SMA (1:1,000; cat. no. AF1032;
Affinity Biosciences), Vimentin (1:1,000; cat. no. MAB61559;
Bioswamp; Wuhan Bienle Biotechnology Co., Ltd.), collagen I
(1:1,000; cat. no. AF7001; Affinity Biosciences), 3-actin
(1:5,000; cat. no. AF7018; Affinity Biosciences), §-tubulin
(1:5,000; cat. no. AF7011; Affinity Biosciences) and Lamin B1
(1:5,000; cat. no. RMAB60267; Bioswamp; Wuhan Bienle
Biotechnology Co., Ltd.).

Analysis of the PKM?2 oligomeric state (dimer/tetramer).
The oligomeric state of PKM2 was assessed by chemical
cross-linking followed by 6% non-reducing SDS-PAGE. Cell
lysates were incubated with freshly prepared disuccinimidyl
suberate (Thermo Fisher Scientific, Inc.) dissolved in anhy-
drous DMSO at a final concentration of 2 mM for 30 min
at room temperature. The reaction was quenched with 1 M
Tris-HCl (pH 7.5) to a final concentration of 20 mM. Samples
were separated on a 6% non-reducing polyacrylamide gel at
80 V for 2 h, and then transferred to PVDF membranes by
wet transfer at 200 mA for 2.5 h on ice. Western blot analysis
was performed under non-reducing conditions, without
[-mercaptoethanol in the loading buffer, using an anti-PKM?2
antibody (1:1,000; cat. no. 4053S; Cell Signaling Technology,

Inc.). The remaining steps were the same as the western blot
protocol described above.

Co-immunoprecipitation (Co-IP) and succinylation modifi-
cation analysis. For Co-IP assays, cell lysates were prepared
using IP lysis buffer [provided with the Immunoprecipitation
(IP/ColP) kit; abs955-50T; Absin Bioscience Inc.]. To assess
PKM2 succinylation, 500 pg of total protein lysates were
incubated overnight at 4°C with anti-PKM?2 antibody (1:1,000;
cat. no. 4053S; Cell Signaling Technology, Inc.). Immune
complexes were captured using Protein A/G agarose beads
(abs955-50T; Absin Bioscience Inc.). Following extensive
washing, with 1x washing buffer (provided in the same kit),
bound proteins were eluted by boiling at 98°C for 10 min and
subjected to western blot analysis, which was performed as
described above, using a pan-anti-succinyllysine antibody
(1:500, PTM BIO, #PTM-401). Centrifugation steps were
performed at 13,523 g for 1 min at room temperature.

Wound healing and cell proliferation assays. For wound
healing assays, the MRC-5 cells were seeded in 96-well plates
and grown to 90% confluency. A uniform scratch was gener-
ated using the IncuCyte S3 scratcher. Cells were washed and
cultured in serum-free medium with or without the indicated
treatments. Wound closure was monitored every 3 h using the
IncuCyte S3 Live-Cell Analysis System (Sartorius, Germany)
with a 10X objective. Wound healing was quantified by wound
density, which was automatically calculated using IncuCyte
S3 software. Cell proliferation was assessed by measuring
confluence over time at 4-h intervals in 96-well plates using
the same system.

Measurement of pyruvate kinase activity and lactate produc-
tion. Pyruvate kinase activity was measured using a Pyruvate
Kinase Activity Assay kit (cat. no. BC2205; Beijing Solarbio
Science & Technology Co., Ltd.) according to the manufac-
turer's instructions. Lactate concentrations in cell culture
supernatants were determined using a Lactate Assay kit (cat.
no. BC2235; Beijing Solarbio Science & Technology Co.,Ltd.).

Histopathological staining (H&E and Masson's trichrome
staining). Lung tissues were fixed in 4% paraformaldehyde
at room temperature for 1 h, dehydrated through a graded
ethanol series and embedded in paraffin. Serial sections (4-ym
thick) were prepared using a Leica RM2255 rotary microtome.
For morphological evaluation, sections were stained with
H&E using a commercial kit (cat. no. G1120; Beijing Solarbio
Science & Technology Co., Ltd.) at room temperature,
with hematoxylin staining for 5-10 min and eosin staining
for 5 min. Collagen deposition was assessed by Masson's
trichrome staining according to the manufacturer's protocol
(Beijing Solarbio Science & Technology Co., Ltd.) at room
temperature, with Ponceau S staining for 5-10 min and aniline
blue staining for 1-2 min. Following staining, the sections were
dehydrated in absolute ethanol, cleared in xylene and mounted
with neutral resin. Images were captured using an Olympus
light microscope (Olympus Corporation).

