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Abstract
Background Cardiac maladaptive remodeling is one of the leading causes of heart failure with highly complicated 
pathogeneses. The E3 ligase tripartite motif containing 35 (TRIM35) has been identified as a crucial regulator 
governing cellular growth, immune responses, and metabolism. Nonetheless, the role of TRIM35 in fibroblasts in 
cardiac remodeling remains elusive.

Methods Heart tissues from human donors were used to verify tissue-specific expression of TRIM35. Fibroblast-
specific Trim35 gene knockout mice (Trim35cKO) were used to investigate the function of TRIM35 in fibroblasts. 
Cardiac function, morphology, and molecular changes in the heart tissues were analyzed after transverse aortic 
constriction (TAC) surgery. The mechanisms by which TRIM35 regulates fibroblast phenotypes were elucidated using 
liquid chromatography-tandem mass spectrometry (LC-MS/MS) and RNA sequencing (RNA-Seq). These findings 
were further validated through the use of adenoviral and adeno-associated viral transfection systems, as well as the 
mTORC1 inhibitor Rapamycin.

Results TRIM35 expression is primarily up-regulated in cardiac fibroblasts in both murine and human fibrotic hearts, 
and responds to TGF-β1 stimulation. Specific deletion of TRIM35 in cardiac fibroblasts significantly improves cardiac 
fibrosis and hypertrophy. Consistently, the overexpression of TRIM35 promotes fibroblast proliferation, migration, 
and differentiation. Through paracrine signaling, it induces hypertrophic growth of cardiomyocytes. Mechanistically, 
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Introduction
Cardiac remodeling refers to the structural and func-
tional changes that occur in the heart in response to vari-
ous physiological or pathological stimuli [1]. Prolonged 
exposure to pressure overload can lead to maladaptive 
remodeling, characterized by an increase in cardiomyo-
cyte size, excessive myocardial fibrosis, remodeling of 
the extracellular matrix (ECM), and is often observed 
in conditions such as hypertension, aortic stenosis, or 
valvular diseases [2]. The mechanical stress imposed 
by pressure overload triggers a cascade of cellular and 
molecular events within the myocardium [3]. Cardio-
myocytes, fibroblasts, endothelial cells, and immune cells 
interact dynamically to orchestrate the fibrotic response 
[4]. Researches on the role of cardiac fibroblasts in car-
diac remodeling have revealed their pivotal significance 
in the pathological process [1]. Cardiac fibroblasts pri-
marily contribute to the maintenance of myocardial 
structure and function through their roles in ECM syn-
thesis, degradation, and remodeling [4]. Given their 
central role in fibrosis, targeting cardiac fibroblasts and 
understanding the mechanisms underlying pressure 
overload-induced cardiac remodeling are crucial for 
developing targeted therapeutic interventions.

The Tripartite Motif (TRIM) proteins are character-
ized by their tripartite motif domain consisting of RING, 
B-box, and coiled-coil domains, which confer vari-
ous functional properties, including E3 ubiquitin ligase 
activity and protein-protein interaction capabilities [5]. 
The TRIM family has garnered considerable attention 
in the field of tissue remodeling due to its diverse roles 
in regulating cellular processes implicated in fibrotic 
pathology, particularly in fibroblasts [6–8]. Several TRIM 
proteins, such as TRIM8, TRIM16, TRIM25, TRIM32, 
and TRIM72, have been identified to regulate cardiac 
remodeling [9–13]. Recently, TRIM35, a protein that has 
not been extensively studied, has garnered the attention 
of researchers. It has been found to play a role in cancer, 
autoimmune diseases, and neurological disorders [14]. 
So far, limited research has shown that TRIM35 can play 
important roles in regulating cellular growth, immune 
responses, and neuronal protection [14–16], highlight-
ing its significance for further investigation into its func-
tions and mechanisms. However, the role of TRIM35 in 

fibroblasts during the progression of ventricular remod-
eling has not yet been studied.

Accumulating evidence has shown that TRIM35 con-
trols critical turnover and stability processes of both 
nuclear and cytosolic proteins, like nuclear P53, LSD1, 
IRF5, and cytosolic PKM2, TRFA3, TIGAR [14, 17–20]. 
Although research has reported that TRIM35 can ubiq-
uitinate and regulate the membrane proteins TLR7 and 
TLR9 [21], studies on the signaling mediated by TRIM35 
in regulating membrane proteins remain relatively scarce. 
Amino acid transporters, as the membrane proteins, 
play a crucial role in regulating the activation of fibro-
blasts [22]. The large neutral amino acid transporter 
SLC7A5 has been demonstrated to transport amino 
acids, including leucine, glutamine, and arginine, which 
support cell growth by activating the protein kinase 
mammalian target of rapamycin complex 1 (mTORC1) 
[23, 24]. It has been reported that arginine is crucial for 
fibroblast proliferation and the synthesis of extracellu-
lar matrix components such as collagen [25]. Glutamine 
serves as an essential substrate for cellular metabolism, 
participating in fibroblast growth and metabolic activi-
ties [26]. Cysteine is involved in collagen cross-linking 
and fibroblast activation [27]. Therefore, the interplay 
between SLC7A5-mediated amino acid transport and 
cardiac fibroblast activation presents a promising avenue 
for investigating the pathogenesis of myocardial fibro-
sis and identifying novel therapeutic targets. Moreover, 
the expression of SLC7A5 was found to be regulated by 
the cytokine IL-1β through the NF-κB pathway in fibro-
blast-like synoviocytes [28]. The Slc7a5 is a novel gene 
responsive to hypoxia in a HIF-2α-dependent manner in 
differentiated neuronal cells [29]. Slc7a5 gene was iden-
tified as a target of miR-138-5p in retinoblastoma cells 
[30]. However, the mechanisms regulating the expression 
and functional levels of SLC7A5 in cardiac fibroblasts 
during the process of myocardial remodeling remain 
unclear.

In this study, we found that TRIM35 is primarily up-
regulated in cardiac fibroblasts during pressure overload-
induced ventricular remodeling. Fibroblast-conditional 
deficiency of TRIM35 significantly improves cardiac 
fibrosis, and cardiac hypertrophy. Furthermore, overex-
pression of TRIM35 promotes fibroblast proliferation, 

we found that TRIM35 interacts with, ubiquitinates, and up-regulates the amino acid transporter SLC7A5, which 
enhances amino acid transport and activates the mTORC1 signaling pathway. Furthermore, overexpression of SLC7A5 
significantly reverses the reduced cardiac fibrosis and hypertrophy caused by conditional knockout of TRIM35.

Conclusion Our findings demonstrate a novel role of fibroblast-TRIM35 in cardiac remodeling and uncover the 
mechanism underlying SLC7A5-mediated amino acid transport and mTORC1 activation. These results provide a 
potential novel therapeutic target for treating cardiac remodeling.
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migration, and differentiation. What’s more, Trim35 
knockout in fibroblasts mitigates hypertrophic growth of 
cardiomyocytes via paracrine signaling. Mechanistically, 
we discovered that TRIM35 ubiquitinates SLC7A5, and 
up-regulates its protein level, which enhances amino acid 
transport and activates the mTORC1 signaling pathway 
in cardiac fibroblasts. Our study provides the first evi-
dence of the crucial role of TRIM35 in activating cardiac 
fibroblasts and orchestrating ventricular remodeling by 
regulating the amino acid transporter SLC7A5.

Materials and methods
Human tissue sampling
Human remodeling myocardium samples used in this 
study were obtained from excised interventricular septal 
tissues during surgical removal from hypertrophic car-
diomyopathy (HCM) patients. Non-remodeling human 
heart samples were obtained from non-remodeling left 
atrial tissues, and all detailed information was included 
in Figure S1. Written informed consents were obtained 
from all patients included in this study. This study was 
approved by the Xiamen Cardiovascular Hospital (Permit 
Number: KY2024-020-01) and conformed to the ethical 
guidelines of the 1975 Declaration of Helsinki.

