FRIGID ZONE MEDICINE

Original Article « DOI: 10.1515/fzm-2025-0018

Targeting the E3 ligase RLIM to regulate VSMC
phenotypic switching in vascular aging: implications

for cold stress
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Abstract

Objective: Cold exposure may impair vascular function and promote
cardiovascular diseases (CVDs) by causing vasoconstriction,
hemodynamic changes, and sympathetic activation. Vascular aging,
a key factor in CVDs, is linked to phenotypic switching of vascular
smooth muscle cells (VSMCs), but its regulatory mechanisms
are not fully understood. Materials and methods: We used aged
C57BL/6 mice and D-galactose-induced senescent VSMCs to
investigate the role of the E3 ligase RLIM in arterial aging. RLIM
knockdown and overexpression in vivo were achieved using adeno-
associated virus (AAV) vectors. Vascular aging and stiffness were
assessed using B-galactosidase staining, pulse wave velocity (PWV)
measurements, and histological staining. Proteomic profiling was
conducted to identify key protein alterations associated with vascular
dysfunction and to elucidate underlying mechanisms. Results: RLIM
expression was significantly upregulated in the aortae of aged mice
and D-galactose-induced senescent VSMCs. AAV-mediated RLIM
knockdown significantly attenuated vascular aging, as evidenced by
vascular ultrasound and histological assessments. Conversely, RLIM
overexpression exacerbated vascular damage. Proteomic analysis
revealed that RLIM knockdown in VSMCs from aged mice resulted
in increased expression of smooth muscle contractile proteins and
decreased levels of inflammatory markers, indicating a phenotypic shift
toward a more contractile state. Conclusion: These findings identify
RLIM as a key regulator of arterial aging and a promising therapeutic
target for age-related cardiovascular diseases.
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1 Introduction

The impact of cold environments on human health is gaining
increasing attention, particularly among the elderly!™. Cold
exposure adversely affects the vascular system, leading
to vasoconstriction, increased blood pressure, and altered

hemodynamics®®*®!

. Prolonged exposure to low temperatures
has been shown to exacerbate vascular dysfunction, with older
adults especially susceptible to age-related vascular decline®.
Cold-induced vasoconstriction and increased cardiac workload
place additional stress on the vasculature, potentially accel-

erating the development of vascular diseases such as athero-
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sclerosis and hypertension”™.

As global life expectancy rises, the aging population
expands, posing challenges to healthcare systems!®"?. This
demographic shift, coupled with the heightened vulnerability of
older individuals to environmental and physiological stressors,
has led to a surge in age-related diseases, most notably cardio-
vascular diseases (CVDs), which remain the leading cause
of mortality in the elderly""®. Age-associated structural and
functional alterations in arteries include endothelial dysfunction,
VSMC phenotypic switching, and extracellular matrix (ECM)
remodeling"*"®. These alterations result in increased vascular
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stiffness, diminished elasticity, and compromised compliance,
thereby elevating the risk of chronic vascular conditions such
as atherosclerosis, aortic aneurysms, renal artery disease, and
peripheral artery disease!"?".

Aging promotes the phenotypic transition of vascular smooth
muscle cells (VSMCs) from a contractile state to a synthetic or
senescence-associated secretory phenotype (SASP)?'*?. This
transition involves the loss of contractile proteins, leading to
reduced contractile capacity and vascular compliance. Concur-
rently, pro-inflammatory cytokines and matrix metallopro-
teinases (MMPs) are upregulated, contributing to ECM remod-
eling characterized by elastic fiber degradation and excessive
collagen deposition®. These pathological changes contribute
to arterial stiffening and functional deterioration.

