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Abdominal aortic aneurysm (AAA) is a life-threatening aortic disease without effective pharmacological
therapies. Mounting evidences suggested that RNA-binding proteins (RBPs) exert pivotal roles in various
diseases including AAA. The public human AAA microarray dataset and the RBP database were used to
screen the involved RBPs during AAA formation. The integrated analysis identified zinc finger protein
36 (ZFP36) as a potential mediator of AAA. Underexpression of ZFP36 was observed in aortic vascular
smooth muscle cells (VSMCs) within aneurysms from patients and angiotensin Il (Angll)-induced mice.
Zfp36 deficiency in VSMCs augmented extracellular matrix (ECM) degeneration, VSMC phenotypic switch,
and apoptosis, which promoted AAA formation in the Angll-infused model. In contrast, VSMC-specific
overexpressing Zfp36 inhibited AAA formation. Mechanically, guanylate binding protein 2 (GBP2),a GTPase
related to interferon-y signaling, was identified as a direct target gene of ZFP36 by analyzing the bulk
sequencing data. We confirmed that ZFP36 regulates VSMC phenotypic switch via manipulating Yes-
associated proteinl/TEA domain transcription factor 1 (YAP1/TEAD1) signaling in a GBP2-dependent
manner. Additionally, we further verified that dexamethasone (Dex) could promote glucocorticoid receptor
nuclear translocation and Zfp36 transcription. In vivo Dex administration prevented AAA formation in
a ZFP36-dependent manner. These findings revealed the regulatory role of ZFP36/GBP2/YAP1/TEAD1
signaling in VSMC phenotypic switch and AAA formation, and provided a novel strategy (Dex) for AAA
treatment.
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Introduction

Abdominal aortic aneurysm (AAA) is characterized by a focal
weakening and expansion of the abdominal aorta [1]. Most
AAA has no symptoms, but its mortality exceeds 80% once
rupture [2]. To date, AAA has become a major cause of dis-
ability and death worldwide and its incidence is still climbing.
The clinical intervention of AAA is limited to surgery including
open or endovascular repair, and the effective pharmacological
strategies are still lacking, which emphasized the urgency of
identifying novel targets for AAA treatment.

Vascular smooth muscle cells (VSMCs), the main component
of tunica media, plays an important role in maintaining vascular
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homeostasis [3]. It is well known that VSMC is a differentiated
cell type with remarkable plasticity. In healthy vessel wall, VSMCs
exhibit a contractile phenotype characterized by high expression
of contractile proteins (alpha-smooth muscle actin [a-SMA],
smooth muscle 22 alpha [SM22a], and myosin heavy chain-11
[MYH11]) [4,5]. Upon injury, VSMCs switch to a synthetic phe-
notype. This kind of VSMCs could release matrix metallopro-
teinases (MMPs) and proinflammatory cytokines, which cause
inflammatory cell migration and extracellular matrix (ECM)
degradation [6]. The VSMC phenotypic switch is fundamental
to the pathogenesis of many aortic diseases such as AAA; there-
fore, understanding its regulatory mechanisms is necessary for
developing therapeutic strategies in AAA treatment.
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RBPs (RNA-binding proteins) are critical effectors of gene
expression, which could manipulate all aspects of RNA, includ-
ing transcription, splicing, modification, intracellular traffick-
ing, translation, and decay [7,8]. It has been proven that the
malfunction of RBPs initiated various diseases including AAA,
and it could be promising targets for therapeutic strategy devel-
opment [9]. Zinc finger protein 36 (ZFP36), is one of the RBPs
that belong to the AU-rich element RNA-binding protein
(AUBP) family, which bind to the preferred AU-rich element
within the 3'-untranslated regions (UTRs) to promote mRNA
deadenylation and decay [10]. ZFP36 has gathered widespread
attention for its superb anti-inflammatory effects in many auto-
immune diseases [11]. The protective roles of ZFP36 in inhibit-
ing foam cell formation and atherosclerosis have also been
reported [12,13]. However, the involvement between ZFP36
and VSMC phenotypic switch and its participation in AAA
formation remains elusive.

In the present study, we found that ZFP36 could manipulate
VSMC phenotypic switch and inhibit AAA formation. Guanylate
binding protein 2 (GBP2) was identified as the downstream fac-
tor of ZFP36 by bulk sequencing and RNA immunoprecipitation,
which disturbed the YAP1 (yes-associated protein 1)/TEAD1
(TEA domain transcription factor 1) signaling and promoted
VSMC dysfunction and AAA progression. Additionally, we
found that dexamethasone (Dex) could be an effective drug in
treating AAA in a ZFP36-dependent manner. Taken together,
our study provides fundamental insights into the underlying
mechanisms in AAA formation and offered a novel strategy for
AAA treatment.

Results

ZFP36 is down-regulated during AAA progression

To identify candidate RBPs involved in AA A progression, we per-
formed integrated analysis using the microarray dataset GSE47472
and the human RBP dataset (http://rbpmap.technion.ac.il/) [14].
Differentially expressed genes (DEGs) of RBPs were visualized by
a heatmap and a bar chart (Fig. 1A and B). Thus, we selected the
top 3 up-regulated genes including Larp7, Zc3h8, and Rbm15b
and the top 3 down-regulated genes including Ppp1r10, Zgpat,
and Zfp36 as the candidate genes to verify in a murine AAA
model. Real-time quantitative PCR (RT-qPCR) results showed
that the expression alteration of Zfp36 between normal aorta
and aneurysm is most significant among candidates (Fig. 1C).
Immunofluorescence (IF) staining revealed that ZFP36 was pri-
marily expressed in VSMCs within the vasculature and was mark-
edly down-regulated in aneurysm (Fig. 1D). We further confirmed
the expression profile of ZFP36 in the angiotensin II (AnglI)-
induced AAA model, and the results of Western blotting (WB),
RT-qPCR, and IF were consistent with former findings, indicating
aremarkable decreased expression of ZFP36 in aneurysm (Fig. 1E
to G). In vitro experiments also confirmed the down-regulation of
ZFP36 in VSMCs after AngllI stimulation (Fig. 1H to]).

Taken together, we found that Zfp36 is highly expressed in
aortic VMSCs, and ZFP36 is significantly down-regulated dur-
ing AAA progression or Angll stimulation, which suggested
its involvement in VSMC dysfunction and AAA formation.

ZFP36 in VSMCs prevented AAA progression

To examine the potential role of ZFP36 in AAA progression, we
constructed VSMC-specific Zfp36-deficient mice (Zﬁ)36ASMC)
and the littermate control mice (Zﬁ)36ﬂ°x/ﬂ°x) (Fig. S1A to G) and
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established an AAA model following a previous reported protocol
[15]. Briefly, male Zfp36°"M€ mice and Zfp36™*** mice were
previously injected with rAAV8/D377Y-mPCSK9 and fed Paigen
diet for 2 weeks to induce hypercholesterolemia. Then, Zfp362MC
mice and Zfp36™"* mice were randomly subdivided into 2
groups and implanted osmosis pump infused with saline or AnglI
(1,000 ng/kg/min; 28 days) (Fig. 2A). As shown in Fig. 2B, no
differences in body weight, serum cholesterol, and serum trfi]gl Cc-
erides were observed between Zfp362MC mice and Zfp36™1*
mice. Of interest, VSMC-specific Zfp36 deficiency led to a signifi-
cant increase in AAA incidence, and the mean maximal abdomi-
nal aortic diameter (Fig. 2C to F), which suggested that ZFP36
in VSMCs protected against AAA formation. An alternative
model of AAA induced by PPE (porcine pancreatic elastase) was
used to comprehensively validate the effects of VSMC-specific
Zfp36 deletion in AAA development (Fig. S2A). In accordance
with previous results, pr36ASMC mice displayed augmented
aneurysmal lesion compared to Zfp36"™ mice after PPE induc-
tion (Fig. S2B to D).

To further determine the beneficial effects of ZFP36 in
VSMCs, we constructed AAV2-Ctrl and AAV2-Zfp36 under
the Tagln promoter. As shown in Fig. S3A, male mice were
randomly subdivided into 2 groups and injected with AAV2-
Ctrl or AAV2-Zfp36. Subsequently, the AAA model was estab-
lished as previously described. At the end of the induction
period, we recorded significant reductions in the mean maxi-
mal abdominal aortic diameter in the AAV2-Zfp36 group (Fig.
S3B to D). Taken together, our results strongly suggested that
VSMC-derived Zfp36 acts as an endogenous benign factor that
protected against the pathogenesis of AAA.