Experimental animals
Wild-type male C57BL/6J mice, 8 weeks old, and neo-
natal Sprague-Dawley rats were purchased from JieSiJie 
Laboratory Animal Co., Ltd (Shanghai, China). Condi-
tional transgenic mice targeting Trim35 gene (TRIM35f/f) 
were generated by Cyagen Co., Ltd (Suzhou, China) in 
the C57BL/6J background, were raised in the Xiamen 
University Laboratory Animal Center and kept under 
constant environmental conditions with 12-hour light/
dark cycles and had ad libitum access to food and water. 
Exon 2–4 of the Trim35 gene were selected as conditional 
knockout region (cKO region). The knockout of Exon 
2–4 resulted in loss of function of the mouse Trim35 
gene. The Col1a2-CreERT mice, containing a Cre-ERT 
recombinase gene were purchased from Cyagen Co., Ltd 
(Suzhou, China). Fibroblast-specific Trim35 gene knock-
out mice (Trim35cKO) were created by crossing Trim35f/f 
mice with Col1a2-CreERT mice. 6-week-old Col1a2-
CreERT-positive TRIM35f/f mice were intraperitoneally 
treated with 50  mg/kg of tamoxifen dissolved in corn 
oil for 5 consecutive days, followed by a one-week rest 
before undergoing either sham or TAC surgery. Investi-
gations were conducted following the guidelines outlined 
in the Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health (NIH 
Publication No. 85 − 23, revised 1996). Every animal care 
and experimental protocol was approved by the Xiamen 
University Committee on Animal Care (Permit Number: 
XMULAC20220147).

Mice model of transverse aortic constriction (TAC) induced 
cardiac hypertrophy
The TAC surgical procedure was conducted follow-
ing previously established protocols [31]. Male mice (8 
weeks old, weighing 22–25  g) were anesthetized using 
a mixture of isoflurane (1.5%) and oxygen (0.5  L/min) 
and positioned on a temperature-controlled surgical 
table. The hearts were exposed via a left thoracotomy 
in the third intercostal space. The 27-Gauge needle was 
carefully placed alongside the transverse aorta and then 
ligated around the artery using a 5 − 0 suture, positioned 
between the first and second branches of the aortic arch. 
Subsequently, the wire was swiftly removed, resulting 
in constriction of the aortic arch to the diameter of the 
wire. For the sham control group, an identical surgical 
procedure was performed, excluding the ligation of the 
suture around the aorta. Sham-operated mice served as 
controls. Heart samples were collected at 4 weeks after 
surgery. The heart weight to body weight ratio (HW/BW) 
was calculated. Subsequently, heart samples were either 
flash-frozen in liquid nitrogen and stored at -80  °C for 
further RNA and protein analysis or fixed in a PBS solu-
tion containing 4% paraformaldehyde for histochemical 
analysis.

Echocardiography
Cardiac functions were evaluated using the Vevo 2100 
High-Resolution Micro-Ultrasound System (FUJIFILM 
Visual Sonics Inc.). Mice were anesthetized with a mix-
ture of isoflurane (1.5%) and oxygen (0.5  L/min) and 
positioned on a heated table in the supine position. Two-
dimensional (2D) guided left ventricular M-mode trac-
ings were obtained at the level of the papillary muscle in 
a short-axis view to quantify parameters such as ejection 
fraction (EF%) and fractional shortening (FS%). These 
measurements were performed by a researcher blinded 
to the experimental treatments to prevent biases and 
were averaged over five consecutive cardiac cycles.

Adenovirus (Adv)‑mediated gene transfection into the 
myocardium in vivo
To establish a heart-overexpressed SLC7A5 animal 
model, we employed the cardiac adenoviral gene trans-
fer approach. Adv-Flag and Adv-Flag-Slc7a5 under the 
control of the mouse cytomegalovirus (CMV) promoter 
were packaged by OBiO (Shanghai, China). The adenovi-
ral in vivo delivery method was conducted as previously 
described [31]. In brief, a 20 µL solution of adenovirus 
containing 1 × 10^9 plaque-forming units (pfu) of either 
Adv-Flag or Adv-Slc7a were delivered from the apex of 
the left ventricle to the aortic root. A tourniquet was 
placed around the aorta and the pulmonary artery at a 
site distal to the tip of the catheter, followed by the injec-
tion of the solution. The tourniquet was held in place 
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for 10 s while the heart pumped against a closed system 
and then released. To assess the transduction efficiency, 
the hearts were harvested and sectioned two weeks after 
transduction, and SLC7A5 expression was detected by 
Western blots. Hearts were transduced with adenovirus 
followed by TAC surgery, and were harvested 4 weeks 
after aortic banding.

Construction of recombinant adeno‑associated virus
Recombinant adeno associated virus 9 (rAAV9) pack-
aged by OBiO (Shanghai, China) was used to manipulate 
the expression of SLC7A5 with a myofibroblast specific 
promoter Periostin (POSTN) in mouse hearts. A short 
hairpin RNA (ShRNA) was synthesized, which contained 
a target sequence for Slc7a5 as follows:  G G A T C G A G C T 
G C T C A T C A T T C. The sequence of scramble as follows:  
G A A G T C G T G A G A A G T A G A A. 8-week-old wild type 
male mice (C57BL/6J) were intravenously injected with 
adeno-associated virus (3 × 1011 v.g./mouse) for three 
weeks after TAC surgery for one week. The mice were 
sacrificed four weeks after TAC surgery.

Cell culture, treatment, gene transfer, and plasmid 
transduction
Neonatal rat cardiac fibroblasts (NRCFs) were isolated 
from 1- to 3-day-old neonatal Sprague-Dawley rats fol-
lowing established procedures [32]. The cells were plated 
at a density of 10^6 cells/mL and cultured in Dulbecco’s 
Modified Eagle Medium (DMEM, Invitrogen Corpora-
tion, USA) supplemented with 10% Fetal Bovine Serum 
(FBS) (Biological Industries, Kibbutz Beit Haemek, 
Israel), and 100 units/mL penicillin and streptomycin 
(Beyotime Biotechnology, China). The third generation of 
fibroblasts were placed in serum-free medium for 30 min 
and subsequently transfected with Adv-Flag (MOI = 50) 
or Adv-Flag-TRIM35 (MOI = 50) under the control of the 
CMV promoter for 6  h. After transfection, the medium 
containing the adenovirus was replaced with DMEM 
supplemented with 10% FBS and continued to be cul-
tured for 24 h. Subsequent TGF-β1 (10 ng/mL) treatment 
experiments were carried out for 24 h.

In Fig.  8, NRCFs were transfected with Adv-Flag 
(MOI = 50) or Adv-Flag-Trim35 (MOI = 50) for 24 h, fol-
lowed by Rapamycin (0.1 µM) administration for 24  h, 
before the cells were treated with TGF-β1 (10 ng/mL) for 
24 h.

Adult mouse primary cardiac fibroblasts (ACFs) were 
obtained from mice that were 8–10 weeks old. After the 
atriums and connective tissues were removed, the hearts 
were finely chopped. The pieces were then broken down 
for one hour at 37 °C while being shaken with 0.1% type 
II collagenase (Worthington Biochemical). The cell solu-
tion that had been digested was reconstituted in DMEM 

containing 10% FBS, filtered through a 70 μm filter, and 
then seeded into a culture dish for additional research.

HEK293T cells, obtained from American type culture 
collection (ATCC), were cultured in DMEM supple-
mented with 10% FBS, penicillin and streptomycin. Flag-
tagged Trim35, HA-tagged Slc7a5, and His-tagged Ub 
were purchased from Miaoling (Wuhan, China). For tran-
sient transfection, HEK293T cells were transfected with 
the indicated plasmids by NEOFECT™ DNA transfection 
reagent according to manufacturer’s recommendations.

Procedures of RNA sequencing (RNA‑Seq)
A total of eight cardiac tissues were obtained from two 
distinct cohorts of mice, namely the Sham group and the 
TAC group. The RNA-Seq processes were performed at 
GENESKY Co., Ltd, encompassing sample quality assur-
ance, library preparation for transcriptome sequencing, 
clustering, and sequencing. The identification of differ-
entially expressed genes (DEGs) was performed using the 
DESeq2 R package (version 1.20.0), with a p-value below 
the predetermined threshold of 0.05.

HPLC‑MS/MS analysis
HPLC-MS/MS analysis was conducted to detect amino 
acid content in cardiac fibroblasts. Samples were pre-
pared and analyzed using an ExionLC AD system coupled 
with a QTRAP® 6500 + mass spectrometer (Sciex, USA) 
at Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, 
China). Samples were separated using an AdvanceBio 
MS Spent Media column (2.1 × 50  mm, 2.7  μm) at 40℃ 
with a flow rate of 0.5 mL/min and a gradient mobile 
phase (95% acetonitrile in water with 0.1% formic acid 
and 10 mM ammonium formate). The chromatographic 
separation lasted for 6 min with specific gradient condi-
tions. Mass spectrometric data were collected using a 
UHPLC coupled to a QTRAP® 6500 + mass spectrometer 
(Sciex, USA) operating in positive and negative modes. 
The LC-MS raw data were analyzed using Sciex software 
OS, with automatic identification and integration of ion 
fragments, followed by manual verification. Metabolite 
concentrations were determined using linear regression 
standard curves. All samples were stored at 4℃ during 
analysis.

