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physiological function. Vascular abnormalities frequently 
contribute to circulatory system diseases, such as aneurysms 
[1], arteriovenous malformations [2], venous malformations 
[3], and arteriovenous fistulas [4], which largely stem from 
endothelial cell dysfunction. For example, arteriovenous 
fistula (AVF) primarily results from abnormal connections 
between veins and arteries due to embryonic intimal hyper-
plasia, which is caused mainly by endothelial dysfunction, 
abnormal cell proliferation and migration [4–6].

Normal vascular development, including vasculogenesis 
and angiogenesis, is crucial for the survival and growth of 
organisms. Vasculogenesis involves endothelial progeni-
tor cells from the embryonic mesoderm gradually forming 
a primitive vascular plexus and blood cells through fate 
determination, cell proliferation and differentiation [7]. 
Angiogenesis, on the other hand, involves the formation of 
a functionally intact circulatory system by sprouting from 
preexisting blood vessels, incorporating processes such as 
vessel destabilization, angiogenic signals, tip and stalk cell 
selection, guidance, lumen formation, and vessel maturation 

Introduction

The cardiovascular system, the most vital system of ver-
tebrates, transports oxygen, nutrients and signaling fac-
tors to all body cells and removes waste. A healthy, 
complete cardiovascular system is indispensable for normal 

	
 Hongyan Li
hongyanli@ouc.edu.cn

1	 College of Marine Life Sciences, Key Laboratory of 
Evolution & Marine Biodiversity (Ministry of Education), 
Institute of Evolution & Marine Biodiversity, Ocean 
University of China, Qingdao 266003, China

2	 Laboratory for Marine Biology and Biotechnology, Qingdao 
Marine Science and Technology Center, Qingdao, China

3	 Institute of Brain Science and Brain-inspired Research, 
Shandong First Medical University & Shandong Academy of 
Medical Sciences, Jinan, China

4	 Ocean University of China, Room 301, Darwin Building, 5 
Yushan Road, Qingdao 266003, China

Abstract
Endothelial cell adhesion and migration are crucial to various biological processes, including vascular development. The 
identification of factors that modulate vascular development through these cell functions has emerged as a prominent 
focus in cardiovascular research. Crip2 is known to play a crucial role in cardiac development, yet its involvement in 
vascular development and the underlying mechanism remains elusive. In this study, we revealed that Crip2 is expressed 
predominantly in the vascular system, particularly in the posterior cardinal vein and caudal vein plexus intersegmental 
vein. Upon Crip2 loss, the posterior cardinal vein plexus and caudal vein plexus are hypoplastic, and endothelial cells 
exhibit aberrant aggregation. In human umbilical vein endothelial cells (HUVECs), CRIP2 interacts with the cytoskeleton 
proteins KRT8 and VIM. The absence of CRIP2 negatively regulates their expression, thereby fine-tuning cytoskeleton 
formation, resulting in a hyperadhesive phenotype. Moreover, CRIP2 deficiency perturbs the VEGFA/CDC42 signaling 
pathway, which in turn diminishes the migrating capacity of HUVECs. Furthermore, the loss of CRIP2 impairs cell pro-
liferation by affecting its interaction with SRF through PDE10A/cAMP and PDGF/JAK/STAT/SRF signaling. Collectively, 
our findings delineate a crucial role for CRIP2 in controlling the migration, adhesion and proliferation of endothelial 
cells, thereby contributing to vascular development in zebrafish. These insights may provide a deeper understanding of 
the etiology of cardiovascular disorders.
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[8]. This requires coordinated endothelial cell activities, 
including proliferation, differentiation, migration, adhesion, 
and cell-cell interactions, which are regulated by signaling 
pathways such as the Wnt/Frizzled, Delta/Notch, Ephrin/
Eph, TGF, PDGF, and VEGF pathways, as well as transcrip-
tion factors such as TAL1, RUNX-1 and ETS [9–14]. For 
example, VEGF signaling plays a role in regulating angio-
genesis and disease and is correlated with invasiveness, vas-
cular density, metastasis, recurrence and proliferation [15]. 
PDGF has been demonstrated to be a proangiogenic factor, 
and the PDGF/PDGFR signaling pathway is considered an 
important receptor tyrosine kinase (RTK) pathway that pro-
motes the proliferation, invasion, metastasis, and angiogen-
esis of tumor cells [16]. Investigating the factors influencing 
these activities is crucial for understanding endothelial cell 
physiology.