VSMC-specific Zfp36 augmented Angll-induced
aortic remodeling
ECM degradation, inflammation, and VSMC apoptosis are the
fundamentals of AAA pathogenesis [16]. We performed Masson
staining and elastic Van Gieson (EVG) staining to evaluate the
aortic remodeling degree; the results showed a significant increase
of elastin degradation and collagen content in aorta of the
ijv36ASMC group (Fig. 3A and B). MMPs are the main contribu-
tors of aortic remodeling [17], and the main subtypes within the
aortic wall are MMP2 and MMP9. It is well known that VSMC
is the main origin of MMP2 while macrophage produces more
MMP9. Thus, we determined the effect of ZFP36 deficiency on
MMP2; WB results showed that VSMC-specific Zfp36 knockout
augmented MMP2 up-regulation induced by AnglI (Fig. 3C and
D). Besides, MMP activity was determined by gelatin zymogra-
phy assay, which also indicated higher MMP activity in the
Zfp36°SMC group (Fig. 3C and E). Considering Zfp36 is a well-
known anti-inflammatory gene, we examined the inflammatory
factors related to AAA progression. RT-qPCR results showed that
the expression levels of II-1f, Il-6, Tnf, and Ccl-2 in aortic tissues
from the pr36ASMC group were much higher (Fig. 3F). Loss of
VSMCs in media layer led to the aortic wall weakening and even-
tually aneurysm rupture [18]. WB results showed increased Bax/
Bcl2 ratio and cleaved Caspase 3/total Caspase 3 ratio, which
indicated that ZFP36 deficiency promoted cell apoptosis with
aortic tissue (Fig. 3G). TdT-mediated dUTP nick-end labeling
(TUNEL) assay indicated more apoptotic VSMCs in aortic wall
from pr36AS ¢ mice (Fig. 3H), which further suggested that
ZFP36 deficiency accelerated VSMC apoptosis and loss.

Severe elastin degradation and collagen deposition were
observed in Zfp36°MC mice of the PPE model (Fig. S3D to F).
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Fig.1.ZFP36 is down-regulated during AAA progression. (A and B) Relative mRNA expression of RNA-binding proteins among DEGs in the microarray dataset (GSE47472). The
data were log2-transformed. The log2 FC and P values were calculated, and multiple testing using the Benjamini—-Hochberg method was applied to adjust the P values. With
a Benjamini-Hochberg-adjusted P < 0.05 and |log2FC| > 1 as the criteria. (C) RT-qPCR validation of the top 3 up-regulated genes and the top 3 down-regulated genes in
(B) between murine normal aorta and AAA (n = 6 per group). Statistical comparisons were performed using unpaired t tests. The false discovery rate (FDR) was controlled for
multiple comparisons using the 2-stage step-up method of Benjamini, Krieger, and Yekutieli. (D) Representative images of ZFP36 expression by IF staining of human AAA and
normal aorta sections and quantification of fluorescence intensity. Scale bar indicates 50 pm (n = 6 per group). (E) Protein levels of ZFP36 in murine normal aorta and AAA
(n =6 per group). (F) Relative mRNA level of Zfp36 in murine normal aorta and AAA (n = 6 per group). (G) Representative images of ZFP36 expression by IF staining of mouse
AAA and normal aorta sections and quantification of fluorescence intensity. Scale bar indicates 50 pm (n = 6 per group). (H and I) Protein levels and relative mRNA level of
Zfp360f ZFP36 in VSMCs treated with PBS or Angll (1 uM) for 48 h (n = 6 per group). (J) Representative images of ZFP36 expression by IF staining of mouse VSMCs treated
with PBS or Angll (1 uM) for 48 h and quantification of fluorescence intensity (n = 6 per group). Scale bar indicates 20 um. Statistical analyses of (D) to (J) were performed
using unpaired t test. ns indicates not significant; *P < 0.05; **P < 0.01; **#P < 0.001.
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Fig. 2. VSMC-specific Zfp36 deletion augmented Angll-induced AAA formation. (A) Diagram of the experimental procedure. (B) Body weights, total cholesterol, and total
triglyceride of plasma in Zfp362MC mice and Zfp36™/" mice treated with saline or Angll (n = 11 to 14 per group). Statistical analyses were analyzed by 2-way analysis of
variance (ANOVA) following Tukey's multiple comparisons. (C) Representative images of macroscopic features and HE staining of cross-sections of abdominal aortas. Scale
bar indicates 4 mm. (D) Incidence of AAAinduced by Angll in indicated groups (n = 11 for saline administration; n = 14 for Angll administration). Data were analyzed by a Fisher
exact test. (E) Quantification of the maximal diameter of suprarenal abdominal aortas (n = 11 for saline administration; n = 14 for Angll administration). Data were analyzed
by 2-way ANOVA following Tukey's multiple comparisons test. (F) Representative images of abdominal aortas visualized by using the ultrasound imaging in indicated groups.

ns indicates not significant; *P < 0.05; *##P < 0.001.

Besides, we also confirmed the effects of ZFP36 overexpressing on
aortic remodeling. Mice injected with AAV2-Zfp36 showed less
elastin degradation and milder collagen deposition in aortic tissues
(Fig. S3E to G). Taken together, our results demonstrated that
ZFP36 could inhibit Angll-induced aortic remodeling via sup-
pressing ECM degradation, inflammation, and VSMC apoptosis.

ZFP36 manipulated VSMC phenotypic switch

To unveil the underlying mechanisms of ZFP36 protecting against
AAA, we performed bulk sequencing using aortas from pr36ASMC
mice and Zfp36" mice (Fig. 4A). As expected, genes related
to inflammation (T2, Tnfaip2, Ptgs1, Nlrc5, and Icaml), ECM
degradation (Mmp2 and Mmp9), and apoptosis (Caspl, Casp4,
Casp7, and Casp8) showed great up-regulation in aortic tissues
from pr36ASM mice, while genes related to ECM synthesis (Lox,
Ccnl, Cen2, Cen3, and Ccn4) were down-regulated (Fig. 4B). Of
note, genes related to the VSMC phenotype showed remarkable
change between 2 groups. Contractile phenotype-related genes
including Myhl11, Acta2, and Myocd showed lower expression
levels in aortas from Zfp36~""" mice, while synthetic phenotype-
related genes including KIf4, Runx2, and ThbsI all up-regulated.
The above results suggested that ZFP36 may be a regulator of
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VSMC phenotypic switch. We transfected siRNA of Zfp36 into
primary mouse aortic VSMCs and subsequently administrated
AnglI. WB results showed that knockdown of Zfp36 augmented
down-regulation of MYH11, a-SMA, and SM22« induced by
AnglI (Fig. 4C and D). Thrombospondin-1 (TSP-1), Kriippel-like
factor 4 (KLF4), and osteopontin (OPN) showed remarkable
increase after Zfp36 knockdown (Fig. 4E and F).

To verify the regulatory role of ZFP36 on VSMC phenotypic
switch, we further constructed control adenovirus Ad-Ctrl and
overexpressing adenovirus Ad-Zfp36. WB results were consis-
tent with our previous conclusion, that is, overexpression of
Zfp36 up-regulated contractile phenotypic proteins (MYH11,
a-SMA, and SM22a) (Fig. S4A and B) and down-regulated
synthetic phenotypic proteins (TSP-1, KLF4, and OPN) (Fig.
S4C and D), inhibiting AnglI-induced VSMC phenotypic
switch. Taken together, our results demonstrated that ZFP36
is a key regulator of VSMC phenotypic switch.

Identification of GBP2 as a target of ZFP36 during
AAA progression

To delve into the underlying mechanisms of ZFP36 mediat-
ing VSMC phenotypic switch, we further analyzed the bulk
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Fig. 3. VSMC-specific Zfp36 deletion augmented Angll-induced aortic remodeling. (A) Representative images of Masson and EVG staining of suprarenal abdominal aortas of
mice inindicated groups. Scale bar indicates 100 pm. (B) Grade of elastin degradation (n =10 per group). Data were analyzed by nonparametric Kruskal-Wallis test with Dunn’s
post-hoc test, and quantitative analysis of collagen deposition (n = 10 per group). Data were expressed as the mean + SEM and analyzed by 2-way ANOVA following Tukey's
multiple comparisons test. (C) Protein levels of MMP2 of abdominal aortic tissues in indicated groups (n = 6 per group) and activities of MMPs of abdominal aortic tissues
in indicated groups were determined by a gelatin zymography assay (n = 6 per group). (D and E) Quantification of MMP2 protein level and activities in (C). Data analyses of
(D) and (E) are performed using 2-way ANOVA following Tukey’s multiple comparisons test. (F) Relative mRNA level of lI-1, II-6, Tnf, and Ccl-2 of abdominal aortic tissues in
indicated groups (n = 6 per group). (G) Protein levels of Bax, Bcl2, Caspase 3, and cleaved Caspase 3 of abdominal aortic tissues in indicated groups (n = 6 per group). (H) TUNEL
staining of suprarenal abdominal aortas of mice in indicated groups (n = 6 per group). Scale bar indicates 50 pm. Statistical analyses of (F) and (G) were performed using
unpaired t test. ns indicates not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

