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Background: Cardiac fibrosis, characterized by aberrant cardiac fibroblast (CFs) activity and extracellular matrix deposition,
is a fundamental pathological process underlying multiple heart diseases. Tripartite motif 34 (TRIM34), a K63-linked ubiquitin
ligase, is upregulated in failing human hearts, yet its function in cardiac fibrosis remains unclear. This study aims to investigate
the role of TRIM34 in cardiac fibrosis.
Methods: In vivo, fibrosis was induced by myocardial infarction (MI) via left anterior descending coronary artery ligation in
mice, while TRIM34 knockdown was achieved using recombinant adenovirus-mediated shRNA. Fibrosis area and related mark-
ers were evaluated. In vitro, cardiac fibroblasts were treated with transforming growth factor beta 1 (TGF-β1) and transfected
with shTRIM34; proliferation, migration, invasion, and fibroblast activation markers were assessed. Protein interaction, ubiq-
uitination, and promoter activity were examined. Rescue experiments were performed using SMAD family member 7 (SMAD7)
or heterogeneous nuclear ribonucleoprotein L (HNRNPL) knockdown.
Results: Upregulation of TRIM34 was found in fibrotic tissue of mice and TGF-β1-exposed CFs. Knockdown of TRIM34 re-
duced the cardiac fibrosis area and the expression of fibrosis markers in MI mice. Also, TRIM34 knockdown decreased the cell
viability, numbers of migrated and invaded cells, and the level of myofibroblast marker, with the increased level of fibroblast
markers in TGF-β1-induced CFs. Moreover, TRIM34 directly interacted and promoted ubiquitination degradation of HNRNPL.
Furthermore, TRIM34 suppressed the transcription of the SMAD7 promoter by inhibiting the expression of HNRNPL. Rescue
experiments showed that knockdown of HNRNPL or SMAD7 counteracted the antifibrotic role of shTRIM34 in MI mice and
TGF-β1-exposed CFs.
Conclusion: TRIM34 exacerbated cardiac fibrosis by ubiquitinating HNRNPL and regulating SMAD7 expression, highlighting
TRIM34 as a potential therapeutic target for fibrotic heart disease.
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Introduction

Cardiac fibrosis, characterized by preternatural prolif-
eration of cardiac fibroblasts (CFs) and extracellular matrix
(ECM) deposition, is a central pathological process driv-
ing heart failure [1,2]. Resident CFs activate and differen-
tiate into myofibroblasts during ischemic injuries, such as
themyocardial infarction (MI) [3,4]. Activemyofibroblasts
move and aggregate in injured regions of myocardium, and
extend the border areas in most cardiac pathologic states,
generating collagens and other ECM [5]. Eventually, car-
diac fibrosis induces pathological alterations that lead to
chamber dilatation, left ventricular strain, cardiomyocyte
hypertrophy and cell apoptosis, thereby contributing to the
progression of heart failure (HF) [6,7]. Despite its signifi-
cance, therapeutic strategies directly targeting fibrotic path-
ways remain limited, highlighting the need to identify novel
regulatory molecules.

Members of the tripartite motif (TRIM) family, many
of which possess E3 ubiquitin ligase activity, are increas-
ingly recognized as critical regulators of cellular signal-
ing and disease progression [8–11]. Tripartite motif 34
(TRIM34), a less-studied member of the TRIM family, has
been shown to interact with TRIM5α in primates, func-
tioning together as a broadly-conserved lentiviral restriction
factor [12]. More importantly, our preliminary experiments
suggested that the expression of TRIM34 was increased in
the heart tissue from patients with end-stage heart failure
based on the GSE84796 microarray dataset. However, its
role in cardiac fibrosis is entirely unknown. Therefore, we
hypothesized that TRIM34 might function as a pro-fibrotic
regulator.

To explore the mechanism, we focused on the known
anti-fibrotic axis involving heterogeneous nuclear ribonu-
cleoprotein L (HNRNPL) and SMAD family member
7 (SMAD7). HNRNPL promotes the transcription of
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SMAD7, a potent endogenous inhibitor of the pro-fibrotic
TGF-β/SMAD pathway, thereby suppressing myofibrob-
last activation and fibrosis [13,14]. Notably, HNRNPL
stability is regulated by ubiquitin-mediated proteasomal
degradation [15]. We therefore speculated that TRIM34
might exacerbate cardiac fibrosis by acting as an E3 ligase
to ubiquitinate and degrade HNRNPL, leading to downreg-
ulation of SMAD7.

This study, to the best of our knowledge, is the first
report of TRIM34 in myocardial fibrosis, and aims to inves-
tigate the role of TRIM34 in cardiac fibrosis and to test this
TRIM34/HNRNPL/SMAD7 regulatory axis using in vivo
myocardial infarction models and in vitro CFs models. The
outcomes revealed that TRIM34 exacerbated cardiac fibro-
sis by ubiquitinating HNRNPL and regulating SMAD7 ex-
pression, highlighting TRIM34 as a potential therapeutic
target for fibrotic heart disease.

Materials and Methods

TRIM34 Expression In Silico
The GSE84796microarray dataset was extracted from

the Agilent-028004 SurePrint G3 Human GE 8x60K Mi-
croarray platform according to the GEO database. The
dataset comprised seven control samples from the left ven-
tricular free wall of healthy donor hearts, and ten patient
samples from the left ventricular free wall of patients with
end-stage heart failure. The TRIM34 expression was ana-
lyzed in control and ischemic cardiomyopathy groups using
the LIMMA package in R language.

Animals
Healthy C57BL/6 mice (8-week-old, 20 ± 2 g) were

bought from Cyagen (Suzhou, China) and raised in a
temperature-controlled laboratory with a 12-h cycle of
light-dark, as well as rodent chow andwater ad libitum. An-
imal experiments were conducted in compliance with the
Guide for the Care and Use of Laboratory Animals [16]
and approved by the Animal Research Ethics Committee
of the Second Affiliated Hospital of Soochow University
(Approval No. EC2022(131)).

Induction of MI in Mice
MI was induced in mice as previously described [17].

Mice were anesthetized through isoflurane (catalog num-
ber: R510-22, RWD, Shenzhen, China) and ventilated with
a small animal ventilator (catalog number: R500, RWD).
Mice were subjected to the left-sided thoracotomy through
the fourth intercostal space, and the heart was exposed by
opening the pericardium. A 7/0 nylon suture was used to
ligate the left descending coronary artery (LAD) at 2 mm
under the border between the left atrium and ventricle to
evoke MI. A prominent S-T segment elevation recorded by
an electrocardiograph indicated myocardial ischemia. The
sham mice experienced the same experimental procedures

as theMImicewithout ligation of LAD.After the operation,
mice were monitored every day for their health and activity
state as well as signs of infection. Mice were sacrificed at
four weeks following MI.

Animal Management
After excluding mice that died from surgery or had

failed ligation, the remaining mice were randomly assigned
to each group. To systematically investigate the role and
mechanism of TRIM34 in vivo, the study was structured
into eight sequential experimental phases.

The first, second and third experimental phases were
to assess the establishment of the MI model and the ex-
amination of TRIM34 expression. In these three experi-
mental phases, mice were randomly assigned to two groups
(n = 6 per group): a sham group and an MI group. In
the first experimental phase, 12 mice were randomly as-
signed to two groups, and their hearts were stained with
2,3,5-triphenyltetrazolium chloride (TTC). In the second
experimental phase, 12 mice were randomly assigned to
two groups, and their hearts were stained pathologically
and subjected to immunofluorescence (IF) assays. In the
third experimental phase, 12 mice were randomly assigned
to two groups, and their hearts were used for quantitative
RT-PCR (RT-qPCR) and Western blot analyses.