Immunoprecipitation‑mass spectrum (IP‑MS)
Cardiac fibroblasts were cultivated on 10-cm plates and 
subsequently transfected with either Adv-Flag or Adv-
Flag-Trim35. Then, the cells were lysed and immunopre-
cipitated using either anti-IgG or anti-Trim35 antibody. 
Western blot and silver staining were used to confirm 
that TRIM35 had been successfully immunoprecipitated. 
Afterward, the immunoprecipitant protein was used for 
proteomics analysis using liquid chromatography and 
tandem mass spectrometry (Lc-Bio Technologies).
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Co‑immunoprecipitation
The cells were harvested and lysed following previously 
established protocols [33]. Subsequently, the lysates were 
incubated overnight at 4 °C with either anti-TRIM35 (sc-
100880, Santa Cruz, 1:50) or anti-SLC7A5 (sc-374232, 
Santa Cruz, 1:50) antibodies. Following this, 30 µL of 
protein G Agarose beads (Cytiva) were co-incubated with 
the immune complexes for 4 h at 4 °C. After undergoing 
three washes with a cold wash buffer and one wash with 
lysis buffer, the immunoprecipitations were resuspended 
in 30 µl of lysis buffer and subjected to Western blot anal-
ysis to examine the indicated target proteins.

Western blot
Protein extraction was conducted from mouse heart tis-
sues or cultured cells, respectively, followed by immu-
noblots as previously outlined [33]. In brief, Western 
blot analyses employed commercially available anti-
bodies: anti-TRIM35 (sc-100880, Santa Cruz, 1:100), 
anti-GAPDH (AF0006, Beyotime, 1:1000), anti-α-
SMA (A17910, abclonal,1:1000), anti-Ub (AF1705, Beyo-
time, 1:1000), anti-Ub-K63 (ab179434, abcam, 1:1000), 
anti-HA (AH158, Beyotime, 1:1000), anti-Flag (AF519, 
Beyotime, 1:1000), p-S6K (AP0564, abclonal, 1:1000), S6K 
(A2190, abclonal, 1:1000), p-4E-BP1 (AF5806, Beyotime, 
1:100), and 4E-BP1 (AG1824, Beyotime, 1:100), followed 
by incubation with peroxidase-conjugated secondary 
antibodies. Signal detection utilized the enhanced che-
miluminescent (ECL) system (Tanon, China), and densi-
tometry scanning was performed using Image J software. 
GAPDH was used as the loading control. Results from 
each experimental group were expressed as relative inte-
grated intensity compared to the control group measured 
concurrently.

Real‑time PCR
Total RNA was extracted as previously described and 
then converted into cDNA using PrimeScript™ RT 
Reagent kit with gDNA eraser (Takara RR047A, Japan). 
Quantitative RT-PCR reactions were performed using 
the ChamQTM SYBR Color qPCR Master Mix (Vazyme, 
China) and QuantStudio™ 6 Flex System (Applied Biosys-
tems, USA). HPRT was used as the internal reference for 
each sample. The primer sequences were showed in in 
Table S1.

Cardiac fibroblasts proliferation assay
The proliferation of NRCFs was assessed using 5-ethynyl-
2-deoxyuridine (EdU) incorporation (Beyotime, C0078S), 
following established procedures. The proliferative rate 
of NRCFs was quantified by normalizing the number of 
EdU-positive cells to the total DAPI-stained cells.

Wound healing assay
The wound healing assay involved the plating of cardiac 
fibroblasts in 6-well plates, followed by transfection with 
either adv-Flag or adv-Trim35.Subsequently, the conflu-
ent monolayer of cells was subjected to a linear wound 
area using a 200 µL pipette tip in order to assess the 
migratory capacity of cardiac fibroblasts. Subsequently, 
the denuded plate was delicately rinsed to eliminate any 
disconnected cells. Photographs were taken of cells at 
the moment of injury and again 24 h following the injury. 
The calculation of the migratory capability of fibroblasts 
was performed by measuring the area of wound recovery 
using the ImageJ software.

Immunofluorescence
The heart tissue chips underwent dewaxing and rehy-
dration, while the cells were fixed using 4% paraformal-
dehyde. Following these steps, the washed heart tissue 
chips or cells were permeabilized with 0.1% Triton X-100 
and then blocked with 5% normal goat serum (BioGenex, 
Fremont, CA). Subsequently, they were stained with one 
or more corresponding antibodies as per the instruc-
tions (anti-TRIM35: sc-100880, Santa Cruz, 1:25; anti-
Vimentin: D21H3, CST, 1:200; anti-α-SMA: A17910, 
abclonal,:100; anti-cTnT: ab8295, abcam, 1:200; anti-
Collagen III: ab7778, abcam, 1:100; SLC7A5: sc-374232, 
Santa Cruz antibodies), followed by DAPI (Invitrogen) 
staining. Afterward, they were incubated with Alexa 
Fluor® 488 or 594-conjugated secondary antibodies 
(1:500) (Life Technologies, Carlsbad, CA) at 37  °C for 
90  min. For imaging, five fields were randomly selected 
in each group and captured using a confocal microscope 
(Zeiss, Germany).

Histological examination
Mouse and human hearts were collected and then 
immersion-fixed in 4% buffered paraformaldehyde. Sub-
sequently, the heart tissues were embedded in paraffin 
and cut into 5 μm sections. In brief, all mouse and human 
heart tissues were counterstained with hematoxylin and 
eosin (H&E). Additionally, sections of mouse hearts were 
incubated with the Masson’s Trichrome Stain Kit (Solar-
bio, China).

Wheat germ agglutinin (WGA) staining
The mouse hearts were acquired and preserved in paraf-
fin after being fixed in a 4% buffered formaldehyde solu-
tion for a duration of 24 h. The hearts were processed and 
stained with WGA (G1730, Servicebro, Wuhan, China) 
using 6-m paraffin-embedded slices, following the man-
ufacturer’s protocol. The examination and documenta-
tion of the sections were conducted using a fluorescence 
microscope. The cell membrane was identified by the 
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presence of green fluorescence, and the surface area of 
the cardiomyocyte was quantified using Image J software.

Statistics
The data are presented as means ± SD. Statistical analy-
ses were performed using GraphPad Prism 8.0. For com-
parisons between two groups, an unpaired t-test was 
conducted. Pearson correlation coefficient (R2) was per-
formed to assess the correlation between two variables. 
When comparing more than two groups, one or two-way 
analysis of variance (ANOVA) was employed, followed by 
the post hoc Tukey’s test. In all cases, p < 0.05 was consid-
ered statistically significant.

Results
TRIM35 is up‑regulated in fibroblasts in murine and human 
remodeling hearts
First, we investigated in which cells TRIM35 undergoes 
alterations during the process of cardiac remodeling. 
Mice were subjected to transverse aortic constriction 
(TAC) surgical operation for 4 weeks to induce cardiac 
remodeling. Immunofluorescence staining of heart tissue 
sections with anti-TRIM35 and anti-Vimentin antibodies, 
a marker of fibroblasts, revealed strong positive staining 
of TRIM35 in fibroblasts in the interstitium and blood 
vessels in TAC-induced mouse hearts (Fig.  1A). Addi-
tionally, we co-stained TRIM35 and α-SMA, the marker 
indicating differentiation from fibroblasts to myofibro-
blasts, and found that TAC also induced up-regulation 
of TRIM35 in myofibroblasts (Fig. 1B). However, we did 
not observe increased co-localization of TRIM35 with 
the cardiomyocyte marker cTnT in TAC-induced mouse 
hearts (Fig. 1C). Immunofluorescence staining also dem-
onstrated sporadic expression of TRIM35 in fibroblasts 
in non-remodeling human heart samples obtained from 
the patients with double pore type atrial septal defect. 
However, TRIM35 expression was markedly elevated 
in fibroblasts within remodeling human heart samples, 
obtained from excised interventricular septal tissue dur-
ing surgical on hypertrophic cardiomyopathy (HCM) 
patients (Fig.  1D). Consistently, isolation of fibroblasts 
from fibrotic cardiac tissues and subsequent West-
ern blot analysis revealed a significant up-regulation of 
TRIM35 in cardiac fibroblasts (Fig. 1E). To elucidate the 
stimulus to which TRIM35 responds during pressure 
overload-induced ventricular remodeling, we first con-
ducted a correlation analysis to investigate the relation-
ship between Trim35 gene expression and the classical 
fibrotic activation signal TGF-β1. The RNA-Seq dataset 
GSE1133054 was downloaded from the Gene Expres-
sion Omnibus database, and we subsequently examined 
the correlation between Trim35 and TGFB1 gene expres-
sion in the hearts of HCM patients. As predicted, Trim35 
gene level showed significant positive correlation with 

the expression level of TGFB1 gene in the hearts of HCM 
patients (Fig.  1F). Furthermore, we stimulated neona-
tal rat ventricular fibroblasts (NRCFs) with TGF-β1 (10 
ng/mL), and Western blot analysis showed a significant 
induction of TRIM35 and α-SMA expression (Fig.  1G), 
suggesting TRIM35 is a novel target responsive to TGF-
β1 in NRCFs. These data suggest that TRIM35 expression 
is up-regulated in activated fibroblasts induced by pres-
sure overload and can respond to TGF-β1 stimulus.