sequencing data; Gene Ontology (GO) analysis showed that most
multiple immune and inflammation pathways changed (Fig. 5A).
Among the DEGs, we noticed the guanylate binding protein
(GBP) family; most members of this family (Gbé)Z to Gbpl10)
showed great up-regulation in aortas from pr36A MC mice (Fig.
5B and C). Thus, we speculated that ZFP36 may exert its function
via regulating GBPs. We examined the expression alteration of
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Gbps in vivo and in vitro after AngII administration. RT-qPCR
results showed that Gbp2 increased most significantly in aortic
tissues from mice infused with AngII (Fig. S5A) or VSMCs
treated with AnglI (Fig. S5B). WB and IF further confirmed that
GBP2 was up-regulated in AAAs especially VSMCs within the
aortic wall (Fig. S5C and D). We verified the expression profile
of GBP2 in Zfp36°M mice and Zfp36"°" mice infused with
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saline or Angll. WB and RT-qPCR both suggested that ZFP36
deficiency augmented GBP2 up-regulation induced by AnglI
(Fig. 5D and E). IF staining showed a significant stronger fluo-
rescence intensity of GBP2 of VSMCs from Zfp36°°MC mice
compared to Zfp36""* mice (Fig. 5F).

The above results strongly suggested that GBP2 is the direct
target of ZFP36. It is well-known that, as a member of AUBPs,
ZFP36 binds to the 3'UTRs to promote mRNA decay. We per-
formed RNA immunoprecipitation; the PCR results revealed that
ZFP36 could bind to the 3'UTR of Gbp2’s mRNA (Fig. 5G). The
results of the mRNA stability assay showed that Gbp2’s mRNA
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decays faster after Zfp36 overexpression (Fig. 5H). Based on the
prediction of the RNA-Binding Protein Database, the putative
ZFP36 binding site was identified in Gbp2 mRNA 3'UTR. To verify
that ZFP36 directly binds to Gbp2 mRNA 3'UTR, we performed
dual luciferase reporter assay as previously described [19]. As
expected, ZFP36 overexpression reduced the luciferase activity,
whereas mutation of the 3'UTR diminished this effect (Fig. 5I).
In vivo experiments were conducted to determine that the
detrimental effects of ZFP36 deletion were mediated by GBP2.
Zfp36°MC mice and Zfp36"™* mice were injected with pAAV-
SM22ap-MCS-mCherrymiR30shRNA (NC)-WPRE (AAV-ShNC)
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or pAAV-SM22ap-MCS-mCherrymiR30shRNA (Gbp2)-WPRE
(AAV-ShGbp2) and subjected to AAA modeling (Fig. S6A).
Knockdown of GBP2 in Zfp36 ASMC ice markedly amelio-
rated AAA progression caused by Zfp36 deletion in VSMCs,
and it also showed moderate effects in Zfp36"*/1°* mice (Fig.
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S6B and C). Histolo%cal analyses showed improved aortic
remodeling in Zfp36 mice injected with AAV-ShGbp2
compared to AAV-ShNC (Fig. S6D and E). Collectively, we
identified GBP2 as the target of ZFP36, which is involved in
AAA progression.
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ZFP36 inhibits VSMC phenotypic switch in a GBP2/

YAP1/TEADI1-dependent manner

To verify that ZFP36 regulates VSMC phenotypic switch in a
GBP2-dependent manner, we transfected siRNA of Zfp36 and
Gbp2 simultaneously into VSMCs and administrated AnglI.
WB results showed that Gbp2 knockdown rescued the down-
regulation of contractile proteins (MYH11, a-SMA, and SM22)
induced by Zfp36 knockdown (top panel of Fig. 6A). Besides,
the up-regulation of synthetic proteins (TSP-1, KLF4, and OPN)
was almost reversed by Gbp2 knockdown (bottom panel of Fig.
6A). These results further confirmed that ZFP36 manipulates
VSMC phenotypic switch via regulating GBP2.

It is well-known that the regulatory network of VSMC phe-
notypic switch consists of multiple transcriptional factors [20],
and the YAP1/TEADI complex is the most important among
them [21]. A previous study has demonstrated that human
GBP1, the homologue of mouse GBP2, could interact with
TEADs [22]. Thus, we first examined the interaction between
GBP2 and TEADI by transfecting Flag-GBP2 and HA-TEAD1
plasmid into HEK-293T cells. The results of coimmunoprecipi-
tation showed the combination of GBP2 and TEAD1 (Fig. 6B).
Of interest, the results of WB indicated that overexpression of
Gbp2 led to the down-regulation of TEAD1 without affecting
YAP1 expression (Fig. 6C), while RT-qPCR results displayed
no alteration of Yapl and Tead1 after Gbp2 overexpression (Fig.
6D), which suggested that GBP2 could promote degradation
of TEADI. Considering GBP2 was reported to be involved in
the ubiquitin-proteasome pathway and autophagy-lysosomal
pathway, we overexpressed Gbp2 and treated it with the protea-
some inhibitor MG-132 or the autophagy inhibitor chloroquine
(CQ); WB results showed that CQ restored TEADI1 expression
after Gbp2 overexpression (Fig. 6E), indicating that GBP2 may
disturb the YAP1/TEAD1 complex by promoting TEADI deg-
radation via the autophagy-lysosomal pathway [23,24]. Thus,
we performed coimmunoprecipitation on VSMCs transfected
with siRNA of Zfp36 and Gbp2, which showed that Zfp36
knockdown markedly decreased the combination between
YAPI and TEAD1 and promoted YAP1/KLF4 complex forma-
tion simultaneously. Besides, knockdown of Gbp2 increased
the TEAD1 expression, restoring the YAP1/TEAD1 complex
and inhibiting YAP1/KLF4 complex formation (Fig. S7A and
B). Chromatin immunoprecipitation (ChIP) was performed to
verify the effect of ZFP36/GBP2 on the transcription activities
mediated by the YAP1/TEAD1 complex and the YAP1/KLF4
complex. Results showed that Zfp36 knockdown decreased the
combination of YAPI to the TEADI1 binding site within the
Tagln promoter and promoted the combination of YAPI to
the KLF4 binding site within the Tagln promoter, while GBP2
knockdown diminished these effects (Fig. S7C), further dem-
onstrating that ZFP36 deficiency led to GBP2 up-regulation
and YAP1/KLF4 complex formation, and eventually disrupting
phenotypic related gene expression. Besides, we observed sig-
nificantly increased GBP2 expression and decreased TEAD1
expression in human AAA tissue, while YAP1showed no dif-
terence (Fig. S7D).

Taken together, our results demonstrated that ZFP36 manip-
ulated VSMC phenotypic switch via regulating GBP2/YAP1/
TEADI signaling; ZFP36 knockdown promoted GBP2 expres-
sion and TEAD1 degradation, which led to YAP1 dissociating
from TEADI and bonding to KLF4, forming the YAP1/KLF4
complex and causing VSMC phenotypic switch and AAA
progression.
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Dex transcriptionally activates ZFP36 via promoting

glucocorticoid receptor nuclear translocation
Previous studies suggested that Dex could be a potent agonist
of ZFP36 [25-27]; we first test the effect of Dex on VSMCs. WB
and RT-qPCR results showed that treating VSMCs with Dex
of 0.5 pM for 48 h significantly activated ZFP36 (Fig. S8A and
B). We also examined the downstream of ZFP36 after Dex
treatment; WB and RT-qPCR results indicated that Dex up-
regulated ZFP36 and a-SMA but down-regulated GBP2 (Fig.
7A and B). IF staining also verified the activation effect of Dex
on ZFP36 in VSMCs (Fig. 7C). Glucocorticoid receptor (also
known as NR3C1, nuclear receptor subfamily 3 group C mem-
ber 1) is the classic target of Dex; WB results of total protein
showed no difference in NR3Cl1 after Dex treatment (Fig. 7A).
Thus, we separated nuclear protein and cytoplasmic protein
followed by WB, and the results showed that Dex treatment
significantly increased nuclear NR3C1 but decreased cytoplas-
mic NR3Cl1 (Fig. 7D). IF staining indicated the strong nuclear
location of NR3C1 after Dex treatment (Fig. 7E). Of interest,
we found that AnglI could decrease nuclear NR3Cl level (Fig.
S9A), and IF staining showed that NR3C1 translocated from
the nucleus into the cytoplasm (Fig. S9B). These results sug-
gested that AnglI led to the down-regulation of ZFP36 in an
NR3C1-dependent manner.