To establish a normal vascular structure and regulate 
various physiological responses, endothelial cells work 
together with smooth muscle cells and fibrocytes to create 
a highly organized structure referred to as the ‘mini-lumen 
structure’. This intricate network of cell-cell interactions 
is primarily established by the cell aggregation process, 
which relies on a multitude of cell-cell adhesion proteins, 
prominent among which are those belonging to the cad-
herin superfamily [17]. Disruption of cell aggregation can 
arise from various factors, including the loss of functional 
E-cadherin, varied adhesion to the extracellular matrix, or a 
response to inflammatory cytokines [18–20]. The adhesion 
of cells is frequently regulated by their interactions with the 
cell-extracellular matrix (ECM) and integrin signaling; this 
activation initiates a cascade of biological processes, such 
as cytoskeleton dynamics, cell motility, and cell matura-
tion [21, 22]. Alterations in the adhesive capacity of tumor 
cells can lead to cancer metastasis; for example, the loss of 
E-cadherin function is associated with a more invasive phe-
notype [23, 24]. Proper cell aggregation, driven by effec-
tive cell adhesion and migration, is therefore critical for 
angiogenesis.

Eukaryotic cells rely on the cytoskeleton to establish 
a systemic architecture that serves diverse functions. The 
cytoskeleton not only provides stress points for mechanical 
forces that facilitate cell movement but also offers anchors 
and stress points for cell junctions. Moreover, it plays a 
crucial role in a variety of complex cellular phenomena, 
including cell division, migration, adhesion, junctions, 
endocytosis, intracellular transport, force transmission and 
responses to stress [25–29]. The eukaryotic cytoskeleton is 
composed of actin filaments, intermediate filaments, and 
microtubules, and the dynamics of this structure are driven 
by motor proteins such as myosin, kinesin, and dynein, 
which are responsible for polymerization and intracellu-
lar transport [30]. Intermediate filaments, in particular, are 

integral to several cellular processes, including apoptosis, 
cell junctions, migration, adhesion, and interactions with 
other cytoskeletal components [31]. Understanding how 
the cytoskeleton, specifically cell adhesion, migration and 
invasion, affects cardiovascular diseases and tumor angio-
genesis is highly important. This knowledge can provide 
critical insights into the mechanisms underlying these com-
plex pathologies.

LIM proteins, characterized by the presence of classical 
LIM (Lin-11, Isl1, MEC-3) domains, act as adapters or scaf-
folds that facilitate the assembly of multimeric protein com-
plexes [32, 33]. In mammals, these proteins are pivotal in 
regulating a diverse array of biological processes, including 
signal transduction regulation, cell proliferation, migration, 
junction formation, adhesion and cytoskeletal organiza-
tion [34–37]. Research has revealed that 41 LIM proteins 
are enriched in cell junctions and the actomyosin cytoskel-
eton [38, 39]. Among these proteins, 26 (including CSRP, 
ZYXIN, PAXILLIN, and LIMD1) have been identified to 
be involved in cell adhesion and junction processes, 21 of 
which respond to myosin II activity [40]. CRIP (cysteine-
rich intestinal protein) proteins, including Crip1 and Crip2, 
constitute one subgroup of LIM proteins. Crip1 regulates 
cell proliferation, migration, and invasion, as well as epithe-
lial-mesenchymal transition [41–43]. Crip2 is known to be 
involved in cardiac development [44–46], but its involve-
ment in the formation of blood vessels remains elusive.

In this study, we explored the role of Crip2 in zebraf-
ish vascular development and elucidated the underlying 
mechanism via human vascular endothelial cells. Our find-
ings demonstrate that Crip2 is crucial for zebrafish vascular 
development. Crip2 interacts with the transcription factor 
SRF and the cytoskeleton proteins Krt8 and Vim, through 
these interactions, it orchestrates the regulation of both its 
function and downstream factors. This regulation is pivotal 
in controlling the migration, adhesion and proliferation of 
endothelial cells, thereby participating in vascular devel-
opment in zebrafish. These insights contribute to a better 
understanding of the etiology of cardiovascular disorders.