The fourth, fifth and sixth experimental phases were
to assess the influence of TRIM34 knockdown. Mice were
randomly assigned to four groups (n = 6 per group): a
sham+Ad-shNC group, a sham+Ad-shTRIM34 group, an
MI+Ad-shNC group, and an MI+Ad-shTRIM34 group. In
the fourth experimental phase, 24 mice were randomly as-
signed to four groups, and their hearts were stained with
TTC. In the fifth experimental phase, 24 mice were ran-
domly assigned to four groups, and their hearts were stained
pathologically. In the sixth experimental phase, 24 mice
were randomly assigned to four groups, and their hearts
were used for Western blot analysis.

The seventh and eighth experimental phases were
the rescue experiments to verify the specificity of the
TRIM34/HNRNPL/SMAD7 axis. Mice were randomly
assigned to five groups (n = 6 per group): sham, MI+Ad-
shNC, MI+Ad-shTRIM34, MI+Ad-shTRIM34+Ad-
shSMAD7 and MI+Ad-shTRIM34+Ad-shHNRNPL. In
the seventh experimental phase, 30 mice were randomly
assigned to five groups, and their hearts were stained
pathologically. In the eighth experimental phase, 30 mice
were randomly assigned to five groups, and their hearts
were used for Western blot analysis.

MI mice were induced by permanent ligation of
the LAD, while sham mice underwent the same proce-
dure without LAD ligation. To inhibit the expression of
TRIM34 and SMAD7, short hairpin RNA (shRNA) tar-
geting TRIM34, SMAD7 and HNRNPL were synthesized
and packaged into recombinant adenovirus by Genechem
(Shanghai, China). All shRNA sequences used in this study
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were as follows: shTRIM34: 5′-CACCGGAGGAACTTA
TCTCGGATCTCGAAAGATCCGAGATAAGTTCCTC
C-3′, shSMAD7: 5′-CACCGCACTCGGTGCTCAAGAA
ACTCGAAAGTTTCTTGAGCACCGAGTGC-3′, shHN-
RNPL: 5′-CCGGACGCAAAGCCTACGCGTTTAACTC
GAGTTAAACGCGTAGGCTTTGCGTTTTTTG-3′, and
shNC: 5′-CCGGCAACAAGATGAAGAGCACCAACTC
GAGTTGGTGCTCTTCATCTTGTTGTTTTTG-3′. The
virus was administered at a dose of 3 × 1011 viral particles
(vp) per mouse in a total volume of 80 µL sterile phosphate-
buffered saline (PBS) based on the previous study [18] and
our preliminary results. Mice underwent a single intramy-
ocardial injection of adenovirus packaged with shTRIM34
(Ad-shTRIM34), shSMAD7 (Ad-shSMAD7), and a nega-
tive control of shRNA (Ad-shNC) for two weeks before the
MI operation.

Thus, mice in the MI+Ad-shTRIM34+Ad-shSMAD7
group were intramyocardially injected with 3 × 1011
vp Ad-shTRIM34 and Ad-shSMAD7 per mouse for two
weeks, and then induced with MI. Mice in the MI+Ad-
shTRIM34+Ad-shHNRNPL group were intramyocardially
injected with 3 × 1011 vp Ad-shTRIM34 and Ad-
shHNRNPL per mouse for two weeks, and then induced
with MI. Mice in the MI+Ad-shTRIM34 group were in-
tramyocardially injected with 3 × 1011 vp Ad-shTRIM34
per mouse for two weeks, and then induced with MI. Mice
in the MI+Ad-shNC group were intramyocardially injected
with 3 × 1011 vp Ad-shNC per mouse for two weeks, and
then induced with MI. Mice in the sham+Ad-shTRIM34
group were intramyocardially injected with 3 × 1011 vp
Ad-shTRIM34 per mouse for two weeks, and then treated
with the same procedures in the sham group as described
above. Mice in the sham+Ad-shNC group were intramy-
ocardially injected with 3 × 1011 vp Ad-shNC per mouse
for two weeks, and then treated with the same procedures in
the sham group as described above. Mice in the MI group
were induced withMI as described above. Mice in the sham
group were managed with the same procedures in the sham
group as described above. Four weeks after MI, mice were
sacrificed by inhaling excess isoflurane, and the heart tis-
sues were harvested for subsequent detection.

TTC Staining
Hearts were rapidly dissected and sectioned coronally

(2-mm intervals). Slices were stained with 1% TTC (cat-
alog number: G3005, Solarbio, Beijing, China) at 37 °C
for 20 min. Infarct areas were quantified using Image-Pro
Plus 6.0, calculated as: (infarct volume / total contralat-
eral volume)× 100%. Sections were mounted with neutral
resin (catalog number: G8590, Solarbio) and imaged using
a camera (Nikon, Japan).

Pathological Staining
The heart tissues were removed from mice and im-

mersed in 4% paraformaldehyde (catalog number: P1110,

Solarbio), and underwent dehydration and embedding. 5
µm-thickness slices were dyed with hematoxylin-eosin
(HE) (catalog number: G1120, Solarbio) and Masson’s
Trichrome Stain Kit (catalog number: G1340, Solarbio).
Slices were mounted with neutral resin (catalog number:
G8590, Solarbio) and imaged using a digital trinocular
camera microscope (lot number: CX23, Olympus, Tokyo,
Japan). The percentage of cardiac fibrosis area was quanti-
fied through the measurement of collagen deposition (blue)
on Masson’s trichrome-dyed regions using Image-Pro Plus
6.0 (Media Cybernetics, Rockville, MD, USA).

Detection of the Level of Creatine Kinase Myocardial
Band (CK-MB) and Troponin I (cTnl) in Sera

The serum levels of creatine kinase myocardial band
(CK-MB) and cTnl were examined with the creatine ki-
nase MB isoenzyme assay kit (catalog number: H197-1-
1) and the troponin I (cTnl) assay kit (catalog number:
E019, both from Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China) according to the manufacturer’s in-
structions. Briefly, for each assay, serum samples were ap-
propriately diluted (CK-MB: 1:10; cTnI: 1:5). Standards
and diluted samples (100 µL per well) were added to the
antibody-precoated 96-well microplates and incubated at
37 °C for 60 minutes. After washing four times with the
provided wash buffer, 100 µL of horseradish peroxidase
(HRP)-conjugated detection antibody was added to each
well and incubated at 37 °C for an additional 60 minutes.
Following another washing step, 90 µL of chromogenic
substrate (TMB) was added and incubated for 15–20 min-
utes at room temperature in the dark. The enzymatic re-
action was stopped by adding 50 µL of stop solution, and
the absorbance was immediately measured at 450 nm (for
CK-MB) or 600 nm (for cTnl) using a microplate reader.