NR3C1 is a well-known transcriptional factor; thus, we pre-
dicted binding sites of NR3C1 within the Zfp36 promoter based
on the Transcription Factor Database (http://jaspar.genereg.
net). ChIP was performed on the 4 predicted sites, qPCR results
showed that NR3C1 mainly binds to the glucocorticoid recep-
tor response element (GRE) between —815 and —801 bp within
the Zfp36 promoter, and Dex treatment could strengthen the
binding (Fig. 7F); the 3 other sites showed weak binding and
no changes after Dex treatment (Fig. S10). Dual luciferase
reporter assay showed that NR3Cl1 significantly increased the
luciferase activity of the promoter reporter containing the GRE
but had no effect on the luciferase activity of the promoter with
a mutated binding site (Fig. 7G). The above results proved that
Dex treatment induced Zfp36 transcriptional activation via
promoting NR3C1 nuclear translocation.

We further verified that the effect of Dex relies on NR3C1
by transfecting siRNA of Nr3cI into VSMCs treated with Dex,
and WB results showed that NR3C1 knockdown fully abolished
Dex’s activation on ZFP36 (Fig. 7H). WB results also demon-
strated that Dex has an effect on promoting contractile protein
expression via ZFP36 up-regulation (Fig. 71), and knockdown
of Zfp36 fully abolished its role. Taken together, our results
suggested that Dex promotes contractile phenotype of VSMCs
by promoting NR3C1 nuclear translocation and subsequent
ZFP36 transcriptional activation.

Administration of low-dose Dex prevents AAA

formation in a ZFP36-dependent manner

Dex is a classical drug with powerful effects and has been
widely used in clinics [28], but its potential in AAA treatment
has not been determined. To test the therapeutic effect of Dex
on AAA via ZFP36, we first performed in vivo experiments
to determine the dosage of Dex. Male C57BL/6] mice were
randomly subdivided into 3 groups and subjected to intra-
peritoneal injection daily for 28 days. WB of aortic tissues
indicated that Dex treatment of low dose (10 pg/kg/day) led
to a remarkable up-regulation of ZFP36, while medium- and
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Fig. 7. Dexamethasone transcriptionally activates ZFP36 via promoting glucocorticoid receptor nuclear translocation. (A and B) Protein levels and relative mRNA levels of
VSMCs treated with DMSO or dexamethasone (0.5 pM) for 48 h (n = 6 per group). (C) Representative images of NR3C1 expression by IF staining of VSMCs treated with DMSO
or dexamethasone (0.5 uM) for 48 h and quantification (n = 6 per group). Scale bar indicates 20 um. (D) Nuclear and cytoplasmic protein levels of VSMCs treated with DMSO
or dexamethasone (0.5 pM) for 48 h (n = 6 per group). (E) Representative images of ZFP36 expression by IF staining of VSMCs treated with DMSO or dexamethasone
(0.5 uM) for 48 h (n = 6 per group) and quantification. Scale bar indicates 20 um (n = 6 per group). Statistical analyses of (A), (B), (C), (D), and (E) were analyzed by unpaired
t test. (F) ChIP was performed with antibodies to NR3C1, and the target promoter region of Zfp36 was amplified by qPCR (n = 6 per group). (G) Luciferase reporter assay.
Firefly luciferase activity was normalized to Renilla activity and expressed as relative luciferase activity (n = 6 per group). (H) Protein levels of VSMCs treated with DMSO or
dexamethasone (0.5 pM) for 48 h after transfecting with Si-Scramble or Si-Nr3c1 (n = 6 per group). (I) Protein levels of VSMCs treated with DMSO or dexamethasone
(0.5 uM) for 48 h after transfecting with Si-Scramble or Si-Zfp36 (n = 6 per group). Statistical analyses of (F), (G), (H), and (I) were analyzed by 2-way ANOVA following Tukey's
multiple comparisons test. ns indicates not significant; *P < 0.05; #*P < 0.01; *##P < 0.001.

high-dose treatment has moderate effect (Fig. S11A). RT-qPCR
results also confirmed that low-dose treatment up-regulated
Zfp36 while high-dose treatment has almost no effect (Fig.
S11B). IF staining also indicated the significant up-regulation
of ZFP36 of VSMCs in the low-dose group, while high-dose
treatment showed weak effects (Fig. S11C). Thus, we per-
formed drug administration experiments based on the tested
dosage of Dex.
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As shown in Fig. 8A, we established an AAA model as previ-
ously described and started Dex administration after osmotic
pump implantation. As we expected, Dex administration mark-
edly inhibited AAA formation; mice infused with Angll
showed lower mortality, less AAA incidence, and mean maxi-
mal abdominal aortic diameters after Dex treatment (Fig. 8A to
C). Of interest, mice lacking ZFP36 in VSMCs could not benefit
from Dex; the mortality, AAA incidence, and mean maximal
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abdominal aortic diameters showed no differences between the
pr36ASMC + Angll + Vehicle group and the pr36ASMC +
AnglI + Dex group. These results showed that Dex protected
against AAA formation in a ZFP36-dependent manner. We
further evaluated the aortic remodeling degree via histology
staining (Fig. 8D). Dex treatment markedly reversed aortic
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remodeling in Zfp36™°* mice with less elastin breaks and

collagen deposition (Fig. 8E and F), and it still had no effects
on Zfp36°°MC mice, which is consistent with former results.
Taken together, our results proved that a low dose of Dex
could be an effective strategy in treating AAA via up-regulat-
ing ZFP36.
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Discussion

In the present study, we discovered that ZFP36 was down-
regulated during AAA progression in both human and mice.
VSMC-specific ZFP36 deficiency accelerated AAA formation
while VSMC-specific overexpressing ZFP36 inhibited AAA
progression induced by AnglI. Mechanistically, AnglI increased
NR3CI cytoplasmic location and thus repressed ZFP36 tran-
scription, which caused GBP2 up-regulation, TEAD1 degrada-
tion, and YAP1/KLF4 complex formation, eventually leading
to VSMC phenotypic switch and AAA progression. Utilization
of Dex activated ZFP36 expression via increasing NR3C1
nuclear location. Up-regulated ZFP36 bonded to 3'UTR of
Gbp2 mRNA and promoted its decay, inhibiting YAP1/KLF4
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complex formation and VSMC phenotypic switch (Fig. 9).
Collectively, our findings reveal the pivotal role of ZFP36 in
mediating VSMC function and maintaining vascular homeo-
stasis, and thereby expand the therapeutic usage of Dex, offer-
ing a novel strategy for AAA treatment.

ZFP36, also known as tristetroprolin, is widely involved in
inflammatory diseases via promoting specific nRNA decay [29].
Despite its well-known anti-inflammatory effects, ZFP36 also
participates in the regulation of multiple life activities including
metabolism, lipophagy, and necroptosis [30,31]. Recently, the
beneficial roles of ZFP36 in the cardiovascular system have been
reported [12]. ZFP36 was first identified to be highly expressed
in circulating monocytes and plaque macrophages as the
transcriptional regulator [32]. It was also verified that ZFP36
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could bind to the 3'UTR of Tnfa and Il1b mRNAs and thereby
suppressed inflammation in THP-1 cells [33]. Subsequently,
ZFP36 was proven to inhibit macrophage-derived foam cell for-
mation via promoting CD36 mRNA decay [13]. In vitro and
in vivo experiments confirmed that ZFP36 expressed in aortic
endothelial cells. Besides inhibiting inflammation, ZFP36 was
also proven to regulate reactive oxygen and nitrogen species and
mediate vasorelaxation [34]. To date, the involvement between
ZFP36 and VSMC has not been poorly understood. The present
study first generated VSMC-specific Zfp36 deletion mice and
reported the beneficial role of ZFP36 in maintaining the VSMC
phenotype and vascular homeostasis via promoting Ghp2 mRNA
decay, providing novel understanding of ZFP36 function.

VSMC, the predominant cell type in the aortic wall, plays a
vital role in regulating vasomotor tone of blood vessels [35].
During aortic remodeling, VSMCs respond to arterial injury by
switching from a contractile phenotype (physiological state) to
a synthetic phenotype (pathological state), initiating ECM deg-
radation, inflammation, and AAA formation [36]. Recently, the
VSMCs of pathological state were further classified into various
subtypes [37]. Besides the classical synthetic phenotype, various
phenotypes are characterized by different markers, including
osteochondrogenic VSMCs (Runx2 and Sox9), myofibroblast-
like VSMC:s (fibronectin, collagen 1, and S100a4), macrophage-
like VSMCs (CD11b, CD68, and Lgals3), adipocyte-like VSMCs
(Ucpl), and mesenchymal-like VSMCs (Scal) [38]. These dedif-
ferentiated VSMCs lost expression of contractile proteins, shared
features with tumor cells, and thus driven aortic diseases such
as atherosclerosis [39].