Lung function measurements. Pulmonary function was evalu-
ated using the AniRes2005 Animal Lung Function Analysis
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System (Bestlab Technology Co., Ltd.). Mice were anesthe-
tized by intraperitoneal injection of 2.5% Avertin (250 mg/kg).
Following deep anesthesia, a midline cervical incision was
made to expose the trachea, which was intubated and secured
with a suture. Mice were placed in a whole-body plethys-
mography chamber, which was preset with an initial negative
pressure of 30 cmH,0, a respiratory rate of 65 breaths/min
and an inspiration-to-expiration ratio of 20:10. The automated
mode was initiated to record forced vital capacity (FVC)
and lung compliance during passive inhalation to the target
pressure followed by passive exhalation.

RNA sequencing and bioinformatics analysis. Total RNA
was extracted from the MRC-5 cells under four conditions:
i) Control; ii) TGF-p1; iii) TGF-p1 + vehicle (DMSO); and
iv) TGF-B1 + TEPP-46. RNA quality was evaluated prior to
library preparation. Libraries were constructed and sequenced
on an Illumina NovaSeq 6000 platform by Shenzhen E-Gene
Biotechnology Co., Ltd. Raw reads were processed, aligned
to the reference genome and quantified, with differential gene
expression analysis performed using DESeq2. Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analyses were conducted using
clusterProfiler. Venn diagrams were generated to identify over-
lapping differentially expressed genes. The raw sequencing
data generated in this study are openly available in the NCBI
SRA database accessible with the following link: https:/www.
ncbi.nlm.nih.gov/sra/PRINA1475466.

Chromatin immunoprecipitation quantitative PCR
(ChIP-gPCR). ChIP assays were conducted using the Simple
ChIP Enzymatic Chromatin IP kit (cat. no. 9002; Cell
Signaling Technology, Inc.). MRC-5 cells were cross-linked
with 1% formaldehyde (cat. no. F809702; Shanghai Macklin
Biochemical Co., Ltd.) at room temperature for 10 min.
Crosslinking was terminated by the addition of 2.5 M glycine
(cat. no. MB4166; MeilunBio) for 5 min. Chromatin was frag-
mented to 200-500 bp by sonication and immunoprecipitated
overnight at 4°C with anti-PKM2 antibody (5 ul per IP reac-
tion; cat. no. 15822-1-AP; Proteintech Group, Inc.) or normal
rabbit IgG (cat. no. 2729P; Cell Signaling Technology, Inc.).
The enrichment of specific genomic regions, including the
KIF4A promoter, was quantified by qPCR. Primers targeting
predicted PKM2-binding sites are listed in Table SI. Due to the
head-to-head genomic arrangement of KIF4A and PDZD11,
the ChIP-qPCR primers targeting the KIF4A promoter region
also amplify the overlapping PDZDI11 promoter. Nevertheless,
subsequent expression analyses confirmed that PDZDI1 is not
regulated under the experimental conditions used in this study.

Statistical analysis. For in vitro experiments, assays were
performed in triplicate as independent biological replicates.
For in vivo experiments, each group contained 6 mice, and
representative data are shown. Statistical analyses were
performed using GraphPad Prism 8.0.2 (263) software
(Dotmatics). Student's t-test (unpaired t-test) was used for
comparisons between two groups, and one-way ANOVA
followed by Tukey's test was applied for comparisons among
multiple groups. Data are presented as the mean + SD. P<0.05
was considered to indicate a statistically significant difference.
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Results

Identification of PKM?2 as a direct binding partner of circ-
CACNAID in pulmonary fibrosis. To establish an in vitro
model of pulmonary fibrosis, MRC-5 cells were exposed to
TGF-p1 for 48 and 72 h, as previously described (38,39).
Scratch-wound healing assays revealed a time-dependent
increase in cell migration (Fig. 1A and B), and cell prolifera-
tion also increased over time (Fig. 1C). Western blot analysis
demonstrated the significant upregulation of fibrotic markers,
including a-SMA, vimentin and collagen I, following TGF-f1
stimulation. Densitometric quantification from three indepen-
dent experiments confirmed these changes (Fig. 1D and E).
Immunofluorescence staining further revealed progressively
enhanced a-SMA signals, indicating the acquisition of a
myofibroblast phenotype (Fig. 1F).

It was previously reported that circ0066187, now termed
circCACNAID,is upregulated in pulmonary fibrosis and exerts
pro-fibrotic effects partly by sponging miR-29b-2-5p (33).
Therefore, the present study examined whether circ-
CACNAI1D also functions through direct RNA-protein
interactions. As circCACNAI1D is predominantly cytoplasmic
and has documented fibrogenic activity, it was hypothesized
that it may function as a protein scaffold or decoy to regulate
key fibrotic mediators. An unbiased RNA pull-down assay
followed by LC-MS/MS was performed using a biotin-labeled
sense probe targeting circCACNAI1D. A specific protein band
at ~60 kDa was enriched by the sense probe, but not by the
antisense control (Fig. 1G). Mass spectrometry identified
PKM as a candidate binding protein (Fig. 1H). Given the
molecular weight and functional relevance, the present study
focused on PKM2.