Cell Treatment
Mouse CFs were bought from Procell (catalog num-

ber: CP-M074, Wuhan, China) and grown in Mouse Car-
diac Fibroblast Complete Medium (catalog number: CM-
M074, Procell) for 24 h at 37 °C with 5% CO2. My-
coplasma contamination in the cells was examined using
a mycoplasma polymerase chain reaction (PCR) detection
kit (catalog number: C0301S, Beyotime, Shanghai, China),
and the tests were negative. Mouse cardiac fibroblasts were
identified as adherent, spindle-shaped cells with a central
oval nucleus and multiple cytoplasmic extensions, showing
no rhythmic contraction. CFs were exposed to 20 ng/mL
transforming growth factor beta 1 (TGF-β1) (catalog num-
ber: ab50036, Abcam, Cambridge, UK) for 24 h [17], and
then subjected to the following assays. To downregulate
the expression of TRIM34, HNRNPL and SMAD7 in CFs,
shTRIM34, shHNRNPL, shSMAD7 and the homologous
shNC provided by Genechem were transfected into CFs.
The transfection was conducted using Lipofectamine 3000
(catalog number: L3000001, Invitrogen, Carlsbad, CA,
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USA). Briefly, for each well of a 6-well plate, 2.5 µg of
shRNA or shNC was diluted in 125 µL of Opti-MEM re-
duced serum medium. Separately, 5 µL of Lipofectamine
3000 reagent was diluted in 125 µL of Opti-MEM. The di-
luted shRNA or shNC was then combined with the diluted
Lipofectamine 3000 reagent (1:1 ratio), mixed gently, and
incubated at room temperature for 15minutes to allow com-
plex formation. The shRNA or shNC-lipid complexes were
added dropwise to the cells in complete growth medium.
The medium was replaced with fresh complete medium 6
hours post-transfection. Cells were harvested for subse-
quent assays 48 hours after transfection.

Cell Counting Kit-8 (CCK-8) Assays
CFs were inoculated in 96-well plates with a density

of 1 × 105/well and grown with 5% CO2 at 37 °C. Cell
viability was assessed using the CCK-8 kit (catalog num-
ber: CA1210, Solarbio). The absorbance was read at 450
nm using a microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA).

Transwell Assays
For the invasion assays, CFs were seeded into the up-

per chamber of Transwell plates (catalog number: 3422,
Corning Company, New York, NY, USA) coated with Ma-
trigel (catalog number: 356234, Solarbio) and cultured in
DMEMwithout FBS. After 24 h, the Matrigel was abrased,
and the cells were immobilized with 4% paraformaldehyde
(catalog number: P1110, Solarbio), dyed with 0.1% crys-
tal violet (catalog number: G1063, Solarbio), and imaged
under a microscope (Olympus). The migration assays were
conducted in the same manner as the invasion assays with-
outMatrigel. Numbers of invasive andmigratory cells were
enumerated by selecting five different and random fields to
assess the cell invasion and migration ability.

Co-immunoprecipitation (Co-IP) Assay
CFs underwent lysis using cell disruption solution

(catalog number: R0100, Solarbio) containing protease in-
hibitor cocktail (catalog number: A8260, Solarbio) at 0–4
°C for 40 minutes to collect the soluble fraction. For pro-
tein interaction analysis between TRIM34 and HNRNPL,
primary antibodies against TRIM34 (catalog number: bs-
9244R, Bioss, Beijing, China), HNRNPL (catalog num-
ber: ab264340, Abcam), or control IgG (catalog number:
ab172730, Abcam) were incubated with lysates at 4 °C for
12 hours. Protein A/G magnetic beads (catalog number:
78609, Thermo Fisher Scientific) were subsequently sup-
plemented with the mixtures and maintained under gentle
agitation at 4 °C. Following magnetic separation, cell pel-
lets were collected and washed three times with chilled ly-
sis buffer. The immunocomplexes were denatured in elec-
trophoresis sample buffer (catalog number: P1040, Solar-
bio) at 95 °C for 5 minutes before being subjected to im-
munoblotting analysis.

Ubiquitination Assay
Cellular lysates from CFs underwent immunoprecipi-

tation with HNRNPL-specific antibodies, followed by im-
munoblotting with a K63-linked ubiquitin detection reagent
(catalog number: 5621, Cell Signaling Technology Inc.,
Danvers, MA, USA). The precipitated complexes were sub-
sequently resolubilized in SDS-containing lysis buffer (cat-
alog number: S8010, Solarbio 1% concentration), ther-
mally denatured for 10 minutes, and centrifuged at 12,000
g for 1 minute to obtain clarified supernatants. These su-
pernatants were then analyzed through immunoblotting em-
ploying antibodies targeting both TRIM34 and HNRNPL.

Cycloheximide Assay
For protein stability assessment, CFs with TRIM34

knockdown (shTRIM34) or control cells (shNC) received
cycloheximide treatment (catalog number: 239763-M,
Sigma-Aldrich, St. Louis, MO, USA, 100 µg/mL) to in-
hibit new protein synthesis based on our previous study
[19]. Cells were harvested at specified intervals (0, 1, 3,
6 hours post-treatment) and lysed using RIPA buffer (cata-
log number: R0010, Solarbio) supplemented with protease
inhibitors for subsequent immunoblotting analysis.

Luciferase Reporter Assays
To investigate the regulatory function of TRIM34 in

SMAD7 transcriptional activation, dual-luciferase reporter
gene analysis was performed using progressive trunca-
tions of the SMAD7 promoter. The SMAD7 promoter
region spanning from –2000 to +200 bp was inserted into
the pGL3-Basic luciferase reporter plasmid (2 µg/mL,
catalog number: E1751, Promega, Madison, WI, USA;
the sequences were shown in https://www.promega.com/
products/luciferase-assays/genetic-reporter-vectors-and
-cell-lines/pgl3-luciferase-reporter-vectors/~/media/7D
655F96608E4E06BB65844C7AF9F4C2.ashx) and subse-
quently co-transfected with TRIM34 expression vectors
into CFs. After 48-hour culture in DMEM medium, enzy-
matic activity were measured using the assay kit (catalog
number: E1910, Promega), with firefly luciferase signals
normalized to Renilla luciferase controls for quantitative
analysis.

Chromatin Immunoprecipitation (ChIP)
The chromatin immunoprecipitation (ChIP) assay was

conducted to investigate the DNA fragments interacting
with TRIM34 and SMAD7, as well as HNRNPL and
SMAD7, utilizing the EZ-Magna ChIP A/G kit (catalog
number: 17-371, Millipore, Billerica, MA, USA). CFs
were crosslinked using 4% paraformaldehyde under am-
bient conditions for 10 minutes. Subsequent treatment
with cell lysis buffer followed by nuclear lysis buffer fa-
cilitated chromatin isolation. Chromatin fragments were
then sonicated to generate DNA segments of 500–800 base
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Table 1. The sequences of primers used in the present study.
Gene Forward sequence (5′-3′) Reversed sequence (5′-3′)

TRIM34 CAACCATGGATCACTCATTTACAAG CCCAAGGATTGAAGTATGGATAGG
SMAD7 CCTGCCATTGTAGCGTCTTTC CCCTTGGGAAGCCCATCT
β-actin CAGCCTTCCTTCTTGGGTATG GGCATAGAGGTCTTTACGGATG
TRIM34, Tripartite motif 34; SMAD7, SMAD family member 7.

pairs, and then incubated with specific antibodies against
TRIM34 (catalog number: bs-9244R, Bioss), HNRNPL
(catalog number: ab264340, Abcam), or control IgG anti-
bodies. Antibody-bound complexes were captured through
overnight incubation at 4 °C with protein A/G-conjugated
magnetic beads. Immunoprecipitated DNA was subse-
quently eluted, purified, and quantified through quantitative
real-time PCR analysis.