Numerous studies proved that transcription factors (TFs)
such as TEAD1 are core components of the regulatory network
of VSMC phenotypic switch [40]. TEAD1 and its coactivator
YAPI are the classic members of the Hippo pathway, which
have been demonstrated to be involved in VSMC phenotypic
switch regulation [41]. VSMC-specific Yap1 deletion induced
VSMC dysfunction and spontaneous aneurysm [42], while
VSMC-specific deletion of Teadl led to embryonic lethality
with impaired vascular wall generation [43]. Of interest, it has
also been reported that TEADI or YAP1 accelerated injury-
induced VSMC proliferation and vascular stenosis [44]. Other
studies proved the vital role of TEADI in promoting VSMC
differentiation via interacting with VGLL4 in pluripotent stem
cells [45,46]. Taken together, it is convincing that YAP1/TEAD1
plays an important but diversified role in VSMC phenotypic
switch regulation, and the actual effects on VSMCs depend on
the interaction factors. In this study, we found that ZFP36 defi-
ciency led to GBP2 up-regulation and subsequent TEAD1 deg-
radation. Considering that KLF4 is a well-known TF related to
VSMC phenotypic switch, we examined its interaction with
YAP1 and found increased binding between YAP1 and KLF4
after Zfp36 knockdown, which suggested that KLF4 replaced
TEADI and formed a complex with YAP1 to promote VSMC
phenotypic switch. Taken together, our results provided novel
insights into the plural roles of YAP1/TEADI in regulating
VSMC phenotypic switch. Besides, our research establishes
GBP2, an inflammation-related gene, as a key regulator of
VSMC phenotypic switch via the YAP1/TEAD1 pathway. This
finding provides mechanistic insight into AAA pathogenesis,
underscoring how GBP2-induced VSMC dysfunction pro-
motes AAA progression. Furthermore, our results demonstrate
that pharmacological inhibition of this phenotypic switch rep-
resents a promising therapeutic strategy for AAA.
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Dex is one of the most commonly used drugs in clinics for
treating allergic and auto-immune diseases [47]. Dex is favorable
for doctors because of its powerful effects; numerous researchers
have been exploring its novel utilization for decades. According
to ClinicalTrials.gov, the number of registered clinical trials
about Dex has surpassed 4,000, and the applicable field of Dex
has been expanded in recent years [48,49], which suggested that
Dex is a good alternative for developing medication. The thera-
peutic potential of Dex and other corticosteroids in the man-
agement of aneurysmal diseases has long been a subject of
considerable interest. Clinical evidence has confirmed benefits
from Dex in certain subarachnoid hemorrhage patients follow-
ing open surgery [50]. This is supported by preclinical findings
demonstrating that Dex exerts protective effects in aneurysmal
models by mitigating inflammation and improving collagen
synthesis [51,52]. Furthermore, multiple studies have high-
lighted the promising therapeutic prospects of Dex in thoracic
aortic aneurysms [53,54]. However, the underlying mechanisms
and its specific role on AAA remained unclear. We performed
in vivo experiments based on the dosage previously verified and
the dosage used in clinics, and found that low-dose (10 pg/kg/
day) Dex administration could exert therapeutic effects on AAA
via up-regulating ZFP36. Side effects are the main problem that
limits Dex utilization. The dose we adopted (10 pg/kg/day) on
mice is identical to approximately 0.076 mg/day on humans,
which is about 10% of the clinical therapeutic dose (0.75 mg/day),
which could minimize side effects. We believe that the successful
application of Dex for AAA treatment hinges critically on
determining its optimal dosage and route of administration.
Glucocorticoids such as Dex have complicated usage depending
on the disease context. In critical conditions like septic shock,
short-term high-dose therapy is typically employed. For diseases
such as infections and transplant rejection, short- to medium-term
treatment is applied, with gradual tapering before ending medica-
tion. For treating chronic immune diseases with medication
exceeding 3 months, maintenance therapy is initiated first. Prior
to cessation, the medication is transitioned to an every-other-day
regimen and then gradually phased out [55]. The administration
of Dex is highly versatile, encompassing oral, intramuscular injec-
tion, intravenous injection, or drip for systemic delivery, as well
aslocalized methods such as inhalation, local injection, or topical
application [56]. In this study, intraperitoneal injection was
employed, suggesting that low-dose Dex treatment over 28 days
can mitigate AAA progression in mice. However, before Dex could
be applied in clinical practice for AAA, further research is essen-
tial. Key questions include how to effectively taper the dosage fol-
lowing maintenance therapy in patients with progressive AAA,
whether high-dose Dex therapy could benefit those with ruptured
AAA, and how to determine the optimal administration method
for different patient populations.

Currently, the primary strategy for AAA consists of surgical
interventions, including open repair surgery and endovascular
aneurysm repair [2]. However, for small aneurysms that do not
meet surgical criteria, effective treatment options remain lim-
ited. Previous studies have demonstrated that pharmacological
therapies (such as beta-blockers, lipid-lowering agents, and
anti-platelet drugs) can modestly slow AAA progression but
are unable to reverse the disease process [57-59]. Furthermore,
the use of anti-platelet and anti-hypertensive medications
becomes constrained in cases where AA A rupture necessitates
emergency surgery. These limitations underscore the critical
need for developing effective pharmacological treatments for
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AAA. Dex is a potent glucocorticoid with well-established anti-
inflammatory properties, reducing vascular damage through
inflammation suppression [60,61]. This suggests its potential
utility as an adjunctive therapy for surgical patients. Our
research provides further evidence that low-dose Dex admin-
istration prevents AAA via improving VSMC function, indicat-
ing its potential applicability even for treating small AAA.

Our study has certain limitations. First, we chose GBP2 as
the primary downstream target of ZFP36 for in-depth investi-
gation based on its high expression and substantial variation
in AnglI-treated VSMCs and aneurysm. It is nevertheless plau-
sible that other GBP family members, such as GBP10, play
important roles, a possibility that merits future verification.
Furthermore, while our study demonstrates the therapeutic
potential of low-dose Dex in mitigating AnglI-induced VSMC
phenotypic switching and AAA progression in preclinical
models, these findings are derived solely from cellular and
animal experiments. The lack of validation in large-scale clini-
cal cohorts represents a major limitation. Therefore, future
work is paramount to determine the optimal dosage and ideal
administration route, and to address potential oft-target effects
prior to clinical translation.

In conclusion, we demonstrated that ZFP36 exerted a pro-
tective role against VSMC phenotypic switch and AAA for-
mation. The finding of ZFP36/GBP2/YAP1/TEADI signaling
provides novel insights into the underlying mechanisms of
AAA progression. Additionally, we verified the activation effect
of Dex on ZFP36 and its therapeutic potential in AAA treat-
ment, which provides a new strategy for clinical utility.

Materials and Methods

Animals

The protocols of animal experiments in this study were approved
by the Ethics Committee of Qilu Hospital of Shandong University
(DWLL-2024-398), and all procedures were conducted following
the National Institutes of Health Guidelines for the Care and Use
of Laboratory Animals. All mice used in this study were housed
under specific pathogen-free conditions at a temperature of
23 °C with 60% relative humidity and a 12-h dark/light cycle.
For AAA modeling, mice were first subjected to 2.5% isoflurane
to induce anesthesia. During the process of mini pump implanta-
tion, mice were continuously anesthetized with 1.5% isoflurane.
At the termination of experiments, mice were euthanized by
intravenous injection of a lethal dosage of pentobarbital sodium
(150 mg/kg). Animal experiments were conducted indepen-
dently by 2 investigators who were blinded to the group assign-
ments. Randomization was performed using the RAND function
in Excel to generate group allocations based on body weight,
with the assignment information concealed from the experi-
menters throughout the study. The sample size for the mouse
aortic aneurysm experiments was determined a priori using
PASS software, based on preliminary data from similar AAA
models in our laboratory. A minimum of 8 animals per group
was required to achieve 90% power (f = 0.1) for detecting sig-
nificant differences in maximal aortic diameter at a significance
level of @ = 0.05. Each mouse was treated as an independent
experimental unit.