Recent studies have shown that VSMC senescence is
regulated by multiple molecular pathways, with disruption
of protein homeostasis plays a central role??*. Ring Finger
protein-LIM domain interacting (RLIM), an E3 ubiquitin ligase,
is involved in cell cycle regulation, telomere maintenance, and
modulation of the TGF-B signaling, all relevant to vascular
aging®. RLIM inhibits c-MYC activity and upregulates p15 and
p21 by interacting with MIZ1. It also promotes the ubiquitination
and degradation of MDM2, thereby activating p53 and inducing
cell cycle arrest® . Furthermore, RLIM facilitates the ubiquiti-
nation of the telomere-binding protein (TRF1), leading to
telomere shortening and suppression of cell proliferation®®. It
also activates TGF- signaling by targeting Smad7, a negative
regulator of the pathway, for degradation®®".

This study investigates RLIM expression and its role in vascular
aging by evaluating its effects on aging-related vascular
changes in young and aged mice. Proteomic analysis of aortic
tissue from aged mice with VSMC-specific RLIM knockdown
helps identify molecular mechanisms involved, aiming to
uncover potential therapeutic targets for age-related cardiovas-
cular diseases.

2 Materials and methods
2.1 Animals

All animal procedures were conducted by the Guide for the Care
and Use of Laboratory Animals and were approved by the Institu-
tional Review Board of Harbin Medical University (IRB3061724).
Female C57BL/6J mice were purchased from Nanjing Cavans
Biotechnology Company. To investigate RLIM expression during
arterial aging, 3-month-old (young) and 24-month-old (aged) mice
were used. For adeno-associated virus (AAV)-mediated gene
intervention experiments, 3-month-old (young) and 18-month-old
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(aged) mice were utilized. Mice were housed under specific patho-
gen-free (SPF) conditions with controlled temperature (21 + 2 °C),
humidity (55 £ 10%), and a 12-hour light/dark cycle. Animals were
provided with standard pellet feed and housed in groups of no
more than five mice per cage. To eliminate the confounding effects
of male aggression and associated mortality, only female mice
were used in this study. Group allocation was performed randomly
using a random number table. The technician responsible for daily
care and evaluation was blinded to the group assignments and
physical characteristics of the mice.

2.2 Cell culture

Mouse vascular smooth muscle cells (MOVAS) were obtained
from American Type Culture Collection (ATCC) and cultured in
DMEM (11965092, Gibco, California, USA) supplemented with
10% fetal bovine serum (C2910-0500, VivaCell, Shanghai, China),
0.2 mg/mL G418 (A1720, Sigma, Missouri, USA), and 1% penicil-
lin-streptomycin. Cells were maintained in a humidified incubator
at 37 °C with 5% CO,. The culture medium was refreshed every
2-3 days, and subculturing was performed once cell confluence
reached 80%-90%.

2.3 Statistical analysis

Data are presented as mean * standard deviation (SD). Normality
was assessed using the Shapiro-Wilk test. Group comparisons
were made using unpaired Student's t-test, with Bonferroni
correction applied for multiple comparisons. Statistical analyses
were performed using GraphPad Prism 9.5 and SPSS 26.0. A
P value < 0.05 was considered statistically significant. Detailed
methods are available in the Supplementary Methods.

3 Result
3.1 Elevated expression of RLIM in aging aorta

To explore the potential involvement of E3 ubiquitin ligases in
vascular aging, we analyzed data from the Tabula Muris Senis

single-cell transcriptomic atlas®™

, which includes comprehensive
gene expression profiles from multiple tissues of young and aged
mice. In VSMCs of the aorta, six E3 ligases showed differential
expression, with RLIM exhibiting the most significant age-related
upregulation (Fig. 1A). To validate these findings, we performed
quantitative real-time PCR (qRT-PCR) on aortic tissues from
young and aged mice. The results confirmed a marked increase
in Rlim mRNA expression in aged aortae, whereas Rnf130
expression was only slightly elevated (Fig. 1B). Consistently,
Western blot analysis revealed higher RLIM protein levels in the
aortic tissue of aged mice compared to young controls (Fig. 1C).
Immunohistochemistry confirmed increased RLIM expression in
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Fig. 1 Elevated expression of ring finger protein-LIM domain interacting (RLIM) in aortic tissues from aged mice