Materials and methods

Zebrafish maintenance, transgene generation and 
knockout line generation

The AB strain of zebrafish (Danio rerio) was maintained 
in a standard zebrafish culture system (Haisheng Zebrafish 
Circulation Culture Tank, Shanghai, China) at 28.5 °C and 
fed twice daily under a 14-h light/10-h dark cycle. After 
zebrafish naturally mated, fertilized embryos were collected 
and cultured in an E3 medium.
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The transgene zebrafish were produced with a Tol2 kit 
[47]. Briefly, the crip2 promoter sequence (-8000 ~ -1 bp) 
and CDS were amplified with PrimeSTAR GXL DNA 
Polymerase (Takara, R050A), subcloned and inserted into 
p5E-MCS and pME-MCS, respectively. The two plasmids 
and p3E-polyA were recombined into pDestTol2pA2 with 
LR Clonase (Invitrogen, 12538120), and the transposase 
mRNA was synthesized with a T7 mRNA Kit (Invitro-
gen, AM1344). Then, the transgenic recombinant plasmid 
and transposase mRNA were mixed to obtain a 100 ng/µL 
mRNA and 50 ng/µL plasmid mixture. Then, 1 nL of mixed 
solution was injected into 1-cell-stage embryos in either the 
yolk or the cell cytoplasm via microinjection. The transgenic 
F0 founder embryos or produced F1 embryos were screened 
by examination of tissue-specific green fluorescence.

CRISPR/Cas9 was used to generate the crip2 knockout 
zebrafish strain. The appropriate target site (Supplemental 
information - Primer) on the exon within the first third of 
the CDS was designed via CRISPOR ​(​​​h​t​t​p​:​/​/​c​r​i​s​p​o​r​.​t​e​f​o​r​.​
n​e​t​/​​​​​)​. The forward primer, which contains a T7 promoter 
and guide sequence, and the reverse primer, which encodes 
the standard chimeric sgRNA scaffold, were used with 
the sgRNA scaffold plasmid to generate the templates for 
sgRNA production. The sgRNA was transcribed in vitro 
with purified templates and T7 RNA Polymerase (Yeasen, 
36705ES48). The Cas9 protein (NEB, M0646M) was mixed 
1:1 with the sgRNA for a 2 µM Cas9, 0.5 µg/µL sgRNA 
solution to generate Cas9 RNP complexes. Then, 1 nL of 
Cas9 RNP complexes was injected into 1-cell-stage embryos 
via microinjection. The injected F0 adult zebrafish were 
mated with wild-type zebrafish to produce F1 embryos. The 
mutation types of F1 adult zebrafish were identified by T7 
endonuclease I identification and Sanger sequencing. F2 
embryos were produced by mating F1 adults with the same 
mutation type.

Whole-mount in situ hybridization and quantitative 
real-time PCR

For whole-mount in situ hybridization (WISH), the embryos 
were maintained in E3 medium supplemented with 0.0045% 
1-phenyl-2-thiourea (PTU; Sigma, 189235), which pre-
vented pigmentation 24  h post-fertilization (hpf). The 
embryos were sorted and fixed with 4% paraformaldehyde 
(PFA; Sigma, 158127) following the instructions of Kimmel 
[48]. Fragments of crip2 and other markers were amplified 
via PCR using the specific primers (Supplemental informa-
tion - Primer) designed via Primer Premier 6.0 on the basis 
of the NCBI database. The purified fragments were sub-
cloned and inserted into the pEASY-T3 vector (TransGen, 
CT301), and the vectors were subsequently sequenced suc-
cessfully and digested into linearized plasmids by a specific 

restriction enzyme. The antisense riboprobes labeled with 
digoxigenin-11-UTP (Roche, 11277073910) were synthe-
sized via in vitro transcription with Sp6 RNA polymerase 
(Invitrogen, EP0131) or T7 RNA polymerase (Promega, 
P2075). The WISH experimental procedures followed the 
standard protocol [49]. After staining, the embryos were 
mounted in glycerin, and photographed under a stereomi-
croscope (Nikon, Japan).