The mice used in this study are on a C57BL/6 background.
Zfp36""* mice were kindly given by Prof. Pavel Kovarik
(Max Perutz Labs, University of Vienna, Vienna BioCenter,
Vienna, Austria) and Tagln-Cre mice were purchased from
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Cyagen Biosciences. VSMC—S};eciﬁc Zfp36-deficient mice
(Zfp36"% Tagln-Cre, Zfp36“°MC) were generated by cross-
breeding Zfp36°/1°* mice and Tagln-Cre mice [62,63]. Male
mice aged 8 weeks were used in this study. A single injection of
recombinant type 8 adeno-associated virus of murine proprotein
convertase subtilisin/kexin type 9 mutants (rAAV8/D377Y-
mPCSK9, 2 x 10" vg) was performed to each mouse 2 weeks
prior to osmotic pump implantation combined with the Paigen
diet to induce hypercholesterolemia as previously described. The
Angll-induced AAA models were established as previously
reported [15]. Briefly, the ALZET osmotic pumps (model 2004,
Durect, Cupertino, CA, USA) were infused with AngII (Sigma-
Aldrich, St. Louis, MO, USA) or saline. Mice were anesthetized
with pentobarbital sodium before subjected to osmotic pump
implantation. The delivery of AnglII (MCE, HY-13948, 1,000 ng/
kg/min) or saline lasts 28 days. Aneurysm progression was evalu-
ated by ultrasound imaging and the severity of AAA was deter-
mined by measuring the maximal aortic diameters using a
caliper at sacrifice. Macroscopic photos of aortas were taken by
a Nikon camera and periadventitial tissues were removed before
taking pictures. We used the well-accepted criterion to define
AAA: the maximal aortic diameter of an aneurysm is at least 1.5
times the aortic diameter of mice infused with normal saline.
The elastase-induced AAA models were established as previously
reported [64]. Briefly, male mice were placed in a supine position
after anesthesia. Following hair removal and disinfection, a
longitudinal laparotomy was performed to expose the abdominal
cavity. The infrarenal abdominal aorta was then carefully isolated
via blunt dissection. The exposed aortic segment was wrapped
in cotton pads saturated with 30 pl of porcine pancreatic elastase
(PPE group, total activity: 1.8 units) or heat-inactivated elastase
(Sham group). The aorta was incubated for 30 min. Subsequently,
the cotton pads were removed, and the abdominal cavity was
irrigated with sterile saline. Finally, the incision was sutured to
close the abdominal cavity.

To determine the effect of ZFP36 overexpressing on AAA
formation, male C57BL/6] mice aged 8 weeks were injected
with rAAV8/D377Y-mPCSK9 (2 x 10" vg) first and fed with
Paigen diet. Three days later, mice were randomly divided into
2 groups and injected with AAV2-Ctrl or AAV2-Zfp36 under
Tagln promoter (2 X 10" vg). The AnglI-induced AAA model
was established 2 weeks after AAV injection. A rescue experi-
ment was performed using Zfp36™"* mice and Zfp362MC
mice. Male C57BL/6] mice aged 8 weeks were injected with
rAAV8/D377Y-mPCSK9 (2 x 10" vg) first and fed with Paigen
diet. Three days later, mice were randomly divided into 2 groups
and injected with pAAV-SM22ap-MCS-mCherrymiR30shRNA
(NC)-WPRE (AAV-ShNC) or pAAV-SM22ap-MCS-mCher-
rymiR30shRNA (Gbp2)-WPRE (AAV-ShGbp2) (2 x 10" vg).
The Angll-induced AAA model was established 2 weeks after
AAV injection.

Male C57BL/6] mice aged 8 weeks were randomly divided
into 3 groups and subjected to Dex (MCE, HY-14648, dissolved
in saline; low dose: 10 pg/kg/day; high dose: 50 pg/kg/day) or
vehicle (saline) intraperitoneal injection daily for 28 days. To
determine whether Dex exerts a therapeutic effect on AAA in
a ZFP36-dependent manner, male pr36ASMC mice and litter-
mate Zfp367°¥1°* mice aged 8 weeks were used. The AAA model
was established as previously described. Dex administration
was performed after pump implantation, and mice received
intraperitoneal injection of Dex (dissolved in saline; 10 pg/kg/
day) or saline daily for 28 days.
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For histological analysis, aortas were flushed with saline and
subsequently submerged into paraformaldehyde for fixation. For
molecular experiments, aortas were quickly removed, flushed,
and then stored in liquid nitrogen.

Clinical study participants

All human samples used in this study were obtained fol-
lowing protocols approved by the Ethical Committee of Qilu
Hospital of Shandong University (KYLL-2022-942). The study
was performed according to the criteria set by the Decla-
ration of Helsinki (2013). Human AAA tissue samples were
obtained from patients who underwent open surgical repair.
Healthy abdominal aorta samples from brain-dead organ
donor patients were used as control. All study participants
were recruited after providing informed consent and with
approval by the Ethics Committee of Qilu Hospital of Shandong
University.

Statistical analysis

All statistical analyses were performed using GraphPad Prism
10. For statistical comparisons, Shapiro-Wilk test was per-
formed initially to evaluate data for normality. Normally dis-
tributed data are presented as mean + standard error of the
mean (SEM) while nonnormally distributed data are presented
as median and interquartile range. A P value < 0.05 was con-
sidered statistically significant.

Acknowledgments

Funding: This work was supported by grants from the National
Natural Science Foundation of China (No. 82470499, 82270457,
82241203, and 82500496), the Taishan Scholar Project of Shandong
Province of China (No. tstp20240852), and the Shandong Provincial
Natural Science Foundation (ZR2024ZD23, ZR2021MH316, and
ZR2024QH536).

Author contributions: Z.W., H.L., and W.Z. contributed to
conceptualization. Z.W., H.L., T.L., X.Y,, LW,, CM., M.W,, and
PK. contributed to methodology, investigation, and visualiza-
tion. X.D., H.L., and W.Z. contributed to funding acquisition
and project administration. J.Y., C.Z., and W.Z. contributed to
supervision. Z.W. and H.L. wrote the original draft. W.Z.
revised the manuscript.

Competing interests: The authors declare that they have no
competing interests.

Data Availability

The data of this article will be made available upon reasonable
request from the corresponding author.

Supplementary Materials

Expanded Methods
Table S1

Figs. S1 to S11
Reference [65]

References

1. Golledge J. Abdominal aortic aneurysm: Update on
pathogenesis and medical treatments. Nat Rev Cardiol.
2019;16(4):225-242.

Wu et al. 2026 | https://doi.org/10.34133/research.1078

10.

11.

12.

13.

14.

15.

16.

17.

18.

Golledge J, Thanigaimani S, Powell JT, Tsao PS. Pathogenesis
and management of abdominal aortic aneurysm. Eur Heart J.
2023;44(29):2682-2697.

Miano JM, Fisher EA, Majesky MW. Fate and state of
vascular smooth muscle cells in atherosclerosis. Circulation.
2021;143(21):2110-2116.

Liu M, Gomez D. Smooth muscle cell phenotypic diversity.
Arterioscler Thromb Vasc Biol. 2019;39(9):1715-1723.

Wang C, Yu B, Zhou H, Li H, Li S, Li X, Wang W, Feng Y,

Yu T. tRF-AspGTC promotes intracranial aneurysm formation
by controlling TRIM29-mediated galectin-3 ubiquitination.
Research. 2025;8:0574.

Jauhiainen S, Kiema M, Hedman M, Laakkonen JP. Large
vessel cell heterogeneity and plasticity: Focus in aortic
aneurysms. Arterioscler Thromb Vasc Biol. 2022;42(7):811-818.
Gebauer F, Schwarzl T, Valcarcel ], Hentze MW. RNA-
binding proteins in human genetic disease. Nat Rev Genet.
2021;22(3):185-198.

Mohibi S, Chen X, Zhang J. Cancer the' RBP'eutics-RNA-
binding proteins as therapeutic targets for cancer. Pharmacol
Ther. 2019;203:Article 107390.

Volkers M, Preiss T, Hentze MW. RNA-binding proteins in
cardiovascular biology and disease: The beat goes on. Nat Rev
Cardiol. 2024;21(6):361-378.

Mir C, Garcia-Mayea Y, LLeonart ME. Targeting the
“undruggable”: RNA-binding proteins in the spotlight in
cancer therapy. Semin Cancer Biol. 2022;86(Pt 3):69-83.
Taylor GA, Carballo E, Lee DM, Lai WS, Thompson M]J,
Patel DD, Schenkman DI, Gilkeson GS, Broxmeyer HE,
Haynes BE et al. A pathogenetic role for TNFa in the
syndrome of cachexia, arthritis, and autoimmunity

resulting from tristetraprolin (TTP) deficiency. Immunity.
1996;4(5):445-454.

Zhang H, Taylor WR, Joseph G, Caracciolo V, Gonzales DM,
Sidell N, Seli E, Blackshear PJ, Kallen CB. mRNA-binding
protein ZFP36 is expressed in atherosclerotic lesions and
reduces inflammation in aortic endothelial cells. Arterioscler
Thromb Vasc Biol. 2013;33(6):1212-1220.