(A) Venn diagram showing six differentially expressed E3 ligases in aortic vascular smooth muscle cells (VSMCs) from young and aged mice based on Tabula Muris

Senis single-cell RNA-seq data. (B) qRT-PCR analysis of selected E3 ligases in aortae of young and aged mice. (C) Western blot analysis of RLIM protein levels in aortic

tissues. (D) Immunohistochemistry showing increased RLIM expression in the medial layer of aged aortic sections. Scale bars, 50 um. Statistical differences were ana-

lyzed using an unpaired Student's t-test. N = 6 per group. Data are expressed as mean + SD. P < 0.001.

aged aortae, particularly localized to the medial layer, which is
enriched in VSMCs (Fig. 1D). Collectively, these results suggest
that RLIM is upregulated in the aging aorta and may contribute to
the molecular processes underlying vascular aging.

3.2 Elevated RLIM expression in D-galactose-induced
senescent MOVAS

To determine whether RLIM expression is associated with cellular
senescence in vitro, we established a senescence model using
MOVAS cells treated with D-galactose. Cells were exposed to
various concentrations of D-galactose (0, 5, 25, and 50 mmol/L)
for different durations (12, 24, 36, and 48 hours). SA-B-galac-
tosidase (SA-B-gal) staining revealed a significant increase in
the proportion of senescent cells at 36- and 48-hours following
treatment with 25 mmol/L and 50 mmol/L D-galactose (Fig. 2A).
Cell proliferation was significantly reduced, as demonstrated by
cell counting kit-8 (CCK-8) and EdU incorporation assays (Fig. 2B
and 2C). Western blot analysis showed increased levels of senes-
cence markers p21 and p16, along with elevated RLIM protein
after 36 hours of treatment with 25 mmol/L D-galactose (Fig. 2D
and S1A), suggesting RLIM's involvement in VSMC senescence.
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3.3 RLIM knockdown in VSMCs alleviates vascular
aging

To investigate RLIM's role in vascular aging, we constructed a
VSMC-specific AAV9 vector (AAV9-SM22a-shRLIM) for in vivo
gene knockdown. Young (3-month-old) and aged (18-month-
old) mice received tail vein injections of AAV9-SM22a-shRLIM
or control vector (Fig. 3A). RLIM knockdown in the aortic
VSMCs of aged mice was confirmed by immunohistochem-
istry (Fig. S2A). No significant changes in blood pressure
or heart rate were observed between RLIM-knockdown and
control mice (Fig. S2B). The intensity of SA-B-gal staining in
the aortae of aged AAV9-SM22a-shRLIM-injected mice was
significantly lower than that in aged control mice (Fig. 3B).
Pulse wave velocity (PWV) in the aortic arch was significantly
reduced, with a trend in the carotid artery (Fig. 3C and S2C).
Histological analysis showed reduced medial thickening, fewer
elastic fiber breaks, and less collagen deposition (Fig. 3E).
Collectively, these findings demonstrate that VSMC-specific
RLIM knockdown attenuates age-related vascular remodeling
and stiffness, suggesting a protective role against vascular

aging.
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Fig. 2 Upregulation of ring finger protein-LIM domain interacting (RLIM) in D-galactose-induced senescence of mouse vascular smooth muscle cells (MOVAS) cells
(A) SA-B-gal staining of MOVAS cells treated with 0, 5, 25, or 50 mmol/L D-galactose for 12, 24, 36, or 48 hours. Quantification of SA-B-gal-positive cells is shown in

the line graph. Scale bars, 50 um. (B) Cell counting kit-8 (CCK-8) assay at different D-galactose concentrations and time points. (C) EdU incorporation assay assessing

cell proliferation in control and D-galactose-treated MOVAS cells. Scale bars, 50 um. (D) Western blot analysis of RLIM, p21, and p16 expression in MOVAS cells treat-

ed with D-galactose compared to control. Statistical comparisons were performed using unpaired Student's t-test. N = 3-5 per group. Data are expressed as mean +

SD.'P<0.05,"P<0.01, P <0.001.