Fibroblast‑specific deletion of TRIM35 ameliorates cardiac 
fibrosis
Next, we investigated the potential function of TRIM35 
in fibroblasts during the process of cardiac fibrosis. 
Fibroblast-specific Trim35 gene knockout (Trim35cKO) 
mice were created by crossing Trim35f/f mice with 
Col1a2-CreERT mice and treated with 50  mg/kg/day of 
tamoxifen for 5 days (Fig. S2A-C). Masson’s trichrome 
staining showed that both myocardial interstitial and 
perivascular collagen deposition caused by TAC sur-
gery were obviously ameliorated in the Trim35cKO mice 
(Fig.  2A, B). We further examined the changes in the 
expression of fibrosis-related genes in Trim35cKO mouse 
hearts. TRIM35 specific deficiency in fibroblasts sig-
nificantly reduced the TAC-induced up-regulation of 
Col1a1, Col3a1, and Tgfb1 mRNA levels (Fig.  2C-E). 
Additionally, immunofluorescence staining of heart tis-
sue sections with anti-α-SMA antibody revealed a signifi-
cant reduction in positive staining in the TAC-induced 
Trim35cKO mouse myocardium, compared to their litter-
mate controls (Fig.  2F). Increased protein expression of 
α-SMA was also detected in the cardiac fibroblasts iso-
lated from TAC-induced Trim35f/f mouse heart tissues, 
but reduced in TAC-induced Trim35cKO mouse heart 
tissues (Fig. 2G). Next, we examined the cardiac function 
of the mice. Echocardiographic analysis showed that the 
absence of TRIM35 in fibroblasts improved the cardiac 
function deterioration induced by TAC surgery, as evi-
denced by the up-regulation of EF% and FS% (Fig. 2H, I). 
Notably, TAC surgery did not induce significant cardiac 
dysfunction and fibrosis in Trim35cKO mice, suggest-
ing that TRIM35 specific deficiency in fibroblasts can 
resist remodeling-related pathomorphological changes in 
response to pressure overload (Fig. 2). Collectively, these 
data elucidate that fibroblast-specific knockout of Trim35 
improves pressure overload-induced cardiac fibrosis and 
cardiac function.

Fibroblast‑specific deletion of TRIM35 improves cardiac 
hypertrophy
Excessive fibrosis can lead to the hardening and thicken-
ing of myocardial tissue, thereby affecting the structure 
and function of the myocardium [2]. We then examined 
the effect of TRIM35 on cardiac hypertrophy. TAC-mice 
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Fig. 1 TRIM35 is up-regulated in fibroblasts in fibrotic heart tissues. 8-week-old male mice were subjected to Sham or TAC surgery, and heart tissues 
were harvested 4 weeks post-surgery. A Immunofluorescence co-staining for Vimentin (red) with TRIM35 (green) and DAPI (blue) in the mouse heart 
tissue sections. n = 6. B Immunofluorescence co-staining for α-SMA (red) with TRIM35 (green) and DAPI (blue) in the mouse heart tissue sections. n = 6. 
C Immunofluorescence co-staining for cTnT (red) with TRIM35 (green) and DAPI (blue) in the mouse heart tissue sections. n = 6. D Immunofluorescence 
co-staining for Vimentin (red) with TRIM35 (green) and DAPI (blue) in the human heart tissue sections. n = 4. E Representative Western blot analysis was 
performed to assess the protein level of TRIM35 in cardiac fibroblasts isolated from the hearts of mice subjected to Sham or TAC surgery for 4 weeks, 
and corresponding statistic of TRIM35 was shown. n = 6. F Pearson correlation coefficients between Trim35 mRNA level and TGFB1 mRNA level in human 
hearts with HCM. G Representative Western blots and statistical results of TRIM35 and α-SMA in NRCFs treated with TGF-β1 (10 ng/mL). n = 3. Data are 
presented as mean ± SD. The data shown in E and G were analyzed using an unpaired t-test
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Fig. 2 Fibroblast-specific deletion of TRIM35 ameliorates TAC-induced cardiac fibrosis. 8-week-old Trim35f/f and Trim35cKO male mice were subjected to 
Sham or TAC surgery, and heart tissues were harvested 4 weeks post-surgery. A, B Masson’s trichrome staining was performed to detect myocardial inter-
stitial and perivascular collagen deposition, and the corresponding statistical result of fibrosis was shown. n = 6. C‑E The mRNA levels of Collagen Ia1 (Col 
1a1), Collagen IIIa1 (Col 3a1), and Tgfb1. All normalized to HPRT. n = 5. F Fibroblast differentiation was analyzed by immunofluorescence staining with anti-
α-SMA antibody (red) and DAPI (blue), and the statistical result of relative α-SMA intensity was shown. n = 5. G Representative Western blots and statistical 
result of α-SMA in cardiac fibroblasts isolated from mouse hearts. n = 3. H, I Quantification of echocardiographic parameters of ejection fraction (EF%) and 
fractional shortening (FS%). n = 6. Data are presented as mean ± SD. The data were analyzed using two-way ANOVA corrected by the post hoc Turkey’s test
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with a specific deficiency of TRIM35 in fibroblasts dis-
played a smaller heart size, and the lower ratio of heart 
weight (HW)/body weight (BW) (Fig.  3A, B). Echo-
cardiographic analysis showed that TAC dramatically 
increased interventricular septum thickness (IVS) and 
left ventricular (LV) posterior wall thickness (LVPW) 
in Trim35f/f mice. However, these parameters were sig-
nificantly decreased in Trim35cKO-TAC-mice (Fig. 3C-F). 
H&E and WGA staining showed that the cardiac myocyte 
cross-sectional area was decreased by Trim35 gene con-
ditional deletion in TAC-mice (Fig. 3G). Consistent with 
the morphological phenotypes in Trim35cKO-TAC-mice, 

the expression of hypertrophic-related genes such as 
atrial natriuretic peptide (ANP), brain natriuretic pep-
tide (BNP) and β-myosin heavy chain (β-MHC) were 
also accordingly down-regulated (Fig.  3H-J). Although 
fibroblast-specific deletion of TRIM35 improves pressure 
overload-induced cardiac hypertrophy compared to their 
littermate controls, a moderate increase in IVS; s, LVPW; 
s, cell size, and mRNA expression of ANP and β-MHC 
was also observed in the hearts of Trim35cKO mice sub-
jected to TAC surgery (Fig.  3C, E, G, H and J), which 
showed a compensated hypertrophy also established in 
Trim35cKO mice in response to pressure overload. These 

Fig. 3 Fibroblast-specific deletion of TRIM35 protects against TAC-induced cardiac hypertrophy. 8-week-old Trim35f/f and Trim35cKO male mice were sub-
jected to Sham or TAC surgery, and heart tissues were harvested 4 weeks post-surgery. A Representative gross appearance of whole hearts. B The ratio 
of HW/BW. heart weight (HW), body weight (BW). n = 6. C‑F Quantification of echocardiographic parameters includes interventricular septum systolic 
dimension (IVS; s), interventricular septum diastolic dimension (IVS; d), left ventricle posterior wall thickness systole (LVPW; s), and left ventricle posterior 
wall thickness diastole (LVPW; d). n = 6. G Hematoxylin and eosin (H&E) and Wheat germ agglutinin (WGA) staining were performed to detect cardio-
myocyte cross-sectional area, and the statistical result of cell size was shown. n = 6. H‑J The mRNA expression of ANP, BNP, and β-MHC were analyzed by 
qRT-PCR. Atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), β-myosin heavy chain (β-MHC). All normalized to HPRT. n = 6. Data are presented 
as mean ± SD. The data were analyzed using two-way ANOVA corrected by the post hoc Turkey’s test
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data suggest that a specific deficiency of TRIM35 in 
fibroblasts also alleviates cardiac hypertrophy.