Dai XY, Cai Y, Sun W, Ding Y, Wang W, Kong W, Tang C,
Zhu Y, Xu M-J, Wang X. Intermedin inhibits macrophage
foam-cell formation via tristetraprolin-mediated decay of
CD36 mRNA. Cardiovasc Res. 2014;101(2):297-305.

Paz I, Kosti I, Ares M Jr, Cline M, Mandel-Gutfreund Y.
RBPmap: A web server for mapping binding sites of RNA-
binding proteins. Nucleic Acids Res. 2014;42(W1):
W361-W367.

Lu H, Howatt DA, Balakrishnan A, Graham M]J, Mullick AE,
Daugherty A. Hypercholesterolemia induced by a PCSK9
gain-of-function mutation augments angiotensin II-induced
abdominal aortic aneurysms in C57BL/6 mice-brief report.
Arterioscler Thromb Vasc Biol. 2016;36(9):1753-1757.

Gao ], Cao H, Hu G, Wu Y, Xu Y, Cui H, Lu HS, Zheng L. The
mechanism and therapy of aortic aneurysms. Signal Transduct
Target Ther. 2023;8(1):55.

Ye S. Influence of matrix metalloproteinase genotype on
cardiovascular disease susceptibility and outcome. Cardiovasc
Res. 2006;69(3):636-645.

Lu H, Sun J, Liang W, Chang Z, Rom O, Zhao Y, Zhao G,
Xiong W, Wang H, Zhu T, et al. Cyclodextrin prevents
abdominal aortic aneurysm via activation of vascular
smooth muscle cell transcription factor EB. Circulation.
2020;142(5):483-498.

15


https://doi.org/10.34133/research.1078

Research

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Sun X, Zhang H, Xie L, Qian C, Ye Y, Mao H, Wang B,

Zhang H, Zhang Y, He X, et al. Tristetraprolin destabilizes
NOX2 mRNA and protects dopaminergic neurons

from oxidative damage in Parkinson’s disease. FASEB .
2020;34(11):15047-15061.

Gomez D, Swiatlowska P, Owens GK. Epigenetic control of
smooth muscle cell identity and lineage memory. Arterioscler
Thromb Vasc Biol. 2015;35(12):2508-2516.

Daoud E, Daoud E, Arévalo Martinez M, Holst ], Holmberg J,
Albinsson S, Swird K. Role of smooth muscle YAP and TAZ
in protection against phenotypic modulation, inflammation,
and aneurysm development. Biochem Pharmacol.
2022;206:Article 115307.

Unterer B, Wiesmann V, Gunasekaran M, Sticht H,

Tenkerian C, Behrens J, Leone M, Engel FB,

Britzen-Laurent N, Naschberger E, et al. IFN-y-response
mediator GBP-1 represses human cell proliferation by
inhibiting the hippo signaling transcription factor TEAD.
Biochem J. 2018;475(18):2955-2967.

Traver MK, Henry SC, Cantillana V, Oliver T, Hunn JP,
Howard JC, Beer S, Pfeffer K, Coers J, Taylor GA. Immunity-
related GTPase M (IRGM) proteins influence the localization
of guanylate-binding protein 2 (GBP2) by modulating
macroautophagy. J Biol Chem. 2011;286(35):30471-30480.
Wandel MP, Pathe C, Werner EI, Ellison CJ, Boyle KB,

von der Malsburg A, Rohde ], Randow E GBPs inhibit
motility of Shigella flexneri but are targeted for degradation
by the bacterial ubiquitin ligase IpaH9.8. Cell Host Microbe.
2017;22(4):507-518.€5.

Muazzen Z, Moghrabi W, Bakheet T, Mahmoud L, Al-Saif M,
Khabar KSA, Hitti EG. Global analysis of the abundance of
AU-rich mRNAs in response to glucocorticoid treatment. Sci
Rep. 2024;14(1):913.

Jeon DY, Jeong SY, Lee JW, Kim J, Kim JH, Chu HS, Jeong W7,
Lee BJ, Ahn B, Kim J, et al. FOXO1 is a key mediator of
glucocorticoid-induced expression of tristetraprolin in MDA-
MB-231 breast cancer cells. Int ] Mol Sci. 2022;23(22):13673.
ShiJ-X, LiJ-S, Hu R, Shi Y, Su X, Guo X-J, Li X-M.
Tristetraprolin is involved in the glucocorticoid-

mediated interleukin 8 repression. Int Immunopharmacol.
2014;22(2):480-485.

Meduri GU, Annane D, Confalonieri M, Chrousos GP,
Rochwerg B, Busby A, Ruaro B, Meibohm B. Pharmacological
principles guiding prolonged glucocorticoid treatment in
ARDS. Intensive Care Med. 2020;46(12):2284-2296.
Rounbehler RJ, Fallahi M, Yang C, Steeves MA, Li W,
Doherty JR, Schaub FX, Sanduja S, Dixon DA, Blackshear PJ,
et al. Tristetraprolin impairs myc-induced lymphoma and
abolishes the malignant state. Cell. 2012;150(3):563-574.
Park J, Rah S-Y, An HS, Lee JY, Roh GS, Ryter SW, Park JW,
Yang CH, Surh Y-J, Kim U-H, et al. Metformin-induced TTP
mediates communication between Kupffer cells and hepatocytes
to alleviate hepatic steatosis by regulating lipophagy and
necroptosis. Metabolism. 2023;141:Article 155516.

Cicchetto AC, Jacobson EC, Sunshine H, Wilde BR, Krall AS,
Jarrett KE, Sedgeman L, Turner M, Plath K, Iruela-Arispe ML,
et al. ZFP36-mediated mRNA decay regulates metabolism. Cell
Rep. 2023;42(5):Article 112411.

Patino WD, Kang J-G, Matoba S, Mian OY, Gochuico

BR, Hwang PM. Atherosclerotic plaque macrophage
transcriptional regulators are expressed in blood and
modulated by tristetraprolin. Circ Res. 2006;98(10):1282-1289.

Wu et al. 2026 | https://doi.org/10.34133/research.1078

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Yin K, Deng X, Mo Z-C, Zhao G-J, Jiang J, Cui L-B, Tan C-Z,
Wen G-B, Fu'Y, Tang C-K. Tristetraprolin-dependent post-
transcriptional regulation of inflammatory cytokine mRNA
expression by apolipoprotein A-I: Role of ATP-binding
membrane cassette transporter Al and signal transducer and
activator of transcription 3. ] Biol Chem. 2011;286(16):
13834-13845.

Bollmann E, Wu Z, Oelze M, Siuda D, Xia N, Henke J,

Daiber A, Li H, Stumpo DJ, Blackshear PJ, et al. Endothelial
dysfunction in tristetraprolin-deficient mice is not caused by
enhanced tumor necrosis factor-o expression. J Biol Chem.
2014;289(22):15653-15665.

Bennett MR, Sinha S, Owens GK. Vascular smooth muscle
cells in atherosclerosis. Circ Res. 2016;118(4):692-702.
Barallobre-Barreiro ], Loeys B, Mayr M, Rienks M,
Verstraeten A, Kovacic JC. Extracellular matrix in vascular
disease, part 2/4: JACC focus seminar. ] Am Coll Cardiol.
2020;75(17):2189-2203.

Petsophonsakul P, Furmanik M, Forsythe R, Dweck M,
Schurink GW, Natour E, Reutelingsperger C, Jacobs M,

Mees B, Schurgers L, et al. Role of vascular smooth muscle
cell phenotypic switching and calcification in aortic aneurysm
formation. Arterioscler Thromb Vasc Biol. 2019;39(7):
1351-1368.

Grootaert MOJ, Bennett MR. Vascular smooth muscle cells
in atherosclerosis: Time for a re-assessment. Cardiovasc Res.
2021;117(11):2326-2339.

Pan H, Ho SE, Xue C, Cui J, Johanson QS, Sachs N, Ross LS,
Li E Solomon RA, Connolly ES Jr, et al. Atherosclerosis is a
smooth muscle cell-driven tumor-like disease. Circulation.
2024;149(24):1885-1898.

Spin JM, Maegdefessel L, Tsao PS. Vascular smooth muscle
cell phenotypic plasticity: Focus on chromatin remodelling.
Cardiovasc Res. 2012;95(2):147-155.

Wang Y, Hu G, Liu F, Wang X, Wu M, Schwarz JJ, Zhou J.
Deletion of yes-associated protein (YAP) specifically in
cardiac and vascular smooth muscle cells reveals a crucial
role for YAP in mouse cardiovascular development. Circ Res.
2014;114(6):957-965.

Arévalo Martinez M, Ritsvall O, Bastrup JA, Celik S,
Jakobsson G, Daoud E, Winqvist C, Aspberg A, Rippe C,
Maegdefessel L, et al. Vascular smooth muscle-specific YAP/
TAZ deletion triggers aneurysm development in mouse aorta.
JCI Insight. 2023;8(17):Article e170845.