RT-qPCR
Cardiac tissue and CF-derived RNA samples were iso-

lated using TRIzol reagent (catalog number: 15596026,
Thermo Fisher Scientific) followed by reverse transcrip-
tion into complementary DNA with the Bio-Rad ScripTM
cDNA Synthesis Kit (catalog number: 1708890, Bio-Rad
Laboratories, Hercules, CA, USA) according to the man-
ufacturer’s protocols. Quantitative real-time PCR analy-
sis was conducted using SYBR Green Master Mix (catalog
number: RR820A, Takara, Dalian, China) on the Bio-Rad
CFX Manager system (Bio-Rad Laboratories). Relative
gene expression quantification employed the 2−∆∆CT ap-
proach following normalization to β-actin levels. Specific
oligonucleotide sequences for amplification are detailed in
Table 1.

IF Assay
Immunofluorescence analyses were conducted fol-

lowing established protocols. Cardiac perfusion in mice
commenced with ice-cold 0.1 M PBS (catalog number:
P1020, Solarbio) followed by 4% paraformaldehyde (PFA)
infusion. Excised myocardial specimens were fixed in 4%
PFA for 24-hour, cryo-embedded in OCT compound (cat-
alog number: 4583, SAKURA, Tokyo, Japan), and sec-
tioned into 5 µm slices. For cellular analysis, cardiac fi-
broblasts plated on coverslips were maintained in 37 °C/5%
CO2 culture conditions. After three PBSwashes, cells were
fixed with 4% PFA in room temperature for 15 minutes.
Following the restoration with sodium citrate buffer (pH
6.0, catalog number: CP0081, Beyotime) at 94 °C for 15
min, both tissue sections and cellular preparations under-
went sequential processing with: BSA blocking solution
(catalog number: SW3015, Solarbio), 0.2% Triton X-100
(catalog number: T8200, Solarbio), and specific primary
antibodies - TRIM34 (1:100 dilution, catalog number: bs-
9244R, Bioss), α-SMA (1:500 dilution, catalog number:
ab124964, Abcam), and HNRNPL (1:500 dilution, catalog
number: 18354-1-AP, Proteintech, Chicago, IL, USA). Fol-

lowing overnight incubation at 4 °C with primary antibod-
ies, both tissue sections and CFs were rinsed with PBS three
times. Secondary antibody treatment involved either Alexa
Fluor® 647-conjugated Goat Anti-Rabbit IgG (1:500 dilu-
tion, catalog number: ab150083, Abcam) or Alexa Fluor®
488-labeled Goat Anti-Rabbit IgG (1:1000 dilution, catalog
number: ab150077, Abcam), applied for 60 minutes at am-
bient temperature. Specimens were subsequently mounted
using DAPI-embedded antifade medium (catalog number:
S2110, Solarbio) and imaged using an Olympus IX71 fluo-
rescence microscope system.

Western Blot Analysis
Cardiac tissues and CFs underwent protein extrac-

tion using RIPA lysis buffer (catalog number: R0010, So-
larbio). Protein concentrations were quantified via BCA
assay (catalog number: PC0020, Solarbio), with subse-
quent separation of 20 µg samples using 10% SDS-PAGE
electrophoresis. Separated proteins were electrotransferred
onto PVDFmembranes (catalog number: IPVH00010,Mil-
lipore, Billerica, MA, USA) followed by 1-hour block-
ing with 5% BSA solution (catalog number: SW3015,
Solarbio) at ambient temperature. Membranes underwent
overnight incubation with primary antibodies at 4 °C, fol-
lowed by 1-hour exposure to HRP-conjugated secondary
antibodies (1:20,000 dilution, catalog number: ab6721, Ab-
cam). Protein bands were visualized using BeyoECL Plus
substrate (catalog number: P0018S, Beyotime), with sub-
sequent densitometric analysis performed through Image-
Pro Plus 6.0 (Media Cybernetics, Rockville, MD, USA).
The primary antibodies included anti-TRIM34 antibody
(1:2000, catalog number: bs-9244R, Bioss), anti-collagen I
antibody (1:1000, catalog number: ab21286, Abcam), anti-
collagen III antibody (1:1000, catalog number: ab184993,
Abcam), anti-alpha smooth muscle actin (anti-α-SMA) an-
tibody (1:50,000, catalog number: ab124964, Abcam),
anti-vimentin antibody (1:1000, catalog number: ab45939,
Abcam), anti-discoidin domain receptor 2 (anti-DDR2) an-
tibody (1:1000, catalog number: ab76967, Abcam), anti-
tensin antibody (1:1000, catalog number: ab233133, Ab-
cam), anti-HNRNPL antibody (1:10,000, catalog num-
ber: ab264340, Abcam), anti-SMAD7 antibody (1:1000,
catalog number: ab216428, Abcam), anti-phosphorylated
SMAD2 (anti-p-SMAD2) antibody (1:1000, catalog num-
ber: ab280888, Abcam), anti-SMAD2 antibody (1:3000,
catalog number: ab228765, Abcam), anti-p-SMAD3 an-
tibody (1:2000, catalog number: ab52903, Abcam), anti-
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Fig. 1. Upregulated level of TRIM34 in fibrotic tissue of mice. Mice were subjected to MI through ligating the left anterior descending
coronary artery to build a model of cardiac fibrosis. (A) The expression of TRIM34 was analyzed based on the GSE84796 microarray
dataset. (B) The heart tissues were stained by TTC, and the percentage of infarcted heart area was quantified. (C) Histopathological
evaluation was conducted by HE staining, with microscopic observations at 100 µm. (D) The heart tissues were stained by Masson,
and the percent of cardiac fibrosis area was quantified. Scale bar = 100 µm. (E) The mRNA expression levels of TRIM34 were quan-
tified through RT-qPCR analysis, with β-actin serving as the internal control for data normalization. (F) Protein expression profiles of
TRIM34 were assessed using Western blotting, with β-actin normalization applied for comparative analysis. (G) Immunofluorescence
staining quantified TRIM34 cellular distribution in cardiac tissues, with positive cell percentages calculated. Scale bar = 100 µm. All
measurements were expressed as mean ± SD. n = 6. ***p < 0.001.

SMAD3 antibody (1:1000, catalog number: ab84177, Ab-
cam), and anti-β-actin antibody (1:5000, catalog number:
ab8227, Abcam).

Statistical Analysis

Statistical analyses were performed using SPSS 20.0
(IBM Corp., Armonk, NY, USA), with experimental data
expressed asmean± standard deviation. The normality and
homogeneity of variance of data were analyzed using the
Shapiro–Wilk test and Levene’s test. All data conformed
to normal distribution and homogeneity of variance. Statis-
tical comparisons between two groups were performed us-
ing a two-tailed unpaired Student’s t test, while multi-group

comparisons were performed using one-way ANOVA fol-
lowed by Dunnett’s post hoc assessment. Statistical signif-
icance was established at p-values < 0.05.