The interaction was validated using complementary
biochemical approaches. RNA pull-down followed by western
blot analysis confirmed the specific enrichment of PKM2 by
the circCACNAI1D sense probe (Fig. 11). RIP assays further
revealed that TGF-f1 stimulation significantly increased circ-
CACNALID enrichment by the anti-PKM2 antibody compared
with the IgG control (Fig. 1J). Combined RNA-FISH and
immunofluorescence analysis demonstrated increased circ-
CACNAID expression and the enhanced nuclear accumulation
of PKM2 following exposure of the cells to TGF-p1, with
marked co-localization signals (Fig. 1K). These findings indi-
cate that circCACNAI1D directly interacts with PKM?2 during
pulmonary fibrosis.

circCACNAID promotes PKM2 nuclear translocation
and dimerization. Given the TGF-B1-induced nuclear
accumulation of PKM2, whether circCACNAI1D regulates
this process was then assessed. Nuclear-cytoplasmic frac-
tionation followed by western blot analysis revealed that
TGF-B1 stimulation or circCACNAID OE (OE circRNA)
significantly increased nuclear PKM?2 levels. By contrast,
circCACNA1D knockdown (si-circRNA) markedly reduced
TGF-p1-induced PKM2 nuclear translocation (Fig. 2A).
Immunofluorescence analysis confirmed these findings.
Specifically, nuclear PKM2 signals were enhanced following
TGF-p1 treatment or circCACNAID OE, whereas circ-
CACNAID silencing resulted in predominant cytoplasmic
localization (Fig. 2B).
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Figure 1. Identification of PKM2 as a direct binding partner of circCACNAI1D in pulmonary fibrosis. (A) Scratch-wound healing assay of MRC-5 fibroblasts
treated with TGF-B1 (5 ng/ml) for 0, 48 and 72 h. (B) Quantitative analysis of wound closure. (C) Proliferation of MRC-5 cells treated with TGF-f1 for the
indicated times was monitored using the IncuCyte S3 live-cell analysis system. (D) Western blot analysis of fibrotic markers (a-SMA, vimentin and collagen I)
in MRC-5 cells stimulated with TGF-f1 for 48 and 72 h. 3-tubulin served as the loading control. (E) Quantitative analysis of the results of western blot analysis.
(F) Representative immunofluorescence images demonstrating a-SMA (green) expression in MRC-5 cells following exposure to TGF-$1 for 0, 48 and 72 h.
Nuclei were stained with DAPI (blue). (G) Silver staining of proteins pulled down by biotinylated circCACNA1D sense or antisense control probes. (H) Arrow
indicates the specific ~60 kDa band identified by mass spectrometry. (I) Western blot validation of PKM2 enrichment in the RNA pull-down assay using a
circCACNAID sense probe. Input lysate served as the positive control. (J) RIP-qPCR analysis illustrating the enrichment of circCACNAID by anti-PKM?2
antibody in MRC-5 cells with or without TGF-f1 (5 ng/ml; 48 h). Normal IgG served as a negative control. (K) RNA-FISH detection of circCACNAI1D (red)
combined with immunofluorescence staining of PKM2 (green) in MRC-5 cells treated with or without TGF-f31. Nuclei were stained with DAPI (blue; scale
bar, 50 xm). "P<0.05, “P<0.01. PKM2, pyruvate kinase M2; circRNA, circular RNA; RIP, RNA immunoprecipitation; FISH, fluorescence in situ hybridization.

PKM?2 performs distinct functions depending on its oligo-
meric state, acting as a high-activity tetramer in the cytoplasm
and as a low-activity dimer with transcriptional co-activator
activity in the nucleus. It was first determined whether
TGF-p1 alters endogenous PKM2 conformation. Chemical
cross-linking followed by non-reducing SDS-PAGE revealed

that TGF-f1 induced a shift from tetrameric PKM2 (~240 kDa)
to the dimeric form (~120 kDa; Fig. 2C). Subsequently, the
present study examined whether circCACNAI1D influences
this conformational balance. CircCACNA1D OE increased the
proportion of dimeric PKM2 and reduced tetrameric PKM2,
as determined by cross-linking and non-reducing SDS-PAGE
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Figure 2. circCACNA1D promotes PKM2 nuclear translocation and dimerization. (A) Nuclear-cytoplasmic fractionation and western blot analysis of PKM?2 in
MRC-5 cells treated with TGF-f1 (5 ng/ml; 48 h), transfected with circCACNA1D overexpression plasmid (OE circRNA), or transfected with circCACNA1D
knockdown (si-circRNA). Lamin Bl and f-tubulin served as nuclear and cytoplasmic markers, respectively. (B) Immunofluorescence staining of PKM2 (red)
in MRC-5 cells under the indicated treatments. Nuclei were stained with DAPI (blue; scale bar, 50 #m). (C) Chemical cross-linking followed by non-reducing
SDS-PAGE and western blot analysis to assess PKM2 oligomerization in MRC-5 cells treated with or without TGF-$1. (D) Chemical cross-linking followed
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Positions of tetrameric (~240 kDa) and dimeric (~120 kDa) PKM?2 are indicated. PKM2, pyruvate kinase M2; circRNA, circular RNA; NC, negative control;

WT, wild-type.