Wen T, Liu ], He X, Dong K, Hu G, Yu L, Yin Q, Osman I,
Peng J, Zheng Z, et al. Transcription factor TEADI is essential
for vascular development by promoting vascular smooth
muscle differentiation. Cell Death Differ. 2019;26(12):
2790-2806.

Kimura M, Horie T, Baba O, Ide Y, Tsuji S, Rodriguez RR,
Watanabe T, Yamasaki T, Otani C, Xu S, et al. Homeobox A4
suppresses vascular remodeling by repressing YAP/TEAD
transcriptional activity. EMBO Rep. 2020;21(4):Article e48389.
Shen'Y, Xu L-R, Yan D, Zhou M, Han T-L, Lu C, Tang X, Lin C-P,
Qian R-Z, Guo D-Q. BMALI1 modulates smooth muscle cells
phenotypic switch towards fibroblast-like cells and stabilizes
atherosclerotic plaques by upregulating YAP1. Biochim Biophys
Acta Mol basis Dis. 2022;1868(9):Article 166450.

Wang Z, Quan Y, Hu M, Xu Y, Chen Y, Jin P, Ma ], Chen X,
Fan J, Fan X, et al. VGLL4-TEADI promotes vascular smooth
muscle cell differentiation from human pluripotent stem cells
via TET2. ] Mol Cell Cardiol. 2023;176:21-32.

16


https://doi.org/10.34133/research.1078

Research

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Grohmann U, Volpi C, Fallarino E Bozza S, Bianchi R,

Vacca C, Orabona C, Belladonna ML, Ayroldi E, Nocentini G,
et al. Reverse signaling through GITR ligand enables
dexamethasone to activate IDO in allergy. Nat Med.
2007;13(5):579-586.

Hungria V, Robak P, Hus M, Zherebtsova V, Ward C, Ho PJ,
de Almeida ACR, Hajek R, Kim K, Grosicki S, et al.
Belantamab mafodotin, bortezomib, and dexamethasone for
multiple myeloma. N Engl ] Med. 2024;391(5):393-407.

Leleu X, Hulin C, Lambert J, Bobin A, Perrot A, Karlin L,
Roussel M, Montes L, Cherel B, Chalopin T, et al. Isatuximab,
lenalidomide, dexamethasone and bortezomib in transplant-
ineligible multiple myeloma: The randomized phase 3
BENEFIT trial. Nat Med. 2024;30(8):2235-2241.

Czorlich P, Sauvigny T, Ricklefs F, Abboud T, Nierhaus A,
Vettorazzi E, Reuter DA, Regelsberger ], Westphal M,
Schmidt NO. Impact of dexamethasone in patients with
aneurysmal subarachnoid haemorrhage. Eur J Neurol.
2017;24(4):645-651.

Barnett CP, Chitayat D, Bradley TJ, Wang Y, Hinek A.
Dexamethasone normalizes aberrant elastic fiber production
and collagen 1 secretion by Loeys-Dietz syndrome fibroblasts:
A possible treatment? Eur ] Hum Genet. 2011;19(6):624-633.
Spratt DE, Reddy VK, Choxi AA, Simon SD, Shay SD,
Davidson MA, Barr FE, Summar ML, Mericle RA.
Dexamethasone significantly attenuates sub-arachnoid
hemorrhage-induced elevation in cerebrospinal fluid citrulline
and leukocytes. ] Neurosurg Sci. 2012;56(4):363-371.

Wang X, Zhang X, Qiu T, Yang Y, Li Q, Zhang X.
Dexamethasone reduces the formation of thoracic aortic
aneurysm and dissection in a murine model. Exp Cell Res.
2021;405(2):Article 112703.

Wang X, Li Q, Li W, Zhang T, Li X, Jiao Y, Zhang X, Jiang J,
Zhang X, Zhang X. Dexamethasone attenuated thoracic aortic
aneurysm and dissection in vascular smooth muscle cell
Tgtbr2-disrupted mice with CCL8 suppression. Exp Physiol.
2022;107(6):631-645.

Bateman RM, Sharpe MD, Jagger JE, Ellis CG, Solé-Violan J,
Lépez-Rodriguez M, Herrera-Ramos E, Ruiz-Hernandez J,
Borderias L, Horcajada J, et al. 36th International symposium
on intensive care and emergency medicine: Brussels, Belgium.
15-18 March 2016. Crit Care. 2016;20(Suppl 2):94.

Hou C, Liu E, Liu C. Comparison of submucosal

with intramuscular or intravenous administration of

Wu et al. 2026 | https://doi.org/10.34133/research.1078

57.

58.

59.

60.

61.

62.

63.

64.

65.

dexamethasone for third molar surgeries: A systematic review
and meta-analysis. Front Surg. 2021;8:Article 714950.
Hofmann Bowman MA, Eagle KA, Milewicz DM. Update on
clinical trials of losartan with and without p-blockers to block
aneurysm growth in patients with Marfan syndrome: A review.
JAMA Cardiol. 2019;4(7):702-707.

Nie H, Zhao W, Wang Q, Zhou W. Lipid-lowering and
antihypertensive drugs on aortic disease risk: Insights

from Mendelian randomization analysis and real-world
pharmacovigilance data. Eur Heart ] Cardiovasc Pharmacother.
2025;11(2):116-135.

Wagenhiuser MU, Mulorz J, Krott KJ, Bosbach A, Feige T,
Rhee YH, Chatterjee M, Petzold N, Boddeker C, Ibing W,

et al. Crosstalk of platelets with macrophages and fibroblasts
aggravates inflammation, aortic wall stiffening, and
osteopontin release in abdominal aortic aneurysm. Cardiovasc
Res. 2024;120(4):417-432.

Price LC, Montani D, Tcherakian C, Dorfmiiller P, Souza R,
Gambaryan N, Chaumais M-C, Shao DM, Simonneau G,
Howard LS, et al. Dexamethasone reverses monocrotaline-
induced pulmonary arterial hypertension in rats. Eur Respir J.
2011;37(4):813-822.

Zakkar M, Luong LA, Chaudhury H, Ruud O, Punjabi PP,
Anderson JR, Mullholand JW, Clements AT, Krams R, Foin N,
et al. Dexamethasone arterializes venous endothelial cells by
inducing mitogen-activated protein kinase phosphatase-1: A
novel antiinflammatory treatment for vein grafts? Circulation.
2011;123(5):524-532.

Sun LY, Lyu Y-Y, Zhang H-Y, Shen Z, Lin G-Q, Geng N,

Wang Y-L, Huang L, Feng Z-H, Guo X, et al. Nuclear receptor
NR1D1 regulates abdominal aortic aneurysm development by
targeting the mitochondrial tricarboxylic acid cycle enzyme
aconitase-2. Circulation. 2022;146(21):1591-1609.

Guo X, Zhong J, Zhao Y, Fu Y, Sun L-Y, Yuan A, Liu J,

Chen AF, PuJ. LXRa promotes abdominal aortic aneurysm
formation through UHRF1 epigenetic modification of miR-
26b-3p. Circulation. 2024;150(1):30-46.

Xue C, Zhao G, Zhao Y, Chen YE, Zhang J. Mouse abdominal
aortic aneurysm model induced by perivascular application of
elastase. J Vis Exp. 2022;(180): 10.3791/63608.

Satoh K, Nigro P, Matoba T, O’Dell MR, Cui Z, Shi X, Mohan A,
Yan C, Abe J-i, Illig KA, et al. Cyclophilin a enhances vascular
oxidative stress and the development of angiotensin II-induced
aortic aneurysms. Nat Med. 2009;15(6):649-656.

17


https://doi.org/10.34133/research.1078

	ZFP36 Protects against Abdominal Aortic Aneurysm Formation by Regulating Vascular Smooth Muscle Phenotypic Switch
	Introduction
	Results
	ZFP36 is down-regulated during AAA progression
	ZFP36 in VSMCs prevented AAA progression
	VSMC-specific Zfp36 augmented AngII-induced aortic remodeling
	ZFP36 manipulated VSMC phenotypic switch
	Identification of GBP2 as a target of ZFP36 during AAA progression
	ZFP36 inhibits VSMC phenotypic switch in a GBP2/YAP1/TEAD1-dependent manner
	Dex transcriptionally activates ZFP36 via promoting glucocorticoid receptor nuclear translocation
	Administration of low-dose Dex prevents AAA formation in a ZFP36-dependent manner

	Discussion
	Materials and Methods
	Animals
	Clinical study participants
	Statistical analysis

	Acknowledgments
	Data Availability
	Supplementary Materials
	References