Results

TRIM34 was Highly Expressed in Fibrotic Tissue of
Mice

As shown in Fig. 1A, the level of TRIM34 was
markedly elevated in patients with heart tissue from end-
stage heart failure compared with that in healthy hearts
based on the GSE84796 microarray dataset (p < 0.001).
To address the role of TRIM34 in cardiac fibrosis, mice
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Fig. 2. Knockdown of TRIM34 alleviated cardiac injury and fibrosis in mice. Mice were subjected to MI through ligating the
left anterior descending coronary artery to build a model of cardiac fibrosis, and then intramyocardially injected with shTRIM34 to
downregulate the level of TRIM34. (A) Protein expression profiles of TRIM34 were assessed using Western blotting, with β-actin
normalization applied for comparative analysis. (B) The serum level of CK-MB and cTnl was measured to assess the myocardial damage.
(C) The heart tissues were stained by 2,3,5-Triphenyltetrazolium chloride (TTC), and the percentage of infarcted heart area was quantified.
(D) Histopathological evaluation was conducted through HE staining, with microscopic observations at 100 µm. (E) The heart tissues
were stained by Masson, and the percentage of cardiac fibrosis area was quantified. Scale bar = 100 µm. (F) Protein expression profiles
of collagen I, collagen III and α-SMAwere assessed usingWestern blotting, with β-actin normalization applied for comparative analysis.
All measurements were expressed as mean ± SD. n = 6. ***p < 0.001 vs. control group (without MI and Ad-shTRIM34); #p < 0.05
and ###p < 0.001 vs. Ad-shTRIM34 group; ^^^p < 0.001 vs. MI group. CK-MB, creatine kinase myocardial band.

were subjected to MI via ligating the left anterior descend-
ing coronary artery. The results from Fig. 1B showed that
the percent of infarcted heart area in MI mice was signally
higher than in sham mice (p < 0.001). The myocardial tis-
sue in the MI group showed loss of normal structure and
integrity, myocardial fiber disorder and rupture, excessive

inflammatory cells infiltrated around the injured cardiomy-
ocytes, and an increase in cardiomyocyte cross-sectional
area (CSA) compared with the sham group (Fig. 1C). Be-
sides, a higher percent of cardiac fibrosis area was found
in MI mice than that in sham mice (Fig. 1D, p < 0.001).
The expression of TRIM34 at both the transcriptional and
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Fig. 3. Knockdown of TRIM34 suppressed the differentiation of fibroblast to myofibroblast in vitro. Cardiac fibroblasts (CFs)
were exposed to 20 ng/mL TGF-β1 for 24 hours to establish an in vitro fibrotic model. (A) The mRNA expression levels of TRIM34
were quantified using RT-qPCR analysis, with β-actin serving as the internal control for data normalization. ***p < 0.001. (B) Protein
expression profiles of TRIM34 were assessed using Western blotting, with β-actin normalization applied for comparative analysis. ***p
< 0.001. (C) Protein expression profiles of TRIM34 were assessed using Western blotting, with β-actin normalization applied for
comparative analysis. ***p < 0.001 vs. control group (without TGF-β1 and shTRIM34); ###p < 0.001 vs. shTRIM34 group; ^^^p <

0.001 vs. TGF-β1 group. (D) The cell viability of CFs was measured using CCK-8 assays. ***p < 0.001 vs. control group (without
TGF-β1 and shTRIM34); ###p < 0.001 vs. shTRIM34 group; ^^^p < 0.001 vs. TGF-β1 group. (E) The migration and invasion of CFs
were evaluated using Transwell assays, and the numbers of migrated and invaded cells were counted. Scale bar = 200 µm. ***p< 0.001
vs. control group (without TGF-β1 and shTRIM34); #p < 0.05 and ##p < 0.01 vs. shTRIM34 group; ^^^p < 0.001 vs. TGF-β1 group.
(F) Protein expression profiles of vimentin, DDR2, α-SMA and tensin were assessed using Western blotting, with β-actin normalization
applied for comparative analysis. ***p< 0.001 vs. control group (without TGF-β1 and shTRIM34); ###p< 0.001 vs. shTRIM34 group;
^^^p < 0.001 vs. TGF-β1 group. (G) The level of α-SMA was determined using IF assays. Scale bar = 25 µm. All measurements were
expressed as mean ± SD. n = 3.

translational levels were significantly enhanced in MI mice
(Fig. 1E,F, p < 0.001). Moreover, a noteworthy elevation
in the percent of TRIM34+ cells was observed in MI mice
(Fig. 1G, p < 0.001). Thus, the TRIM34 level was upregu-
lated in the fibrotic tissue of mice.

Knockdown of TRIM34 Relieved Cardiac Fibrosis in
MI Mice

To dissect the role of TRIM34 in cardiac fibrosis,
shRNA targeting TRIM34was constructed to downregulate
the TRIM34 level inMI mice. Treatment of shTRIM34 sig-
nificantly reduced the TRIM34 expression in sham and MI
mice (Fig. 2A, p < 0.001), but the expression of TRIM34
in MI mice treated with shTRIM34 was dramatically in-
creased compared to that in sham mice with shTRIM34
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(Fig. 2A, p< 0.05). A remarkable elevation in the levels of
CK-MB and cTnl was found in MI mice, which was signif-
icantly declined following shTRIM34 treatment (Fig. 2B,
p < 0.001). Also, treatment of shTRIM34 significantly de-
creased theMI-induced elevation in the percent of infarcted
heart area (Fig. 2C, p< 0.001) and the pathological damage
in heart tissues (Fig. 2D). Besides, treatment of shTRIM34
prominently decreased the percentage of cardiac fibrosis
area in MI mice (Fig. 2E, p < 0.001). The relative pro-
tein expression of collagen I, collagen III and α-SMA was
markedly elevated in MI mice, which was notably coun-
teracted with the administration of shTRIM34 (Fig. 2F, p
< 0.001). Totally, silencing of TRIM34 alleviated cardiac
damage and fibrosis in mice.

Knockdown of TRIM34 Inhibited the Differentiation
of Fibroblasts to Myofibroblasts In Vitro

Moreover, CFs were induced with TGF-β1 to con-
struct the in vitro model of cardiac fibrosis and to study
the role of TRIM34 in cardiac fibrosis. TGF-β1 treat-
ment led to a conspicuous elevation in the transcriptional
and translational expression of TRIM34 (Fig. 3A,B, p <

0.001). Transfection of shTRIM34 markedly reduced the
TRIM34 expression in CFs and TGF-β1-exposed CFs, but
the TRIM34 level in TGF-β1-induced CFs was signifi-
cantly higher than that in CFs (Fig. 3C, p < 0.001). TGF-
β1-exposure significantly elevated CF cell viability, migra-
tion and invasion, which was markedly reduced by trans-
fection with shTRIM34 (Fig. 3D,E, p < 0.001). More-
over, the expression level of fibroblast markers (vimentin
and DDR2) was significantly decreased, and that of my-
ofibroblast markers (α-SMA and tensin) was notably en-
hanced in TGF-β1-induced CFs. However, all the changes
were reversed with the transfection of shTRIM34 (Fig. 3F,
p < 0.001). Additionally, transfection of shTRIM34 ob-
viously reduced the α-SMA level in TGF-β1-evoked CFs
according to the IF staining (Fig. 3G). Altogether, TRIM34
downregulation suppressed the differentiation of fibroblasts
to myofibroblasts in vitro.