RNA was extracted from multiple tissues of zebrafish, 
and the cDNAs were reverse transcribed following a pre-
vious standard protocol [50]. Quantitative real-time PCR 
(qRT-PCR) was conducted via SYBR qPCR Master Mix 
(Vazyme, Q431) on an ABI 7500 real-time PCR system 
(Applied Biosystems, Singapore). The figures showing the 
relative expression levels of each gene were generated with 
GraphPad Prism 9.

Cell culture and subcellular localization

Human umbilical vein endothelial cells (HUVECs) were 
cultured in RPMI 1640 medium (VivaCell, C3010) contain-
ing 10% fetal bovine serum (FBS; Yeasen, 40130ES76) and 
1% penicillin-streptomycin solution (Cytiva, SV30010) in a 
37 °C humidified incubator with 5% CO2. HEK293T cells 
were maintained in high-glucose DMEM (VivaCell, C3113) 
supplemented with 10% FBS and 1% penicillin-streptomy-
cin solution. Cell transfections were carried out via Liposo-
mal Transfection Reagent (Yeasen, 40802ES03) following 
the manufacturer’s instructions.

The pcDNA3.1/V5/eGFP vector was formed by clon-
ing the eGFP gene into the eukaryotic expression vector 
pcDNA3.1/V5-His A. The purified crip2 coding sequence 
was subsequently subcloned and inserted into the linear-
ized pcDNA3.1/V5/eGFP vector via homologous recombi-
nation with using ClonExpress Mix (Vazyme, C115) [51]. 
The recombinant plasmid and pcDNA3.1/V5/eGFP were 
individually transfected into HEK293T cells. Twenty-four 
hours after transfection, DAPI was used to stain the cell 
nucleus. After being washed with PBS, the samples were 
observed and photographed under a confocal microscope 
(Leica, SP8).

Lentivirus and cell line generation

The human CRIP2 knockout target sites (Supplemental 
information- Primer) that were designed as above and the 
CRIP2 CDS that carried a Flag sequence tag, were fused 
into the linearized lentiCRISPR v2 and pLVX-mCMV-
ZsGreen1-Puro, respectively. As negative controls in the 
knockout assays, the target sites of the nonessential and 
noncoding human Rosa26 locus were also subcloned [52]. 
HEK293T cells were cotransfected with the above lentiviral 
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was investigated via ImageJ, and the results were plotted as 
the repair rate of the scratch of cells via the following for-
mula: [(scratch area at time zero − scratch area after individ-
ual treatment period) ÷ (scratch area at time zero)] × 100%.

The cells were precoated with fibronectin solution 
(Sigma, F0556) for 1 h in 12-well plates at 37 °C. HUVECs 
were seeded and cultured in a humidified incubator for 0.5, 
1, 2 h. The cells were fixed in 4% PFA, stained with crystal 
violet ammonium oxalate solution (Solarbio, G1062), and 
imaged under a confocal microscope. The adherent cells 
were counted via ImageJ.

Immunoprecipitation, coimmunoprecipitation and 
Western blotting

HUVECs, expressing the CRIP2-Flag fusion protein, were 
lysed in cold cell lysis buffer containing protease and phos-
phatase inhibitors (Beyotime, P1045). Centrifugation was 
performed to remove cell debris. The cell lysates were then 
incubated with anti-Flag (BioLegend, 637319) or control 
isotype IgG with gentle agitation at 4  °C overnight. The 
immunocomplexes were subsequently precipitated with 
protein A/G magnetic beads (MCE, HY-K0202) at 4 °C for 
4 h. The magnetic beads were washed with PBST and heated 
with protein sample loading buffer at 100 °C for 5 min. The 
protein electrophoresis of the samples was performed via 
PAGE (Epizyme, PG113), after which the gels were stained 
with Coomassie Brilliant blue R250 (Sigma, 1.12553). The 
particular protein bands were removed for mass spectrom-
etry (done by Sangon, China).

The human CRIP2 and KRT8, SRF, and VIM CDSs were 
amplified and inserted into pCMV-C-Flag and pCMV-C-
HA, respectively. HEK293T cells were transfected with the 
recombinant plasmids together. Twenty-four hours after 
transfection, the cells were collected and lysed to obtain the 
cell lysates. Other experimental treatments were performed 
as described above to obtain protein samples. The protein 
samples were analyzed via western blotting.