3.4 RLIM overexpression in VSMCs aggravates
vascular aging

To investigate RLIM's role in aortic aging, we constructed an
AAV9-SM22a-RLIM vector to overexpress RLIM in VSMCs.
Young (3-month-old) and aged (18-month-old) mice received
three injections at two-month intervals (Fig. 4A). RLIM expression
in aortic VSMCs was significantly elevated in young mice after
injection (Fig. S3A), with no significant changes in blood pressure
or heart rate (Fig. S3B). SA-B-gal staining intensity was higher in
RLIM-overexpressing young mice than in controls (Fig. 4B). PWV
increased in both the aortic arch and left carotid artery (Fig. 4C).
RLIM overexpression also reduced running distance, work output
(Fig. 4D), and grip strength (Fig. S3C). Young AAV9-SM22a-RLIM-
treated mice exhibited increased medial thickness, more elastic
fiber breaks, and greater collagen deposition in the thoracic aorta
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compared to young controls (Fig. 4E). These findings suggest that
RLIM promotes vascular aging and remodeling.

3.5 RLIM knockdown regulates VSMC phenotypic
switching during arterial aging

Protein homeostasis is a hallmark of healthy aging, and its
disruption contributes to vascular dysfunction. E3 ubiquitin
ligases, through the ubiquitin-proteasome system, play a pivotal
role in regulating protein turnover. Dysregulation of E3 ligases
during aging may impair protein degradation, leading to cellular
dysfunction. Prior studies have linked E3 ligases to vascular
aging, for instance, HRD1 deficiency accelerates VSMC senes-
cence under cholesterol-induced stress, and impaired Mdm2
function enhances p53 stability, promoting senescence.



FRIGID ZONE MEDICINE

SA-B-gal staining
AAV9-SM22a-shRLIM R

3-month old

AAV iv. AAV iv. AAV iv. Biomedical
<‘ #1 #2 #3 examination

»

Month 0 Month 2 Month 4 Month 6

iveSA3-gal

18-month old

A0
Cc D
ns
* Hkk *
_— 30
— 600 B —
8 kk 5 kek —_ ek ek ek Hokk
g ° — £ - :
26 ** H M 8 4004 %o _.20 o 3
£ s s 2
>4 s 2® o z o ¥ g s
T o
£ c £ 24 29 2 500 210
o ] 2 2 3 € 5 o
£ 2 B 5
5] 51 2 o
< S
o 0 . . . . T T T T v T T T T
. : \ ! F S © & o & ©
< < 'Y L &0 RN AN xS X8 A O
& Aec‘.& q}>‘$ @)é A@«-}° A“éo {39@ ‘9'\§ g\e" 8@" & ‘g\e" SN
% % & % 5 % N
F L P $ & & i & S 8 &
= 2 <& & S - & & & o ¥ o o s & &
“=earotid-artery PO vg" FOSER IR A CA & A RO o
E Young-Vector Aged-Vector Young-shRLIM Aged-shRLIM

H&E

Intima-media thickness (umol/L)

EVG

Elastic lamina breaks (n)
N
I
o
o
=
o

4 kﬁSppmullL

Masson

50pmol/L.
P |
ol o o

Collagen deposition area (%)

Fig. 3 Effects of ring finger protein-LIM domain interacting (RLIM) knockdown on vascular aging in young and aged mice