(Fig. 2D). These results indicate that circCACNA1D promotes
both nuclear translocation and dimerization of PKM2, similar
to the effect of TGF-p1.

circCACNAID promotes PKM?2 desuccinylation at specific
lysine residues to facilitate dimer formation. To define the
molecular mechanism underlying circCACNA1D-mediated
PKM?2 dimerization, PTMs were examined, with a focus on
lysine succinylation. Immunoprecipitation of PKM?2 followed
by western blot analysis with a pan-anti-succinyllysine
antibody revealed that TGF-f1 significantly reduced PKM2
succinylation in MRC-5 cells (Fig. 3A). circCACNAID
OE further decreased PKM?2 succinylation levels (Fig. 3B),
suggesting that circCACNA1D promotes PKM?2 desuccinyl-
ation under fibrotic conditions.

To identify specific residues, PKM2 was immunoprecipi-
tated from lung tissues of BLM-treated and control mice and
analyzed by LC-MS/MS. A total of three lysine residues, K135,
K166 and K270, exhibited significantly reduced succinylation
in fibrotic tissues. Representative MS/MS spectra confirmed
succinyllysine modification at these sites (Fig. 3C). Sequence
alignment demonstrated that these residues are conserved
between human and mouse PKM2 (Fig. 3D), supporting their
functional relevance.

To evaluate the role of these sites in PKM2 oligomerization,
PKM?2 mutants in which K135, K166 and K270 were substituted
with arginine (PKM2-3KR, mimicking constitutive desuc-
cinylation) or glutamate (PKM2-3KE, mimicking constitutive
succinylation) were generated. Cross-linking and non-reducing
SDS-PAGE analysis showed that PKM2-3KR predominantly
formed dimers with reduced tetramer levels, whereas PKM2-3KE
favored the tetrameric state (Fig. 3E). These findings demonstrate
that desuccinylation at K135, K166 and K270 promotes PKM?2
dimerization. To determine whether the succinylation status of
K135, K166 and K270 directly influences fibrotic phenotypes,
WT PKM2, the 3KR mutant or the 3KE mutant in MRC-5 cells
were overexpressed and fibrotic marker expression was assessed
by western blotting. The 3KR mutant, which mimics constitutive
desuccinylation and predominantly forms dimers, significantly
increased a-SMA, vimentin and collagen I protein levels
compared with WT PKM2. By contrast, the 3KE mutant, which
mimics constitutive succinylation and favors the tetrameric
state, did not elevate fibrotic marker expression (Fig. 3F). These
findings establish a functional link between site-specific PKM2
desuccinylation and fibroblast activation.

Collectively, these results define a post-translational
regulatory mechanism in which circCACNA1D promotes
desuccinylation of PKM?2 at conserved lysine residues, thereby
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Figure 3. circCACNA1D promotes PKM2 desuccinylation at specific lysine residues to facilitate dimer formation. (A) Immunoprecipitation and western
blot analysis of PKM2 succinylation (Ksu, succinyllysine) levels in MRC-5 cells treated with or without TGF-f1 (5 ng/ml; 48 h). Whole-cell lysate and IgG
controls are shown. (B) Immunoprecipitation and western blot analysis of PKM2 succinylation (Ksu, succinyllysine) levels in MRC-5 cells following circ-
CACNAI1D overexpression. (C) Representative MS/MS spectra confirming succinyllysine modification at K135, K166 and K270 on PKM?2 in lung tissues.
(D) Sequence alignment of PKM2 protein sequences from humans and mice, highlighting conserved lysine residues (K135, K166 and K270) identified in
panel C. (E) Chemical cross-linking followed by non-reducing SDS-PAGE and western blot analysis to assess the oligomeric state of WT PKM2 and its
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type; PKM2, pyruvate kinase M2; circRNA, circular RNA.

shifting PKM?2 toward its pro-fibrotic, transcriptionally active
dimeric conformation.