TRIM34 Promoted Ubiquitination Degradation of
HNRNPL

To discover the underlying mechanism of TRIM34
in cardiac fibrosis, the ubiquitinated role of TRIM34
was explored since E3 ubiquitin ligase activity has
been demonstrated to be its most prominent feature
[20]. Given that HNRNPL was shown to be suscepti-
ble to ubiquitin-mediated proteolysis [15], we investigated
whether TRIM34 could promote HNRNPL degradation via
ubiquitination. HNRNPL was upregulated in MI mice
and TGF-β1-exposed CFs at the translational level, which
was reduced with knockdown of TRIM34 (Fig. 4A,B, p
< 0.001). The HNRNPL level in MI mice administered
with shTRIM34 was significantly higher than that in sham
mice injected with shTRIM34, and similar results were ob-

served in vitro (Fig. 4A,B, p < 0.05). The interaction of
TRIM34 and HNRNPL was revealed through Co-IP assays
(Fig. 4C), and the co-localization between TRIM34 and
HNRNPL was elucidated via IF analysis in CFs (Fig. 4D).
A significant reduction of K63-linked ubiquitination in HN-
RNPL immunoprecipitates was found in CFs transfected
with shTRIM34 (Fig. 4E). After the treatment of CHX,
the degradation of endogenous HNRNPL was shown to
be down-regulated in CFs transfected with shTRIM34 in
a time-dependent way (Fig. 4F, p < 0.001), suggesting that
knockdown of TRIM34 promoted the protein stability of
HNRNPL. Altogether, TRIM34 contributed to the ubiqui-
tination degradation of HNRNPL.

TRIM34 Regulated the Transcription of the SMAD7
Promoter by Suppressing the Level of HNRNPL

Since HNRNPL can promote the transcription of
SMAD7, which causes the inhibition of the TGFβ-SMAD
signaling pathway [13]. SMAD7 has been revealed to pre-
vent post-infarction HF by attenuating the activation of my-
ofibroblasts and reducing the synthesis of extracellular ma-
trix proteins in structural and stromal cells [14]. Thus, to
further resolve the potential mechanism of TRIM34 in car-
diac fibrosis, the expression of SMAD7 was examined in
MI mice and TGF-β1-exposed CFs. The relative mRNA
and protein expression of SMAD7 was reduced in MI mice
and TGF-β1-exposedCFs, whichwas significantly restored
after the knockdown of TRIM34 (Fig. 5A–D, p < 0.05).
Besides, the relative mRNA and protein expression of
SMAD7 in MI mice administered with shTRIM34 was no-
tably lower than that in shammice injected with shTRIM34,
and similar results were found in vitro (Fig. 5A–D, p <

0.001). In addition, the expression of proteins involved
in the TGFβ-SMAD signaling axis was revealed by West-
ern blotting. The relative level of p-SMAD2/SMAD2 and
p-SMAD3/SMAD3 was observably elevated in MI mice
and TGF-β1-exposed CFs (Fig. 5B,D, p < 0.05), which
was significantly neutralized after the TRIM34 knockdown
(Fig. 5B,D, p < 0.01). To further confirm the regulative
role of TRIM34 in SMAD7, the luciferase plasmids includ-
ing SMAD7 promoter sequences of different lengths were
constructed for the promoter luciferase assays. No statis-
tical difference in the luciferase activity was observed be-
tween co-transfection of shNC and empty vector plasmids
and co-transfection of shTRIM34 and empty vector plas-
mids into CFs (Fig. 5E, p > 0.05). Also, no statistical dif-
ference in the luciferase activity was observed between co-
transfection of shNC and the –200 nt to +200 nt region of the
SMAD7 promoter and those co-transfected with shTRIM34
and the same promoter construct (Fig. 5E, p> 0.05). How-
ever, a markedly elevated luciferase activity was found in
CFs co-transfected with shTRIM34 and SMAD7 promoter
constructs spanning–500-nt to +200-nt, –800-nt to +200-
nt, –1200-nt to +200-nt, –1600-nt to +200-nt, and –2000-nt
to +200-nt, compared with CFs co-transfected with shNC
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Fig. 4. TRIM34 accelerated ubiquitination degradation of HNRNPL. (A) Protein expression profiles of TRIM34 and HNRNPL were
assessed using Western blotting, with β-actin normalization applied for comparative analysis. *p < 0.05 and ***p < 0.001 vs. control
group (without MI and Ad-shTRIM34); ###p < 0.001 vs. Ad-shTRIM34 group; ^^^p < 0.001 vs. MI group. (B) Protein expression
profiles of TRIM34 and HNRNPL were assessed using Western blotting, with β-actin normalization applied for comparative analysis.
***p < 0.001 vs. control group (without TGF-β1 and shTRIM34); #p < 0.05 and ###p < 0.001 vs. shTRIM34 group; ^^^p < 0.001
vs. TGF-β1 group. (C) The interaction of TRIM34 and HNRNPL was identified using Co-IP assays in CFs. (D) Immunofluorescence
analysis confirmed the co-localization of TRIM34 and HNRNPL in CFs. Scale bar = 25 µm. (E) Ubiquitin modification status of
HNRNPL was evaluated in CF cultures. (F) Cycloheximide (CHX) treatment was used to assess HNRNPL protein stability dynamics in
CFs. ***p < 0.001 vs. shTRIM34. Data were shown as mean ± SD. n = 6 (in mice) or 3 (in CFs).

and the corresponding promoter constructs (Fig. 5E, p <

0.01). Thus, these results suggested that knockdown of
TRIM34 in CFs increased the luciferase activity, and the
-500-nt to -200-nt region of the SMAD7 promoter signifi-
cantly enhanced the luciferase activity in CFs transfected
with shTRIM34, indicating an important role of this re-
gion in TRIM34-mediated SMAD7 transactivation. How-
ever, the direct interaction between TRIM34 and SMAD7
was not detected through ChIP-qPCR assays (Fig. 5F),
suggesting that TRIM34 might be indirect in regulating
SMAD7 transcription. Additionally, HNRNPL overex-
pression significantly increased the relative SMAD7 pro-

moter luciferase activity (Fig. 5G, p< 0.001), and the com-
bination of HNRNPL overexpression and TRIM34 knock-
down further elevated the relative SMAD7 promoter lu-
ciferase activity (Fig. 5G, p < 0.01). The results indi-
cated that HNRNPL directly bound to the SMAD7 pro-
moter, and TRIM34 enhanced SMAD7 promoter activity
through HNRNPL, which was further verified by ChIP-
qPCR assays (Fig. 5H, p < 0.01). Furthermore, the rel-
ative mRNA expression of SMAD7 in CFs was notably
elevated with transfection of shTRIM34, which was no-
tably offset with the shHNRNPL administration (Fig. 5I,
p < 0.001). Besides, the relative mRNA expression of
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Fig. 5. TRIM34 modulated the transcription of the SMAD7 promoter by inhibiting the expression of HNRNPL. (A) The mRNA
expression levels of SMAD7 were quantified through RT-qPCR analysis, with β-actin serving as the internal control for data normaliza-
tion. **p < 0.01 and ***p < 0.001 vs. control group (without MI and Ad-shTRIM34); ###p < 0.001 vs. Ad-shTRIM34 group; ^^p <