(A) Experimental timeline for adenoassociated virus (AAV)9-SM22a-shRLIM injection in young (3-month) and aged (18-month) mice. (B) SA-B-gal staining of aortae
from young and aged mice treated with AAV9-SM22a-shRLIM or vector control. (C) Pulse wave velocity (PWV) measurements in the aortic arch and left common
carotid artery of young and aged mice following RLIM knockdown in vascular smooth muscle cells (VSMCs). (D) Treadmill performance in young and aged mice with
or without RLIM knockdown in VSMCs. (E) Histological images of aortic sections stained with hematoxylin and eosin (H&E), elastica-van-gieson (EVG), and Masson's
trichrome in RLIM knockdown and control mice. Scale bars, 50 um. Statistical analysis was performed using unpaired Student's t-test. N = 6 per group. Data are pre-
sented as mean + SD. P < 0.017, "P < 0.003, "'P < 0.0003 after Bonferroni correction.
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Fig. 4 Effects of ring finger protein-LIM domain interacting (RLIM) overexpression on vascular aging and function in young and aged mice

(A) Experimental timeline of adenoassociated virus (AAV)9-SM22a-RLIM injections in young (3-month) and aged (18-month) mice. (B) Representative SA-f-gal stain-
ing of aortic tissues from young and aged mice treated with AAV9-SM22a-RLIM or vector control. (C) Pulse wave velocity (PWV) measurements in the aortic arch
and left common carotid artery of young and aged mice with or without RLIM overexpression in vascular smooth muscle cells (VSMCs). (D) Treadmill performance in
young and aged mice following RLIM overexpression in VSMCs. (E) Histological staining hematoxylin and eosin (H&E), elastica-Van-Gieson (EVG), Masson's trichrome
of aortic sections in RLIM-overexpressing and control mice. Scale bars, 50 pum. Statistical analysis was performed using unpaired Student's t-test. N = 6 per group.
Data are expressed as mean + SD. P < 0.017, "P < 0.003, "'P < 0.0003 after Bonferroni correction for multiple comparisons.
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Fig. 5 Proteomic analysis of aortic tissue from aged mice with vascular smooth muscle cell (VSMC)-specific ring finger protein-LIM domain interacting (RLIM) knockdown
(A-B) Heatmap (A) and volcano plot (B) showing differentially expressed proteins (DEPs) in the aortae of aged mice treated with adenoassociated virus (AAV)9-
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involved in smooth muscle contraction, cell cycle regulation, autophagy, and inflammation. (E) Venn diagram illustrating the overlap between DEPs and predicted
RLIM ubiquitination substrates from the Ubibrowser 2.0 database. (F) Immunohistochemical staining of CSRP2 in aortic sections from young and aged mice with
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To explore RLIM's role in arterial aging, we performed proteomic
analysis of aortae from aged mice with VSMC-specific RLIM
knockdown versus controls. A total of 187 proteins were upreg-
ulated and 33 downregulated in AAV9-SM22a-shRLIM-treated
mice (Fig. 5A-B). KEGG pathway analysis revealed enrichment in
cytoskeletal regulation, smooth muscle function, and cell adhesion
(Fig. 5C). Heatmap analysis showed increased expression of
contractile proteins, cell cycle regulators, and autophagy markers,
while inflammatory proteins were reduced, indicating a shift
toward a contractile phenotype (Fig. 5D). Cross-referencing
differentially expressed proteins with predicted RLIM ubiquiti-
nation targets (Ubibrowser 2.0) identified eight candidates (Fig.
5E). Among them, CSRP2, a regulator of VSMC phenotype, was
significantly upregulated, as confirmed by immunohistochemistry
(Fig. 5F). These findings suggest that RLIM knockdown may
promote a contractile VSMC phenotype via CSRP2 upregulation,
potentially mitigating arterial aging.

4 Discussion

This study identified RLIM, an E3 ubiquitin ligase, as a key
regulator of VSMC phenotypic switching during arterial aging.
RLIM expression was significantly upregulated in the aortae
of aged mice. Knockdown of RLIM alleviated aging-induced
vascular structural and functional deterioration, whereas its
overexpression exacerbated vascular damage. Proteomic
profiling revealed that RLIM knockdown increased contractile
protein expression and reduced inflammation-related proteins,
consistent with a shift toward a more contractile VSMC
phenotype. These findings provide new insights into the role of
RLIM in vascular aging and suggest RLIM as a potential thera-
peutic target for age-related cardiovascular diseases.