Pharmacological stabilization of PKM?2 tetramers allevi-
ates fibrotic phenotypes in vitro. The present study then

investigated whether the pharmacological stabilization of
PKM?2 tetramers counteracts fibrotic activation. Treatment with
the selective PKM?2 tetramer stabilizer, TEPP-46, increased
tetramer formation in a concentration-dependent manner in
theTGF-B1-stimulated MRC-5 cells, as shown by cross-linking
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and non-reducing SDS-PAGE (Fig. 4A). TEPP-46 signifi-
cantly reduced the TGF-f1-induced upregulation of a-SMA,
vimentin and collagen I at the protein level (Fig. 4B and C).
Immunofluorescence staining further demonstrated that
TEPP-46 attenuated TGF-f1-induced a-SMA-positive stress
fiber formation (Fig. 4D). Functionally, TEPP-46 significantly
suppressed TGF-B1-induced cell migration in scratch-wound
healing assays (Fig. 4E and F). Real-time proliferation analysis
using the IncuCyte S3 system revealed that TEPP-46 inhibited
TGF-f1-driven fibroblast growth (Fig. 4G). Taken together,
these data support the concept that the tetramer-dimer balance
of PKM2 functions as a molecular switch in fibrotic activation
and that pharmacological stabilization of PKM?2 tetramers
mitigates fibrotic responses in vitro.

TEPP-46 attenuates pulmonary fibrosis in a murine model
of pulmonary fibrosis induced by BLM. To assess the
therapeutic effect of stabilizing PKM?2 tetramers in vivo, a
murine model of pulmonary fibrosis induced by BLM was
used. Beginning on day 3 following the administration of
BLM, mice received TEPP-46 to promote PKM?2 tetramer
formation. TEPP-46 significantly improved BLM-induced
lung dysfunction, as evidenced by increased FVC (Fig. 5A),
decreased lung resistance (RL; Fig. 5B) and increased
dynamic compliance (Fig. 5C).

Consistent with these functional improvements, TEPP-46
markedly reduced the expression of fibrotic markers in lung
tissues. Western blot analysis of lung homogenates confirmed
the reduced expression of a-SMA, vimentin and collagen I
(Fig. 5D). Immunofluorescence analysis revealed the decreased
expression of a-SMA in theTEPP-46-treated mice compared
with vehicle-treated BLM controls (Fig. 5SE). Histopathological
evaluation further supported these findings. H&E staining
revealed preserved alveolar structure and reduced inflamma-
tory infiltration (Fig. 5F), while Masson's trichrome staining
demonstrated reduced collagen deposition in TEPP-46-treated
lungs (Fig. 5G). These in vivo results indicate that TEPP-46
alleviates pulmonary fibrosis and support PKM2 tetramer
stabilization as a therapeutic strategy.

Profibrotic function of circCACNAID is dependent on PKM?2
nuclear dimerization. To define the functional association
between circCACNAID and PKM?2 dimerization, gain- and
loss-of-function rescue experiments were conducted. circ-
CACNAID OE enhanced fibroblast migration (Fig. 6A and B),
promoted cell proliferation (Fig. 6C) and increased the expres-
sion of fibrotic markers (a-SMA, vimentin and collagen I;
Fig. 6D). These pro-fibrotic effects were abolished by co-treat-
ment with TEPP-46 (Fig. 6A-D). By contrast, circCACNA1D
knockdown in TGF-p1-stimulated cells reduced migration
(Fig. 6E and F), proliferation (Fig. 6G) and fibrotic marker
expression (Fig. 6H). Reintroduction of nuclear-localized
PKM?2 (PKM2-NLS), which enforces a transcriptionally
active nuclear dimeric state, restored the fibrotic phenotypes
suppressed by circCACNAI1D knockdown (Fig. 6E-H). The
transfection efficiency of si-circCACNA1D and PKM2-NLS
was verified using RT-qPCR and western blot analysis, respec-
tively, prior to functional assays (as described in the Materials
and methods section). These findings demonstrate that circ-
CACNAID promotes pulmonary fibrosis by facilitating
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PKM?2 nuclear dimerization and this effect can be disrupted
by stabilizing PKM?2 tetramers.

The metabolic consequences of the circCACNA1D-PKM2
axis were then examined. As PKM2 dimerization alters
glycolytic flux, pyruvate kinase activity, which primarily
reflects tetrameric PKM?2 function, was assessed. circ-
CACNALID OE significantly reduced pyruvate kinase activity,
and this reduction was reversed by TEPP-46 (Fig. 61). circ-
CACNAI1D OE also increased lactate secretion, a hallmark
of enhanced aerobic glycolysis, whereas TEPP-46 suppressed
this increase (Fig. 6J). These data indicate a metabolic shift
from oxidative phosphorylation toward glycolysis following
circCACNA1D-induced PKM2 dimerization.

To confirm that these metabolic effects depend on nuclear
PKM2 dimers, rescue experiments under loss-of-function
conditions were performed. circCACNAID knockdown in
TGF-f1-stimulated cells increased pyruvate kinase activity
and decreased lactate production. Both effects were reversed
by PKM2-NLS expression (Fig. 6K and L). Taken together,
these findings demonstrate that the circCACNA1D/PKM?2
axis drives glycolytic reprogramming. By promoting PKM2
dimerization and nuclear localization, circCACNA1D
suppresses pyruvate kinase enzymatic activity and increases
lactate production, thereby supporting the proliferative and
biosynthetic demands of activated fibroblasts during fibrotic
remodeling.