0.01 vs. MI group. (B) Western blotting detected expression patterns of SMAD7, SMAD2, phosphorylated SMAD2, SMAD3, and phos-
phorylated SMAD3 in cardiac tissues. Results were calculated relative to β-actin expression levels for standardized comparison. ***p
< 0.001 vs. control group (without MI and Ad-shTRIM34); ###p < 0.001 vs. Ad-shTRIM34 group; ^^^p < 0.001 vs. MI group. (C)
The mRNA expression levels of SMAD7 were quantified using RT-qPCR analysis, with β-actin serving as the internal control for data
normalization. *p< 0.05 and ***p< 0.001 vs. control group (without TGF-β1 and shTRIM34); ###p< 0.001 vs. shTRIM34 group; ^p
< 0.05 vs. TGF-β1 group. (D) Western blotting detected expression patterns of SMAD7, SMAD2, phosphorylated SMAD2, SMAD3,
and phosphorylated SMAD3 in CFs. Results were calculated relative to β-actin expression levels for standardized comparison. *p <

0.05, **p < 0.01 and ***p < 0.001 vs. control group (without TGF-β1 and shTRIM34); ##p < 0.01 and ###p < 0.001 vs. shTRIM34
group; ^^p < 0.01 and ^^^p < 0.001 vs. TGF-β1 group. (E) The transcriptional activity of SMAD7 in TRIM34-downregulating CFs
transfected with truncated SMAD7 promoter luciferase plasmids. *p < 0.05 and **p < 0.01 vs. shNC. (F) The TRIM34-related chro-
matin fragments of the SMAD7 promoter were examined by ChIP-qPCR assays, with β-actin serving as the internal control for data
normalization. ***p < 0.001 vs. input. (G) The luciferase activity of CFs. ***p < 0.001 vs. control group (without HNRNPL and
shTRIM34); ##p < 0.01 vs. HNRNPL group. (H) The HNRNPL-related chromatin fragments of the SMAD7 promoter were examined
by ChIP-qPCR assays, with β-actin serving as the internal control for data normalization. ***p< 0.001 vs. shNC. (I) The relative mRNA
expression of SMAD7 in CFs transfected with shTRIM34 and/or shHNRNPL was determined by RT-qPCR, with β-actin serving as the
internal control for data normalization. *p < 0.05 and ***p < 0.001 vs. control group (without shHNRNPL and shTRIM34); ###p <

0.001 vs. shTRIM34 group; ^p < 0.05 vs. shHNRNPL group. Data were shown as mean ± SD. n = 6 (in mice) or 3 (in CFs).
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Fig. 6. The suppressive role of the TRIM34 knockdown in cardiac fibrosis was neutralized with the silencing of SMAD7, both
in vivo and in vitro. (A) Western blotting detected expression patterns of SMAD7, SMAD2, phosphorylated SMAD2, SMAD3, and
phosphorylated SMAD3 in cardiac tissues. Results were calculated relative to β-actin expression levels for standardized comparison.
***p< 0.001 vs. control group (without MI, Ad-shTRIM34 and Ad-shSMAD7); ###p< 0.001 vs. MI group; ^^^p< 0.001 vs. MI+Ad-
shTRIM34 group. (B) Histopathological evaluation was conducted through HE staining, with microscopic observations at 100 µm. (C)
The heart tissues were stained by Masson, and the percentage of cardiac fibrosis area was quantified. Scale bar = 100 µm. ***p< 0.001
vs. control group (without MI, Ad-shTRIM34 and Ad-shSMAD7); ###p < 0.001 vs. MI group; ^^^p < 0.001 vs. MI+Ad-shTRIM34
group. (D) The relative protein expression of collagen I, collagen III and α-SMA was determined by Western blotting. Data were
presented after being normalized with β-actin. ***p< 0.001 vs. control group (without MI, Ad-shTRIM34 and Ad-shSMAD7); ###p<
0.001 vs. MI group; ^^^p< 0.001 vs. MI+Ad-shTRIM34 group. (E) Western blotting detected expression patterns of SMAD7, SMAD2,
phosphorylated SMAD2, SMAD3, and phosphorylated SMAD3 in CFs. Results were calculated relative to β-actin expression levels for
standardized comparison. **p < 0.01 and ***p < 0.001 vs. control group (without TGF-β1, shTRIM34 and shSMAD7); #p < 0.05
and ###p < 0.001 vs. TGF-β1 group; ^^^p < 0.001 vs. TGF-β1+shTRIM34 group. (F) The cell viability of CFs was measured with
CCK-8 assays. **p< 0.01 vs. control group (without TGF-β1, shTRIM34 and shSMAD7); #p< 0.05 vs. TGF-β1 group; ^^p< 0.01 vs.
TGF-β1+shTRIM34 group. (G,H) The migration and invasion of CFs were evaluated by Transwell assays, and the numbers of migrated
and invaded cells were counted. Scale bar = 200 µm. ***p< 0.001 vs. control group (without TGF-β1, shTRIM34 and shSMAD7); ##p
< 0.01 vs. TGF-β1 group; ^^^p < 0.001 vs. TGF-β1+shTRIM34 group. (I) The level of α-SMA was determined by IF assays. Scale
bar = 25 µm. Data were shown as mean ± SD. n = 6 (in mice) or 3 (in CFs).

SMAD7 in CFs was markedly declined with the introduc-
tion of shHNRNPL, which was notably reversed follow-
ing the treatment of shTRIM34 (Fig. 5I, p < 0.05). Col-
lectively, TRIM34 indirectly regulated the transcription of
the SMAD7 promoter by inhibiting the expression of HN-
RNPL.

Downregulation of SMAD7 Reversed the Antifibrotic
Role of Knockdown TRIM34

To further confirm the action of the
TRIM34/HNRNPL/SMAD7 axis in cardiac fibrosis,
the rescue assay was conducted by knockdown of HN-
RNPL or SMAD7 in vivo and in vitro. A prominent
increase in the TRIM34 level was observed in heart
tissues from MI mice, which was notably declined with
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the shTRIM34 (Supplementary Fig. 1A and Fig. 6A, p
< 0.001). However, no influence on the expression of
TRIM34 was found by further downregulating the level of
HNRNPL or SMAD7 in MI mice treated with shTRIM34
(Supplementary Fig. 1A and Fig. 6A, p > 0.05). Man-
agement of shTRIM34 prominently rescued the level of
SMAD7 in heart tissues fromMI mice, which was reversed
following the shSMAD7 treatment (Fig. 6A, p < 0.001).
Similarly, injection of shTRIM34 markedly recovered the
level of HNRNPL in heart tissues, which was inverted with
the shHNRNPL treatment (Supplementary Fig. 1A, p <

0.001). Besides, administration of shTRIM34 significantly
reduced the relative level of p-SMAD2/SMAD2 and
p-SMAD3/SMAD3 in heart tissues, which was observably
restored with the injection of shSMAD7 (Fig. 6A, p
< 0.001). Also, the ameliorative role of shTRIM34 in
pathological symptoms was distinctly effaced with the
treatment of shHNRNPL or shSMAD7 (Supplementary
Fig. 1B and Fig. 6B). The inhibitory role of shTRIM34
in the percent of cardiac fibrosis area, and the level of
collagen I, collagen III and α-SMA in MI mice was promi-
nently vanished with the administration of shHNRNPL
or shSMAD7 (Supplementary Fig. 1C,D, as well as
Fig. 6C,D, p < 0.001). In addition, TGF-β1 induced a
remarkable enhancement in the expression of TRIM34,
which was reduced with the transfection of shTRIM34
but not shHNRNPL or shSMAD7 (Supplementary Fig.
2A and Fig. 6E, p < 0.05). Introduction of shTRIM34
prominently restored the expression of SMAD7 in TGF-
β1-induced CFs, which was inverted with the transfection
of shSMAD7 (Fig. 6E, p < 0.001). Also, treatment
of shTRIM34 significantly rescued the expression of
HNRNPL in TGF-β1-induced CFs, which was reversed
with the transfection of shHNRNPL (Supplementary
Fig. 2A, p < 0.001). Reverse results were observed in
the level of p-SMAD2/SMAD2 and p-SMAD3/SMAD3
(Fig. 6E, p < 0.01). Additionally, administration of
shTRIM34 markedly decreased the cell viability, migration
cell numbers, invasion cell numbers, and the level of
α-SMA in TGF-β1-induced CFs, which was observably
recovered with the treatment of shHNRNPL or shSMAD7
(Supplementary Fig. 2A–C, and Fig. 6F–I, p < 0.05).
Altogether, the antifibrotic role of shSMAD7 was counter-
acted with the knockdown of shHNRNPL or SMAD7 both
in MI mice and TGF-β1-exposed CFs, indicating a direct
role of the TRIM34-HNRNPL-SMAD7 pathway in MI.