Overexpression of TRIM35 activates cardiac fibroblasts and 
induces cardiomyocyte hypertrophy
TGF-β1 is a potent inducer of cardiac fibrosis and hyper-
trophy. Next, we validated the effect of TRIM35 on car-
diac fibroblast activation in vitro. Wound healing assay 
revealed that overexpression of TRIM35 promoted the 
migration of fibroblasts induced by TGF-β1 (Fig.  4A). 
EdU staining demonstrated that TRIM35 enhanced the 
proliferation of fibroblasts after TGF-β1 administra-
tion (Fig.  4B). Additionally, α-SMA fluorescence stain-
ing and Western blots indicated that the up-regulation 
of TRIM35 expression significantly promoted TGF-β1-
induced transdifferentiation of fibroblasts (Fig.  4C, D). 
Consistently, overexpression of TRIM35 also augmented 
TGF-β1-induced increase in the mRNA levels of Col1a1, 
Col3a1, Periostin (POSTN) and Fibronectin (Fn) in fibro-
blasts (Fig. 4E-H). It is worth noting that overexpression 
of TRIM35 can activate fibroblasts under physiological 
conditions (Fig.  4A-H). To investigate how fibroblast-
specific loss of TRIM35 regulates the process of cardiac 
hypertrophy, we used the conditioned media collected 
from the TRIM35-overexpressed cardiac fibroblasts and 
the virus control group to treat cardiomyocytes. Fig-
ure  4I-L demonstrate that conditioned medium from 
TRIM35-overexpressing NRCFs strongly induced hyper-
trophy in neonatal rat cardiac myocytes (NRCMs), as evi-
denced by a significant increase in cardiomyocyte surface 
area and the up-regulation of hypertrophy-related genes 
ANP, BNP, and β-MHC (Fig.  4I-L). Collectively, these 
data indicate that TRIM35 activates cardiac fibroblasts 
and facilitates the transmission of pro-hypertrophic sig-
nals derived from cardiac fibroblasts to cardiomyocytes.

SLC7A5 is a target of TRIM35 and a key factor in 
suppressing cardiac fibrosis
To explore the molecular mechanism by which TRIM35 
regulates fibroblast activation, we utilized RNA-Seq and 
IP-MS to screen for potential targets. RNA-Seq data 
revealed that SLC7A5 is among the top 50 differen-
tially expressed genes (DEGs) in wild-type mice under-
going TAC-induced cardiac remodeling, compared to 
Sham-operated mice. Notably, SLC7A5 is the only mol-
ecule among the top 50 DEGs that was also detected in 
the immunoprecipitate of TRIM35 in cultured NRCFs 
transfected with Adv-Trim35 (Fig. 5A-C, Fig. S3). These 
findings suggest that SLC7A5 not only interacts with 
TRIM35 in NRCFs but may also play a critical role in the 
response to pressure overload. The up-regulated protein 
expression of SLC7A5 in TAC-induced fibrotic mouse 
hearts was confirmed by Western blot analysis (Fig. 5D). 
Additionally, the RNA-Seq dataset GSE1133054 revealed 

a significant up-regulation of Slc7a5 mRNA levels in the 
hearts of patients with HCM exhibiting adverse ventricu-
lar remodeling (Fig. 5E). To further demonstrate in vivo 
that SLC7A5 serves as a key regulator of cardiac fibro-
sis, we established myofibroblast-specific Slc7a5 knock-
down mice by administering rAAV9-Postn-ShSlc7a5 
via tail vein injection one week after TAC surgery, and 
the mice were sacrificed four weeks after TAC surgery. 
Western blot results indicated that administration of 
rAAV9-Postn-ShSlc7a5 reduced SLC7A5 protein level by 
approximately 76% in TAC-induced mice hearts (Fig. 5F). 
Masson’s trichrome staining showed that both myo-
cardial interstitial and perivascular collagen deposition 
caused by TAC surgery were obviously ameliorated in 
the Slc7a5- knockdown mouse hearts (Fig. 5G, H). Echo-
cardiographic analysis revealed that down-regulation of 
SLC7A5 in myofibroblasts mitigated the cardiac func-
tion deterioration induced by TAC surgery, as indicated 
by increased EF% and FS% (Fig. 5I). These results suggest 
that SLC7A5 is not only a potential target of TRIM35 but 
also a key factor in inhibiting the progression of cardiac 
fibrosis.

TRIM35 up‑regulates SLC7A5 protein level in cardiac 
fibroblasts involving K63‑linked ubiquitination
Furthermore, we investigated the molecular mechanisms 
by which TRIM35 regulates SLC7A5 expression level. 
Interestingly, The RNA-Seq dataset GSE133054 revealed 
that there was no correlation between Trim35 and Slc7a5 
gene expression in human hearts with HCM (Fig.  6A). 
The mRNA level of Slc7a5 was elevated in TAC-induced 
Trim35cKO mouse hearts but remained unaffected by 
the conditional deletion of the Trim35 gene (Fig.  6B). 
Consistently, the mRNA level of Slc7a5 was also unaf-
fected by TRIM35 overexpression in cultured NRCFs 
(Fig. 6C). These results indicated that TRIM35 does not 
regulate the transcriptional level of SLC7A5. However, 
the TRIM35 protein level showed a significant positive 
correlation with the SLC7A5 protein level in remodel-
ing mouse hearts (Fig.  6D). Additionally, we found that 
TRIM35 specific deficiency in fibroblasts significantly 
reduced the TAC-induced up-regulation of SLC7A5 
protein, and overexpression of TRIM35 significantly 
increased the protein level of SLC7A5 in cultured NRCFs 
(Fig. 6E, F). These data suggest that TRIM35 may influ-
ence the post-translational level of SLC7A5. To examine 
the direct interaction between TRIM35 and SLC7A5, 
protein structure docking was performed and predicted 
a direct binding between them (Fig.  6G). Consistently, 
Co-IP was performed to demonstrate the interaction 
between TRIM35 and SLC7A5 in NRCFs (Fig.  6H). 
Given that TRIM35 is an E3 ubiquitin ligase capable 
of ubiquitinating substrate proteins, thereby affecting 
their protein stability, we then examined the effect of 
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Fig. 4 Overexpression of TRIM35 activates cardiac fibroblasts and induces cardiomyocyte hypertrophy in vitro. Neonatal rat cardiac fibroblasts (NRCFs) 
were isolated from 1 to 3-day-old neonatal Sprague-Dawley rats, and transfected with Adv-Trim35 or Adv-Flag for 48 h before being treated with TGF-β1 
(10 ng/mL) for 24 h. A The wound healing assay was performed to detect the migration distance of NRCFs, and the statistical result of relative migration 
distance was shown. n = 4. B Representative images showing EdU (red) localization of each group indicated the proliferative ability of NRCFs, and nuclei 
were stained with DAPI (blue). The statistical result of relative proliferation was shown. n = 4. C NRCFs were stained with anti-α-SMA ((red) antibody, and 
nuclei were stained with DAPI (blue). The statistical result of relative α-SMA intensity was shown. n = 4. D Representative Western blots and statistical result 
of α-SMA in NRCFs. n = 3. E‑H The relative mRNA levels of Col1a1, Col3a1, Postn, and Fn. n = 3. I The conditioned media collected from the TRIM35-overex-
pressed NRCFs (CF-Adv-Trim35-Cond) or the virus control group (CF-Adv-Flag-Cond) to stimulate neonatal cardiac myocytes (NRCMs) treated with Ang II 
(1 µM) or saline. Cardiomyocyte surface areas were analyzed by immunofluorescence staining with anti-α-actinin antibody (red) and DAPI (blue), and the 
statistical result of relative surface area was shown. n = 4. J‑L The mRNA expression of ANP, BNP, and β-MHC were analyzed by qRT-PCR. All normalized to 
HPRT. n = 4. Data are presented as mean ± SD. The data were analyzed using two-way ANOVA corrected by the post hoc Turkey’s test
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Fig. 5 SLC7A5 is identified as a target of TRIM35 and suppression of its expression in myofibroblasts alleviates cardiac fibrosis. A Treatment regimen. 
B 8-week-old wild-type male mice were subjected to Sham or TAC surgery, and heart tissues were harvested 4 weeks post-surgery. RNA-Seq analysis 
revealed alterations in the top 50 differentially expressed genes (DEGs) in TAC-induced mouse hearts. n = 4. C NRCFs were transfected with Adv-Flag or 
Adv-TRIM35 for 48 h, after which the cells were harvested for immunoprecipitation using an anti-TRIM35 antibody. LC-MS analysis was conducted to 
identify target proteins that may interact with TRIM35. D Representative Western blots and statistical result of SLC7A5 in Sham or TAC-induced mouse 
hearts. n = 3, and 5, respectively. E The Slc7a5 mRNA level in the human hearts with HCM, and the data was obtained from RNA-Seq dataset GSE1133054. 
F Myofibroblast-specific Slc7a5 knockdown mice were established by administering rAAV9-Postn-ShSlc7a5 via tail vein injection one week after TAC 
surgery, and the mice were sacrificed four weeks after TAC surgery. Representative Western blots and statistical result of SLC7A5 in mouse hearts. n = 4. 
G, H Masson’s trichrome staining was performed to detect myocardial interstitial and perivascular collagen deposition, and the corresponding statistical 
result of fibrosis was shown. n = 5. I Quantification of echocardiographic parameters of EF% and FS%. n = 5. Data are presented as mean ± SD. The data 
were analyzed using an unpaired t-test
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Fig. 6 TRIM35 augments SLC7A5 protein level in cardiac fibroblasts involving K63-linked ubiquitination. A Pearson correlation coefficients between 
Slc7a5 mRNA level and Trim35 mRNA level in human hearts with HCM were calculated, and the data was obtained from RNA-Seq dataset GSE1133054. 
B The mRNA level of Slc7a5 was analyzed by qRT-PCR in mouse hearts. Normalized to HPRT. n = 3. C The mRNA expression of Slc7a5 was analyzed by 
qRT-PCR in NRCFs transfected with Adv-Flag or Adv-Trim35 for 48 h. All normalized to HPRT. n = 7. D Pearson correlation coefficients between SLC7A5 
protein level and TRIM35 protein level in remodeling mice hearts. E Representative Western blots and statistical result of SLC7A5 in mouse hearts. n = 4. F 
Representative Western blots and statistical result of SLC7A5 in NRCFs transfected with Adv-Flag or Adv-Trim35 for 48 h. n = 6. G The structure of TRIM35 
and SLC7A5 protein were built using AlphaFold2, and the interaction between them was predicted by ZDOCK. Docking Score = -377.2. H Interaction of 
TRIM35 with SLC7A5 in NRCFs transfected with Adv-Flag or Adv-Trim35 for 48 h was determined by co-immunoprecipitation with anti-TRIM35 antibody 
followed by immunoblot with anti-SLC7A5 antibody. IgG as a negative control. n = 3. I NRCFs were transfected with Adv-Flag or Adv-Trim35 for 48 h. Im-
munoprecipitation with the antibody against SLC7A5, and followed by immunoblot with anti-Ub antibody. IgG as a negative control. n = 3. J HEK293T 
cells transduced with His-Ub, HA-Slc7a5, and Flag-Trim35 vectors were immunoprecipitated with the antibody against SLC7A5, and followed by immu-
noblot with anti-Ub-K63 antibody. IgG as a negative control. n = 3. Data are presented as mean ± SD. The data shown in B, E were analyzed using two-way 
ANOVA corrected by the post hoc Turkey’s test, and shown in C, F were analyzed using an unpaired t-test
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TRIM35 on the ubiquitination modification of SLC7A5 
[19]. As expected, Fig. 6I showed that overexpression of 
TRIM35 significantly increased the ubiquitination level 
of SLC7A5 in NRCFs (Fig. 6I). It has been reported that 
TRIM35 catalyzes K63-linked ubiquitination of targets, 
and K63-mediated ubiquitination enhances the stability 
and activity of substrates [14]. HEK293T cells transduced 
with His-Ub, HA-Slc7a5, and Flag-Trim35 vectors were 
immunoprecipitated with the antibody against SLC7A5, 
and followed by immunoblot with anti-Ub-K63 anti-
body. Co-transduction with His-Ub, HA-Slc7a5, and 
Flag-Trim35 plasmids increased K63-linked polyubiq-
uitination (Fig. 6J). These findings suggest that TRIM35 
up-regulates SLC7A5 protein level in cardiac fibroblasts 
at least partially through K63-linked ubiquitination.