Nuclear PKM?2 dimer drives a pro-fibrotic transcriptional
program by directly activating target genes. In addition to
its metabolic function, nuclear PKM?2 functions as a tran-
scriptional co-activator. Therefore, the present study then
investigated whether circCACNA1D-induced nuclear PKM2
dimers regulate a pro-fibrotic transcriptional program. RNA
sequencing of MRC-5 cells under four conditions (control,
TGF-p1, TGF-p1 + vehicle and TGF-1 + TEPP-46) iden-
tified 529 genes upregulated by TGF-p1 and 389 genes
downregulated by TEPP-46, with 42 overlapping candidates
(Fig. 7A and B). GO and KEGG analyses revealed enrichment
in fibrosis-related processes, including cell-cycle progression,
cell division and the p53 signaling pathway (Fig. 7C and D).
A total of seven candidate genes associated with proliferation
and fibrosis were selected for validation. The overexpression
of PKM2-NLS induced the marked upregulation of KIF4A
mRNA (>6-fold), identifying KIF4A as a primary transcrip-
tional target of nuclear PKM2 (Fig. 7E). TGF-f1 increased
KIF4A expression at both the mRNA and protein levels
(Fig. 7F and G). PKM2-NLS OE also elevated KIF4A protein
expression (Fig. 7H). Notably, TEPP-46 treatment suppressed
TGF-p1-induced KIF4A expression at both the mRNA and
protein levels (Fig. 71 and J). Functional assays revealed that
KIF4A knockdown reduced the expression of fibrotic markers,
including a-SMA, vimentin and collagen I (Fig. 7K). To further
confirm KIF4A as a functional downstream effector of nuclear
PKM?2, KIF4A gain-of-function experiments were performed.
The overexpression of KIF4A in MRC-5 cells increased
the protein levels of fibrotic markers, including a-SMA,
vimentin and collagen I (Fig. 7L). These data, together with
the KIF4A knockdown results, establish that KIF4A is both
necessary and sufficient to drive pro-fibrotic gene expression
downstream of the circCACNA1D/PKM2 axis. ChIP-qPCR
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analysis demonstrated the direct enrichment of PKM?2 at
multiple regions of the KIF4A promoter under TGF-f1 stimu-
lation (Fig. 7M), indicating increased DNA binding activity
associated with the dimeric form. Of note, the KIF4A and
PDZDI11 genes are arranged in a head-to-head bidirectional
configuration on the X chromosome, sharing an overlap-
ping promoter region; therefore, the ChIP primers inevitably
amplify both promoters. However, PDZD11 expression was
not significantly altered by TGF-f1, TEPP-46, or PKM2-NLS
overexpression (Fig. S2), confirming that the observed ChIP
signals predominantly reflect PKM?2 occupancy at the KIF4A
locus. These findings identify KIF4A as a critical downstream
effector of nuclear PKM2 dimers and establish a mechanistic
link between PKM2-driven metabolic reprogramming and
transcriptional activation in pulmonary fibrosis.

Discussion

The present study identified circCACNAI1D as a novel
regulator of PKM2 conformational switching in pulmonary
fibrosis. The data support a model in which circCACNA1D
directly binds PKM2, attenuates its succinylation at K135,
K166 and K270, and shifts the enzyme toward the dimeric,
transcriptionally competent state. Functionally, this confor-
mational shift suppresses pyruvate kinase activity, increases
lactate production, enhances fibroblast migration and prolif-
eration, and promotes expression of fibrotic markers. At the

transcriptional level, KIF4A was identified as a critical down-
stream effector of the circCACNA1D/PKM2 pathway. These
findings are conceptually important as they extend circRNA
biology beyond canonical miRNA-sponging mechanisms and
demonstrate that a circRNA can directly reshape the biochem-
ical state of a metabolic enzyme to coordinate metabolic and
transcriptional remodeling in fibrosis (11,30).