Discussion

The model of cardiac fibrosis was established in mice
with MI in vivo and CFs with TGF-β1 in vitro to explore
the action of TRIM34 in the transformation of cardiac fi-
broblasts to myofibroblasts in this research. Upregula-
tion of TRIM34 was found in fibrotic tissue of mice and
TGF-β1-exposed CFs. TRIM34 silencing reduced the level

of myocardial damage markers, the infarcted heart area,
and the pathological symptoms, as well as the cardiac fi-
brosis area, and the expression of fibrosis markers in MI
mice. Additionally, downregulation of TRIM34 declined
the cell viability, numbers of migrated and invaded cells,
and the level of myofibroblast markers, but elevated the
level of fibroblast markers in TGF-β1-induced CFs. More-
over, TRIM34 directly interacted and promoted ubiquitina-
tion degradation of HNRNPL. Furthermore, HNRNPL di-
rectly bound to the SMAD7 promoter, and TRIM34 indi-
rectly regulated the transcription of the SMAD7 promoter
by inhibiting the expression of HNRNPL. Rescue experi-
ments showed that knockdown of HNRNPL and SMAD7
counteracted the antifibrotic role of shTRIM34 in MI mice
and TGF-β1-exposed CFs. Altogether, TRIM34 induced
cardiac fibrosis via promoting the ubiquitination degrada-
tion of HNRNPL to indirectly regulate the transcription of
SMAD7.

The model of MI in animals is a representative ex-
perimental tool for precisely investigating the spatiotempo-
ral alterations of CF populations during cardiac repair [21].
Surgical ligation of LAD results in the fast death of car-
diomyocytes in the ischemic left ventricle and the progres-
sive generation of different myocardial areas, including the
infarct and remote zones [22]. The infarct regions primarily
experience replacement fibrosis that can restrain ventricu-
lar rupture initially. However, if left untreated, replacement
fibrosis can drive the progression of non-compliant and
ECM-rich scars that deteriorate over time in heart function.
Inversely, the remote areas visually resemble the healthy
myocardium, but reactive fibrosis still occurs [22]. TGF-
β1 is a powerful contributor to cardiac fibrosis, which has
been widely used for the construction of cardiac fibrosis in
vitro [17]. Consistently, this study established the model of
cardiac fibrosis in mice with MI and CFs with TGF-β1 to
explore the role of TRIM34 in the transformation of car-
diac fibroblast to myofibroblast, aligning with the previ-
ous studies [17,21]. Upregulation of TRIM34 through in-
terferon is revealed to be involved in the defense against
infections [23]. Notably, TRIM34 is identified as the hub
gene in persistent atrial fibrillation [24]. Similar to these
findings, the present study found that the level of TRIM34
was elevated in silicon, in vitro and in vivo. Knockdown
of TRIM34 reduced the cardiac fibrosis areas and the level
of fibrosis markers, containing collagen I, collagen III and
α-SMA in MI mice. Additionally, knockdown of TRIM34
reduced the cell viability, numbers of migrated and invaded
cells, and the level of myofibroblast markers (α-SMA and
tensin), with an increased level of fibroblast markers (vi-
mentin and DDR2) [25] in TGF-β1-induced CFs. Taken
together, upregulation of TRIM34 promoted cardiac fibro-
sis in vivo and in vitro.

The most pronounced feature of TRIM34 is the E3
ubiquitin ligase activity. The K63-linked polyubiquitina-
tion role of TRIM34 in ZBP1 has been revealed to regu-
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late influenza virus-activated programmed cell death [20].
Moreover, TRIM34 has been identified as one of the genes
involved in the E3-related prognostic signature in gliomas
[26]. Similarly, TRIM34 directly bound and promoted
ubiquitination degradation of HNRNPL in this study. HN-
RNPL is related to splicing efficiency and nitric oxide syn-
thesis in cardiac diseases [27], as well as the progression
of MI [28], which can be easily degraded by ubiquitin-
mediated proteolysis [15]. Furthermore, HNRNPL directly
bound to the SMAD7 promoter, in line with the previous
results [13]. However, this study found that TRIM34 sup-
pressed the transcription of the SMAD7 promoter by in-
hibiting the expression of HNRNPL, not directly suppress-
ing the function of SMAD7, which further promoted the ex-
pression of the TGFβ-SMAD signaling pathway. SMAD7
has been demonstrated to restrain post-infarction HF by re-
ducing the activation of myofibroblasts and the synthesis
of extracellular matrix proteins in structural and stromal
cells [14]. SMAD7 is an endogenous negative modulator
of the TGFβ-SMAD signaling that suppresses the TGFβ
receptor-mediated SMAD phosphorylation, thus prevent-
ing the transcription of downstream profibrotic genes [29].
The TGFβ-SMAD signaling pathway plays a significant
role in cardiac fibrosis and can be a potential therapeutic
target for cardiac fibrosis based on the multiple studies [30–
35]. Thus, rescue experiments showed that knockdown of
HNRNPL or SMAD7 counteracted the antifibrotic role of
shTRIM34 in MI mice and TGF-β1-exposed CFs. There-
fore, TRIM34 evoked cardiac fibrosis by promoting the
ubiquitination degradation of HNRNPL to indirectly reg-
ulate the transcription of SMAD7.

Conclusion

In summary, the expression of TRIM34 was increased
in MI mice and TGF-β1-elicited CFs. TRIM34 silencing
prevented cardiac fibrosis both in vivo and in vitro. Me-
chanically, TRIM34 enhanced the ubiquitination degrada-
tion of HNRNPL to indirectly regulate the transcription of
SMAD7, thereby promoting the expression of the TGFβ-
SMAD signaling pathway. However, more clinical char-
acteristics of TRIM34 can be analyzed in the future. Sec-
ondly, more shRNAs targeting TRIM34, HNRNPL and
SMAD7 can be synthesized and used for the experiments
to exclude the off-target effect. Additionally, more pre-
clinical and clinical assays are necessary in the following
study. Besides, accurate quantification of cardiac fibro-
sis should be based on full-field transverse heart sections;
therefore, images of the entire heart are recommended.
However, the whole-heart images were not captured due to
an oversight during the experiment, which is a limitation of
this study. Furthermore, cardiac echocardiography results
were not included due to technical, equipment and finan-
cial constraints. Despite these limitations, the results can
provide valuable insights into the mechanisms underlying

cardiac fibrosis and may contribute to the development of
potential therapeutic strategies.
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