TRIM35 promotes amino acid transport and activates the 
mTORC1 signaling in fibroblasts
SLC7A5 is a critical amino acid transporter, playing a 
key role in transporting amino acids, from the extracel-
lular environment into the cell across the cell membrane, 
which activates mTORC1 signaling [28]. Next, we fur-
ther examined whether targeting SLC7A5 with TRIM35 
affects the amino acid content in fibroblasts. Figure  7A 
demonstrated that overexpression of TRIM35 in NRCFs 
increased the amino acid content of 13 out of 20 amino 
acids (p < 0.05), with 2 showing a p-value of less than 0.01 
(Fig.  7A). Additionally, overexpression of TRIM35 acti-
vated the mTORC1 signaling pathway in a physiological 
state, as evidenced by increased p-S6K and p-4E-BP1 lev-
els. Furthermore, we also observed that overexpression of 
TRIM35 further up-regulated the phosphorylation level 
of S6K and 4E-BP1 in NRCFs following TGF-β1 admin-
istration (Fig. 7B). To determine whether fibroblast-spe-
cific deletion of TRIM35 inhibits the activation of the 
mTORC1 signaling pathway in vivo, we assessed the pro-
tein levels of p-S6K and p-4E-BP1 in mouse heart tissues. 
Western blot analysis revealed that the TAC-induced an 
increase in p-S6K and p-4E-BP1 levels was significantly 
inhibited in the heart tissues of Trim35cKO mice (Fig. 7C). 
Accordingly, we claimed that TRIM35 enhances amino 
acid transport in fibroblasts and activates the mTORC1 
signaling pathway, contributing to the increased protein 
synthesis associated with fibroblast activation.

mTORC1 signaling is crucial for the regulatory role of 
TRIM35 in TGF‑β1‑induced fibroblast activation
Next, we aimed to determine whether TRIM35-induced 
fibroblast activation was mediated by the activation of 
the mTORC1 signaling pathway, using Rapamycin, an 
mTORC1 inhibitor. NRCFs were transfected with Adv-
Flag or Adv-Trim35 for 24  h, followed by treatment 
with Rapamycin (0.1 µM) for 24 h, and then exposed to 
TGF-β1 for an additional 24  h. Western blots indicated 

that Rapamycin applied at 0.1 µM significantly inhibited 
mTORC1 signaling as evidenced by lower protein level of 
p-S6K and p-4E-BP1 (Fig. 8A). The wound healing assay 
showed that overexpression of TRIM35 did not effectively 
enhance the migration of fibroblasts induced by TGF-β1 
when Rapamycin was administered (Fig. 8B). EdU stain-
ing demonstrated that while TRIM35 increased fibroblast 
proliferation following TGF-β1 administration, there was 
a significant reduction in EdU-positive cells co-stained 
with DAPI in Rapamycin-treated NRCFs (Fig. 8C). Addi-
tionally, α-SMA fluorescence staining indicated that 
mTORC1 inhibition suppressed the transdifferentia-
tion of fibroblasts induced by TRIM35 overexpression in 
TGF-β1-treated NRCFs (Fig. 8D). Consistently, mTORC1 
inhibition also diminished the TRIM35 overexpression-
induced increase in the mRNA levels of Col1a1, Col3a1, 
and Postn in TGF-β1-treated fibroblasts (Fig.  8E-G). 
These findings suggest that mTORC1 signaling is crucial 
for the regulatory role of TRIM35 in TGF-β1-induced 
fibroblast activation.

TRIM35 triggers cardiac fibrosis via SLC7A5
To investigate whether TRIM35 regulates ventricular 
remodeling through SLC7A5, we transfected mouse 
hearts with an adenovirus expressing SLC7A5 via intra-
cardiac injection [31]. One week after intracardiac 
injection of Adv-Slc7a5 in wild-type mouse hearts, a sig-
nificant increase in SLC7A5 protein level was observed 
in the left ventricular myocardium (Fig. S4A, B). Immu-
nofluorescence staining of heart tissue sections with 
anti-TRIM35 and anti-Vimentin or anti-cTnT antibodies 
revealed stronger positive SLC7A5 staining in fibroblasts 
and cardiomyocytes within heart tissues overexpress-
ing SLC7A5 (Fig. S4C). In contrast, no significant differ-
ences were observed in the liver, spleen, lung, or kidney 
(Fig. S4D), which indicates that transfection of mouse 
hearts with an adenovirus expressing SLC7A5 via intra-
cardiac injection is heart-specific. Next, the TRIM35f/f 
and TRIM35cKO mice transfected with Adv-Flag or Adv-
Slc7a5 for one week underwent Sham or TAC surgery for 
4 weeks (Fig. 9A, S4E). Figure S4F showed that transfec-
tion with Adv-Slc7a5 for one week did not affect the car-
diac function of TRIM35f/f and TRIM35cKO mice without 
surgery, as indicated by similar EF% and FS% values 
(Fig. S4F). Furthermore, overexpression of SLC7A5 in the 
myocardium did not affect cardiac function, hypertro-
phy, or fibrosis in mice that underwent sham surgery for 
4 weeks (Fig.  S4G, H). In TAC-induced mice, Masson’s 
trichrome and Col3 staining revealed that overexpression 
of SLC7A5 significantly reversed the reduction in fibro-
sis area caused by conditional knockout of the Trim35 
gene (Fig.  9B-C). Consistently, while Trim35 condi-
tional knockout suppressed the mRNA levels of fibrosis-
related genes Col1a1, Col3a1, and Tgfb1, overexpression 
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of SLC7A5 significantly increased the mRNA levels of 
these genes (Fig.  9D-F). Immunofluorescence staining 
with anti-α-SMA antibody in TAC-induced TRIM35cKO 
mouse hearts revealed reduced fibroblast differen-
tiation, whereas overexpression of SLC7A5 enhanced 
fibroblast differentiation (Fig.  9G). Echocardiographic 
analysis showed that fibroblast-specific deletion of 

TRIM35 increased EF% and FS% in mice subjected to 
TAC surgery, but it did not confer additional protection 
when SLC7A5 was overexpressed (Fig. 9H, I).