The results of the present study also contribute to the
increasing amount of literature implicating PKM?2 in
fibrotic diseases. Recent studies have demonstrated that
PKM2 promotes pulmonary fibrosis by stabilizing TGF-3
receptor I (16), drives fibrogenic metabolic rewiring in kidney
injury (17,18), restrains or promotes fibrogenesis depending on
its oligomeric state in hepatic stellate cells (19) and contrib-
utes to fibrosis-associated lactate accumulation in multiple
organs (21,40,41). Together, these studies establish PKM2
as a major determinant of fibrotic remodeling. However, the
majority of previous studies have focused on downstream
consequences of PKM?2 activation (42,43), while the upstream
mechanisms governing its dimer-tetramer switching in pulmo-
nary fibrosis remained unclear. The data from the present
study indicate that circCACNAI1D functions as an upstream
regulator of PKM2 to couple post-transcriptional regulation
to metabolic reprogramming and nuclear gene activation. This
provides an explanation for the mechanisms by which fibro-
blasts sustain a stable profibrotic phenotype despite fluctuating
extracellular signals.
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Figure 6. Pro-fibrotic function of circCACNAID is dependent on PKM2 nuclear dimerization. (A) Scratch-wound healing assay illustrating the migration of
MRC-5 cells overexpressing circCACNA1D with or without TEPP-46 (50 nmol/ml; scale bar, 600 ym). (B) Quantitative analysis of wound closure. (C) Cell
proliferation of MRC-5 cells overexpressing circCACNA1D with or without TEPP-46 (50 nmol/ml), monitored by IncuCyte S3. (D) Western blot analysis
of fibrotic markers (a-SMA, vimentin and collagen I) under the same conditions as in panel A. (E) Scratch-wound healing assay under TGF-1 stimulation
following circCACNA 1D knockdown and rescue with PKM2-NLS. (F) Quantitative analysis of wound closure. (G) Cell proliferation under TGF-f1 stimula-
tion following circCACNA1D knockdown and PKM2-NLS rescue. (H) Western blot analysis of fibrotic markers under the same experimental groups as those
in panel E. (I) PK activity measured in MRC-5 cells overexpressing circCACNA1D or an empty vector control, with or without TEPP-46 (50 nmol/ml) for
48 h. (J) Lactate secretion in the cell culture supernatant under the same conditions as those in panel I. (K) PK activity assessed in MRC-5 cells treated with
TGF-p1 (5 ng/ml; 48 h) with or without circCACNA1D knockdown,and rescued by PKM2-NLS overexpression. (L) Lactate secretion measured under the
same treatment groups as in those in panel K. "P<0.05, “P<0.01. circRNA, circular RNA; PK, pyruvate kinase; PKM2-NLS, nuclear-localized PKM?2.

A key question raised by the findings of the present study is  regulatory mechanism, several non-mutually exclusive
why circCACNAID is upregulated in fibrotic lungs. Although  hypotheses merit consideration. First, chronic TGF-f/SMAD
the present study did not directly elucidate the upstream  signaling may enhance the transcription of the CACNA1D host
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Figure 7. Nuclear PKM2 dimer drives a pro-fibrotic transcriptional program via direct activation of KIF4A. (A) Volcano plot of differentially expressed genes
between control vs. TGF-f1 (left) and TGF-f1 + vehicle vs. TGF-p1 + TEPP-46 (right). (B) Venn diagram demonstrating overlap between TGF-f1-upregulated
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under the indicated treatments. (G) Western blot analysis of KIF4A protein levels
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KIF4A protein levels under PKM2-NLS overexpression. (I) gPCR analysis of KIF4A mRNA levels with TEPP-46 treatment. (J) Western blot analysis of KIF4A
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locus or alter local chromatin architecture, thereby favoring
circular RNA production (44). Second, fibrosis-associated
RNA-binding proteins that regulate back-splicing may increase
circCACNA1D biogenesis under stress conditions (45). Third,
epitranscriptomic regulation may contribute, as m°A modifica-
tion has been implicated in circRNA processing, export and
stability (46). These hypotheses are not mutually exclusive,
and determining which mechanism predominates will be
key for understanding how the circCACNA1D-PKM?2 axis is
engaged during disease initiation and progression.

A central mechanistic finding of the present study is
that circCACNAID promotes PKM?2 desuccinylation. The
mutational data support the functional importance of K135,
K166 and K270 in controlling PKM2 oligomerization, as the
desuccinylation-mimetic 3KR mutant favored dimer formation
and enhanced fibrotic marker expression, whereas the succi-
nylation-mimetic 3KE mutant favored tetramer formation and
exhibited diminished profibrotic activity. These observations
position succinylation among other PTMs as a key determi-
nant of PKM?2 structural and functional plasticity (23,47-49).
Notably, the present study demonstrated the consequence of
circCACNAI1D binding, but did not fully define the molecular
mechanism by which desuccinylation occurs. One plausible
model is a scaffold mechanism, in which circCACNA1D
facilitates the association of PKM2 with a desuccinylase, such
as SIRTS, thereby promoting targeted removal of succinyl
groups (35,50). An alternative, non-mutually exclusive
model is steric regulation, whereby circCACNAI1D binding
alters the local conformation of PKM2 or limits the acces-
sibility of these lysine residues to succinylation machinery or
succinyl-CoA (51). At present, the data from the present study
support a circCACNA1D-dependent desuccinylation process;
however, additional biochemical studies will be required to
distinguish whether the recruitment of a desuccinylase, the
steric exclusion of succinylation or a combination of both
underlies this phenomenon.