VSMCs are essential for maintaining arterial tone and struc-
tural integrity™®. Under physiological conditions, they exhibit a
contractile phenotype characterized by high levels of contractile
proteins, low proliferation, and limited protein synthesis®". In
response to aging or pathological stimuli, VSMCs undergo
phenotypic switching to a synthetic and senescence-associated
secretory phenotype (SASP), marked by increased cell size,
reduced contractile protein expression, enhanced extracellular
matrix (ECM) production, and secretion of pro-inflammatory
cytokines and matrix metalloproteinases (MMPs)?"??. This
phenotypic transition contributes to arterial stiffening, loss of
vascular compliance, and increased risk of hypertension and
vascular injury®>*®,

Loss of protein homeostasis is a hallmark of aging and
contributes to vascular dysfunction®”. E3 ubiquitin ligases are
key regulators of protein turnover via the ubiquitin-proteasome
system®. For instance, loss of HRD1 accelerates VSMC senes-
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cence under cholesterol stress, while SM22a accumulation
blocks Mdm2-mediated p53 degradation, promoting Ang ll-in-

duced senescence®??,

Single-cell RNA sequencing of aortic VSMCs from young and
aged mice identified six differentially expressed E3 ligases,
among which RLIM was notably upregulated in aged vessels (Fig.
1A). This upregulation was validated by qRT-PCR, Western blot,
and immunohistochemistry. (Fig. 1B-D). In vitro, D-galactose-in-
duced senescence in MOVAS cells was confirmed by SA-B-gal
staining, and further validated by CCK-8 and EdU assays, as
well as increased p21 and p16 expression (Fig. 2A-D).

To investigate the role of RLIM in VSMC senescence, we used
AAV vectors to knock down or overexpress RLIM in young and
aged mice. We demonstrated that VSMC-specific knockdown
of RLIM significantly alleviated vascular aging, as evidenced by
reduced PWYV, improved exercise performance, and less elastic
fiber damage. In contrast, overexpression of RLIM had detri-
mental effects on vascular aging. These findings suggest that
RLIM plays a key regulatory role in the progression of vascular
senescence.

To further investigate the mechanisms of RLIM in vascular aging,
we performed proteomic analysis on the aortae of naturally
aged mice with VSMC-specific RLIM knockdown and controls.
Enrichment analysis highlighted pathways associated with
cytoskeletal remodeling, cell adhesion, and inflammation. RLIM
knockdown led to the upregulation of smooth muscle contraction
proteins and downregulation of inflammatory proteins, promoting
a more contractile VSMC phenotype.

Our findings not only shed light on the molecular mechanisms
of RLIM in vascular aging but also open up new therapeutic
avenues for treating age-related cardiovascular diseases. AAV
vectors for gene therapy offer excellent safety and low immuno-
genicity, enabling long-term stable gene expression without
triggering significant immune responses®. Therefore, targeting
RLIM could represent a promising therapeutic strategy to delay
or reverse vascular aging and improve cardiovascular health.
Future studies could explore genetic editing approaches or
small-molecule inhibitors to regulate RLIM expression or activity,
providing a foundation for developing novel treatments for
age-related vascular diseases.

5 Conclusion

In summary, we identified RLIM as a key regulator of VSMC
phenotypic switching and vascular aging. Targeted inhibition
of RLIM in VSMCs alleviates structural and functional deteri-
oration of the aorta, highlighting its therapeutic potential in
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combating age-related vascular diseases. These findings
advance our understanding of vascular aging and lay the
groundwork for future therapeutic developments aimed at
improving cardiovascular health in the elderly.
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