To further investigate whether the regulatory mecha-
nism of TRIM35 on pressure overload-induced myo-
cardial fibrosis depends on SLC7A5, we assessed the 
ubiquitination modification of SLC7A5 and the activation 

Fig. 7 TRIM35 promotes amino acid transport and activates the mTORC1 signaling. A NRCFs were transfected with Adv-Trim35 or Adv-Flag for 48 h. 
HPLC-MS/MS analysis was performed to detect the content of amino acid in NRCFs. n = 4. B NRCFs were transfected with Adv-Trim35 or Adv-Flag for 48 h 
before the cells were treated with TGF-β1 (10 ng/mL) for 24 h. Representative Western blots and statistical results of p-S6K and p-4E-BP1 in NRCFs. n = 3. C 
Representative Western blots and statistical results of p-S6K and p-4E-BP1 in mouse hearts. n = 4. Data are presented as mean ± SD. The data shown in A 
were analyzed using an unpaired t-test, and shown in B, C were analyzed using two-way ANOVA corrected by the post hoc Turkey’s test
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of the mTORC1 signaling pathway in vivo. Figure S5 
showed that fibroblast-specific deletion of TRIM35 in 
TAC-induced mouse hearts led to decreased ubiquitina-
tion and protein level of SLC7A5 in isolated fibroblasts. 
However, these effects were reversed upon overexpres-
sion of SLC7A5 in fibroblasts isolated from Trim35cKO 
mice (Figure S5). What is noteworthy is that while 
TRIM35 can catalyze the ubiquitination of SLC7A5, it 
may not be the sole E3 ligase responsible for this pro-
cess in vivo, and other molecules may compensatively 

influence the ubiquitination modification of SLC7A5 
and its protein stability when TRIM35 is deficient, as 
evidenced by obvious ubiquitination modification of 
SLC7A5 was detected in the fibroblasts isolated from 
SLC7A5-overexpressed-Trim35cKO mouse hearts. West-
ern blot analysis revealed that the TAC-induced increase 
in p-S6K and p-4E-BP1 levels was significantly inhibited 
in the heart tissues of Trim35cKO mice, but reversed after 
overexpressing SLC7A5 (Fig.  9J-L). These findings sug-
gest that TRIM35 induces cardiac remodeling at least 

Fig. 8 Inhibition of mTORC1 reverses the TRIM35 overexpression-mediated activation of NRCFs treated by TGF-β1. NRCFs were transfected with Adv-Flag 
or Adv-Trim35 for 24 h, followed by treatment with Rapamycin (0.1 µM) for 24 h, and then exposed to TGF-β1 (10 ng/mL) for an additional 24 h. A Repre-
sentative Western blots and statistical results of p-S6K and p-4E-BP1 in NRCFs. n = 4. B The wound healing assay was performed to detect the migration 
distance of NRCFs, and the statistical result of relative migration distance was shown. n = 4. C Representative images showing EdU (red) localization of 
each group indicated the proliferative ability of NRCFs, and nuclei were stained with DAPI (blue). The statistical result of relative proliferation was shown. 
n = 4. D NRCFs were stained with anti-α-SMA ((red) antibody, and nuclei were stained with DAPI (blue). The statistical result of relative α-SMA intensity was 
shown. n = 4. E‑G The relative mRNA levels of Col1a1, Col3a1, and Postn. n = 4. Data are presented as mean ± SD. The data were analyzed using one-way 
ANOVA corrected by the post hoc Turkey’s test
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Fig. 9 The regulatory role of TRIM35 in cardiac fibrosis depends on SLC7A5. 8-week-old Trim35f/f or Trim35cKO mouse hearts were transfected with Adv-
Slc7a5 or Adv-Flag via intracardiac injection for one week before being subjected to TAC surgery for 4 weeks. A Treatment regimen. B Masson’s trichrome 
staining was performed to detect myocardial interstitial and perivascular collagen deposition, and the statistical result of fibrosis was shown. n = 6. C Colla-
gen deposition was analyzed by immunofluorescence staining with anti-Col3 antibody (red), and the statistical result of relative Col3 intensity was shown. 
n = 6. D‑F The mRNA levels of Col 1a1, Col 3a1, and Tgfb1. All normalized to HPRT. n = 6. G Fibroblast differentiation was analyzed by immunofluorescence 
staining with anti-α-SMA antibody (red), and the statistical result of relative α-SMA intensity was shown. n = 6. H, I Quantification of echocardiographic 
parameters of EF% and FS%. N = 6. J‑L Representative Western blots and statistical results of p-S6K and p-4E-BP1 in mouse hearts. n = 3. Data are presented 
as mean ± SD. The data were analyzed using one-way ANOVA corrected by the post hoc Turkey’s test
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partially by up-regulating SLC7A5 via ubiquitination 
modification in fibroblasts.

TRIM35 triggers cardiac hypertrophy via SLC7A5
Next, we sought to verify whether TRIM35 regulates 
cardiac hypertrophy through SLC7A5. TAC-mice with 
a fibroblast-specific deficiency of TRIM35 exhibited 
a smaller heart size and a lower HW/BW ratio. How-
ever, when SLC7A5 was overexpressed, these mice 
showed an increased heart size and a higher HW/BW 
ratio (Figs.  10A and 11, B). Echocardiographic analy-
sis revealed a dramatic decrease in IVS and LVPW in 
TAC-Trim35cKO mouse hearts, but these parameters 
were significantly increased when SLC7A5 was overex-
pressed (Fig.  10C-F). H&E staining showed a reduction 

in the cross-sectional area of cardiac myocytes in the 
TAC-induced TRIM35cKO mice, which was markedly 
reversed by overexpression of SLC7A5 (Fig.  10G). qRT-
PCR analysis revealed that TRIM35-specific deficiency 
in fibroblasts suppressed the mRNA expression of hyper-
trophy-related genes ANP, BNP, and β-MHC, while over-
expression of SLC7A5 significantly elevated the mRNA 
levels of these genes (Fig.  10H-J). These findings sug-
gested that TRIM35 triggers cardiac hypertrophy at least 
partially by up-regulating SLC7A5.

Discussion
Ventricular remodeling entails structural and functional 
alterations in the ventricular chambers of the heart [1]. 
Dysregulation of cardiac fibroblasts leads to adverse 

Fig. 10 The regulatory role of TRIM35 in cardiac hypertrophy depends on SLC7A5. 8-week-old Trim35f/f or Trim35cKO mouse hearts were transfected with 
Adv-Slc7a5 or Adv-Flag via intracardiac injection for one week before being subjected to TAC surgery for 4 weeks. A Representative gross appearance of 
whole hearts. B The ratio of HW/BW. n = 6. C‑F Quantification of echocardiographic parameters includes IVS; s, IVS; d, LVPW; s, and LVPW; d. n = 6. G H&E 
staining were performed to detect cardiomyocyte cross-sectional area, and the statistical result of cell size was shown. n = 6. H‑J The mRNA expression 
of ANP, BNP, and β-MHC were analyzed by qRT-PCR. n = 6. Data are presented as mean ± SD. The data were analyzed using one-way ANOVA corrected by 
the post hoc Turkey’s test
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ventricular remodeling, characterized by excessive col-
lagen deposition, fibrosis, and alterations in cardiac 
function [4]. Understanding the molecular mechanisms 
underlying cardiac fibroblast function and ventricular 
remodeling is crucial for developing novel therapeu-
tic strategies for preventing heart failure. This study 
provides evidence that TRIM35, which is abnormally 
expressed in fibroblasts in both murine and human 
fibrotic hearts, plays a pivotal role as a pro-fibrotic factor, 
amplifying cardiomyocyte hypertrophic growth through 
paracrine signaling. Through a comprehensive mecha-
nistic exploration, we have unveiled a novel pathway in 
which TRIM35 targets and up-regulates the amino acid 
transporter SLC7A5, facilitating amino acid transport 
and subsequent activation of mTORC1 signaling. By 
shedding light on the intricate interplay between fibro-
blast-TRIM35 and adverse ventricular remodeling, this 
research not only deepens our understanding of cardiac 
pathophysiology but also uncovers a previously unknown 
molecular regulatory mechanism governing amino acid 
transport in cardiac fibroblasts.