The results of the present study also underscore the impor-
tance of contextualizing PKM?2 succinylation within a broader
PTM network, rather than as an isolated event. PKM?2 is exten-
sively regulated via phosphorylation, acetylation, oxidation,
lysine acylation and protein-partner interactions, all of which
can influence its enzymatic activity, subcellular localization or
non-metabolic signaling functions (9,11). Recent studies have
shown that S-nitrosylation can promote PKM?2 dimerization
in cardiac fibrosis (47), succinate-driven succinylation can
accelerate age-associated fibrotic remodeling (23) and diverse
binding partners can redirect PKM?2 toward noncanonical
transcriptional outputs (48,49). Consequently, it is plausible
that distinct PTMs and interacting proteins cooperate or
compete to determine whether PKM?2 adopts a catalytically
active tetrameric state or a signaling-competent dimeric state
in fibroblasts. Systematic mapping of PTM crosstalk on PKM?2
in fibrotic cells is essential to elucidate the mechanisms by
which metabolic reprogramming becomes stabilized during
chronic tissue injury.

A notable contribution of the present study is the
expansion of the emerging field of circRNA-mediated
metabolic regulation. Several circRNAs have already been
implicated in pulmonary fibrosis, but most act indirectly
through ceRNA circuits or upstream signaling pathways. For

example, circHIPK3 promotes pulmonary fibrosis by facili-
tating glycolysis through a miR-30a-3p/FOXK2-dependent
mechanism (3), while previous research has demonstrated
that circ0066187/circCACNAI1D can also promote pulmo-
nary fibrogenesis through STAT3-associated metabolic
signaling (33). By contrast, the present study established a
direct circRNA-protein regulatory mechanism, in which circ-
CACNAID binds PKM2 and modulates its post-translational
and oligomeric state. This mechanism is distinct from recently
described circRNA-PKM?2 signaling in other disease contexts.
For instance, circABCC4 in pancreatic cancer-associated
fibroblasts drives glycolytic reprogramming and chemore-
sistance by promoting PKM2 nuclear translocation through
KPNAZ2 recruitment (52), whereas other non-coding RNAs
or protein partners influence PKM?2 activity through different
structural or catalytic mechanisms (49,53). Thus, circ-
CACNAID regulates PKM2 through a mechanism governed
by succinylation-dependent dimer-tetramer switching, rather
than solely on transcript abundance or trafficking adaptors.
This mechanistic distinction underscores the novelty of the
present study.

At the transcriptional level, the present study identi-
fied KIF4A as a pivotal downstream effector of the
circCACNA1D/PKM?2 axis. Nuclear PKM2 is increasingly
recognized as a signaling hub that couples metabolic state to
gene regulation (11,54), and the RNA-seq, gain-of-function,
loss-of-function and ChIP-qPCR data of the present study
collectively substantiate KIF4A as a functionally relevant
target in fibrotic fibroblasts. However, KIF4A is unlikely to
be the sole effector of nuclear PKM?2 in this setting. Rather,
it likely constitutes part of a broader transcriptional program
through which dimeric PKM2 drives proliferation, matrix
production and fibroblast persistence. Genome-wide chromatin
occupancy and target-gene analyses are required to define this
network more comprehensively.

From a translational perspective, the findings of the present
study underscore the therapeutic potential of PKM2 confor-
mational control. TEPP-46, a selective PKM2 activator that
stabilizes the tetrameric state, abrogated the profibrotic effects
of circCACNAID in vitro and attenuated BLM-induced
pulmonary fibrosis in vivo (18). These observations suggest
that the dimeric and nuclear forms of PKM?2 are not simply a
byproduct of metabolic stress, but an active driver of fibrotic
pathology. More broadly, they suggest that promoting tetra-
meric PKM2 may represent a viable antifibrotic strategy,
particularly in disease contexts characterized by persistent
glycolytic rewiring and pathological nuclear PKM2 signaling.

The present study has several limitations. First, although
the present study established PKM2 desuccinylation as a key
regulatory event downstream of circCACNAI1D, the specific
desuccinylase responsible has not yet been identified nor
have any additional PKM2 PTMs which are involved in this
regulatory mechanism. Second, the upstream mechanisms
leading to circCACNAI1D upregulation in fibrosis remain to
be elucidated. Third, although KIF4A was validated herein as
a critical downstream effector, nuclear PKM?2 likely regulates
additional genes relevant to fibroblast activation. Finally,
investigating the applicability of this pathway to other fibrotic
organs and validation in larger human cohorts will be impor-
tant for defining its broader translational importance.
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In conclusion, a pathogenic circCACNA1D-PKM2
signaling axis in pulmonary fibrosis was identified in the
present study. By promoting PKM2 desuccinylation and
shifting the dimer-tetramer equilibrium toward the dimeric
state, circCACNAI1D couples glycolytic reprogramming with
nuclear transcriptional activation, thereby driving fibroblast
activation. These findings deepen the understanding of the
mechanisms by which non-coding RNAs directly regulate
metabolic enzymes in fibrotic disease and highlight PKM2
conformational control as a potentially druggable vulnerability
in pulmonary fibrosis.
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