Although current researches have revealed the involve-
ment of TRIM35 in tumor growth, viral infections [20], 
inflammatory responses [14], embryonic development 
[16], and kidney injury [19], the breadth and depth of 
research on TRIM35 are far less extensive compared 
to other proteins in the TRIM family, such as TRIM21, 
TRIM72, and TRIM25 [5]. Recently, seminal studies have 
reported that TRIM35 inhibits LSD1 demethylase activ-
ity through K63-linked ubiquitination and enhances 
anti-tumor immunity [14]. TRIM35 mediates protection 
against influenza infection by degrading viral PB2 [20]. 
TRIM35-mediated TIGAR ubiquitination degradation 
suppresses mitochondrial fusion and aggravates renal 
ischemia-reperfusion injury [19]. These pieces of evi-
dence suggest that TRIM35-mediated processes involv-
ing critical protein turnover and stability may play a key 
role in the development of multiple diseases. It is note-
worthy that a recent study suggests that TRIM35-medi-
ated degradation of nuclear PKM2 destabilizes GATA4/6 
and induces P53 in cardiomyocytes, thereby promot-
ing heart failure [17]. Their study highlights the signifi-
cant role of TRIM35 in cardiomyocyte function and the 

Fig. 11 Schematic depiction of the regulatory mechanism in which TRIM35 interacts with and catalyzes K63-linked ubiquitination of SLC7A5 to up-regu-
late its protein level in cardiac fibroblasts, thereby enhancing amino acid transport and mTORC1 activation during cardiac remodeling. TRIM35 promotes 
cardiomyocyte hypertrophic growth through paracrine signaling
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progression of heart failure [17]. Ventricular adverse 
remodeling is also a crucial factor during the develop-
ment of heart failure. Our study reveals that TRIM35 is 
up-regulated in fibroblasts in murine and human hearts 
and is associated with the progression of cardiac fibro-
sis. The previous study lacked mechanistic insight into 
the signaling pathways resulting in TRIM35 induction, 
and we found that the expression of TRIM35 responds to 
TGF-β1 stimulation in NRCFs, indicating that inhibiting 
the TGF-β1 dependent signal may be an effective strat-
egy to suppress TRIM35 expression. It also has not been 
studied whether TRIM35 inhibition can protect against 
the progression of heart failure. Here, we reported that 
conditional knockout of TRIM35 in fibroblasts inhibits 
the progression of myocardial fibrosis and suppresses 
cardiomyocyte hypertrophic growth through paracrine 
signaling. Our findings firstly underscore the significant 
role of TRIM35 in myocardial fibrosis. Additionally, we 
reveal that TRIM35 deficiency in fibroblasts may repre-
sent a key strategy for preventing the onset and progres-
sion of heart failure.

Transporters are membrane proteins that facilitate the 
selective transfer of organic and inorganic solutes across 
the plasma membrane and membranes of intracellular 
organelles [34]. They play a crucial role in cellular uptake 
and epithelial absorption of essential nutrients, includ-
ing sugars, amino acids, lipids, vitamins, and minerals 
[35]. The TRIM family plays a crucial role in regulating 
membrane repair through various mechanisms such as 
ubiquitination, protein-protein interactions, and modu-
lation of signaling pathways [5]. They also exert influ-
ence on membrane proteins in cells [21]. For example, 
TRIM21 inhibits the replication of various IAV subtypes 
by targeting matrix protein 1 (M1), the most abundant 
structural protein located inside the envelope membrane 
in virions [36]. Here, we reported the molecular mecha-
nism by which TRIM35 regulates the membrane channel 
protein SLC7A5. Solute carrier (SLC) family transport-
ers facilitate the transportation of a wide range of mol-
ecules, encompassing neurotransmitters, fatty acids, 
amino acids, and inorganic ions [37]. SLC7A5 belongs 
to the SLC family of transporters and is responsible for 
transporting essential amino acids [28]. It was reported 
that deletion of Slc7a5 gene in neurons affects the post-
natal metabolic state, resulting in a shift in lipid metab-
olism [23]. Mutation of SLC7A5 supports an essential 
role for branched-chain amino acids (BCAAs) in human 
brain function [38]. This study found that TAC surgery 
significantly up-regulates SLC7A5, which is among the 
top 50 up-regulated genes in fibrotic cardiac tissues. 
Knockdown of Slc7a5 in myofibroblasts significantly 
inhibits pressure overload-induced cardiac fibrosis, sug-
gesting that SLC7A5 play a crucial role in the underlying 
mechanisms of cardiac fibrosis. Additionally, the present 

study found no correlation between the gene levels of 
Trim35 and Slc7a5 in patient hearts with HCM. In this 
study, we demonstrated that TRIM35 can up-regulate 
the protein level of SLC7A5 involving K63-linked ubiq-
uitination. However, we observed that TRIM35cKO-
Sham-mice did not show a down-regulation of SLC7A5, 
p-S6K, and p-4E-BP1 protein levels (Figs.  6E and 7C), 
indicating that this regulatory mechanism may be stress-
dependent under pressure overload. Here, we discovered 
that TRIM35 affects the abundance of SLC7A5 in car-
diac fibroblasts through a post-translational modification 
pathway.

Recent advances, particularly in the field of cardiac 
fibrosis, have highlighted the role that metabolic repro-
gramming plays in the pathogenic phenotype of myofi-
broblasts [39]. Amino acids, such as leucine, glutamine, 
and arginine, serve as indispensable components for 
supporting collagen matrix production and promote cell 
growth by activating mTORC1 in cardiac fibroblasts [24, 
28]. Activation of mTORC1 has been associated with pro-
moting fibroblast proliferation, migration, and extracellu-
lar matrix synthesis, thereby contributing to tissue repair 
and fibrotic processes [40]. It has been reported leucine 
and arginine, can stimulate mTORC1 activity indepen-
dently of growth factors [41]. Amino acid availability 
leads to the recruitment of mTORC1 to the lysosomal 
membrane through the Rag GTPases [42]. Subsequently, 
mTORC1 phosphorylates downstream targets such as 
S6K1 and 4E-BP1, thereby promoting protein synthesis 
and cell growth [42]. Our in vitro experiments confirmed 
that TRIM35 mediates the up-regulation of SLC7A5 pro-
tein level, acting as a crucial upstream signal for amino 
acid transport. This, in turn, up-regulates the phosphory-
lation levels of S6K and 4E-BP1 in cardiac fibroblasts. For 
the first time, we have demonstrated that TRIM35 can 
regulate cellular amino acid transport through SLC7A5, 
suggesting that E3 activity-mediated ubiquitination 
modification is a pivotal mechanism in the regulation of 
amino acid transport.

The study also has limitations. Although our data show 
that sporadic expression of TRIM35 was observed in 
fibroblasts from non-remodeling human heart samples, 
these samples, obtained from patients with double-pore 
type atrial septal defects, are not ideal control specimens 
for comparison with the remodeling left ventricle. There-
fore, the finding of abnormal up-regulation of TRIM35 in 
fibrotic human cardiac fibroblasts necessitates obtaining 
more comparable samples for further confirmation. This 
study has shown that fibroblast-specific knockout of the 
TRIM35 gene alleviates pressure overload-induced car-
diac fibrosis, but it remains to be investigated whether 
targeting fibroblasts to overexpress TRIM35 will fur-
ther exacerbate fibrosis or accelerate the progression of 
heart failure through mTORC1 signaling pathway. We 
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employed a cardiac adenoviral gene transfer approach 
to establish an animal model with SLC7A5 overexpres-
sion in the heart for investigating whether the regulatory 
function of TRIM35 on pressure overload-induced car-
diac fibrosis depends on SLC7A5. Adv-Slc7a5 under the 
control of mouse cytomegalovirus (CMV) promoter is 
not specific to fibroblast. Therefore, developing a fibro-
blast-specific SLC7A5 expression mouse model is essen-
tial for advancing studies on cardiac fibrosis.

Conclusions
In summary, our findings demonstrate a novel role of 
fibroblast-TRIM35 in cardiac remodeling and uncover 
the mechanism underlying SLC7A5-mediated amino 
acid transport and mTORC1 activation. These results 
provide a potential therapeutic strategy for treating car-
diac remodeling.
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