The cells were lysed with cell lysis buffer containing 
protease and phosphatase inhibitors at 4 °C for 30 min and 
detached from the culture plates. The lysates were subse-
quently centrifuged at 12,000 × g at 4 °C for 15 min. The 
protein concentration was detected via a BCA protein assay 
kit (CWBIO, CW0014) [54], and the samples were sub-
sequently heated with a protein sample loading buffer at 
100  °C for 5  min. Equal amounts of the protein samples 
were electrophoresed via 12.5% PAGE. The proteins were 
transferred to polyvinylidene fluoride (PVDF; Millipore, 
IPVH00010) membranes. The PVDF membranes were 
blocked with 5% BSA in PBST for 3 h at room tempera-
ture, incubated with a specific antibody (Supplemental 
information- Antibody) at 4  °C overnight, and then with 

vectors (negative controls, recombinant lentiCRISPR v2 
and pLVX-mCMV-ZsGreen1-Puro) and packaging vectors 
(pMD2G, Addgene, 12259; psPAX2, Addgene, 12260). 
Lentiviruses were collected and concentrated via a Lentivi-
rus Concentration Solution Kit (Yeasen, 41101ES50). After 
transfection into HUVECs, 4 µg/ml puromycin (Solarbio, 
P8230) was used to select stable cells, and the monoclonal 
knockout cells were screened and grown in 48-well plates. 
The surviving cells were expanded and confirmed by west-
ern blotting.

Immunofluorescence, EdU and TUNEL assays

HUVECs were cultured in 12-well plates for 18 h. The cells, 
fixed with 4% PFA and incubated with 0.5% Triton X-100, 
were stained with specific antibodies at their specified opti-
mal dilutions overnight at 4  °C. They were stained with 
Alexa Fluor 488 (Invitrogen, A21121) or Alexa Fluor Plus 
488 (Invitrogen, A48282TR) for 1 h at room temperature, 
followed by nuclear staining with DAPI. If needed, TRITC 
phalloidin (Yeasen, 40734ES75) was used to stain F-actin 
at a final dilution of 1:200. The cells were observed and 
imaged under a confocal microscope.

The proliferation of the cells was determined via an EdU 
Cell Proliferation Kit (Invitrogen, C10337) according to the 
manufacturer’s instructions. Briefly, HUVECs were cul-
tured in 24-well plates for 12 h and then labeled with 10 µM 
EdU for 2 h. The cells were washed with PBS, fixed in 4% 
PFA, incubated with 0.5% Triton X-100, stained with DAPI 
and imaged under a confocal microscope. The percentages 
of EdU+ cells among all the DAPI+ cells were determined.

The detection and quantification of apoptotic cell death 
were performed via an In Situ Cell Death Detection Kit 
(Roche, 12156792910) according to the manufacturer’s 
instructions. As a negative control, the TUNEL reaction 
mixture without Enzyme Solution was used to stain the 
HUVECs. As positive controls, the cells were treated with 
DNase I for 10  min before staining. Other experimental 
treatments were performed as described above.

Transwell and adhesion assays

The effect of CRIP2 deficiency on the migration and inva-
sion of HUVECs was determined with transwell migra-
tion and invasion assays [53]. HUVECs were seeded into 
6-well plates and grown until they reached confluence. After 
starvation for 12 h in a medium without FBS, a surrogate 
scratch “wound” was produced on each confluent mono-
layer of cells via a 200 µL sterile pipette tip. At 0, 12, 24, 
36, and 48 h after wounding, the scratch area was recorded 
and photographed under an inverted fluorescence micro-
scope (Leica, DMI3000 B). The degree of wound closure 
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blood vessel endothelial cells at 18 hpf (Fig. 1G), as well 
as the caudal vein plexus at 24 hpf (Fig. 1H). By 48 hpf, the 
expression was observed in the intersegmental vein and pos-
terior cardinal vein (Fig. 1I), with this pattern persisting up 
to 120 hpf (Fig. 1J-L). In addition, crip2 was detected in the 
pharyngeal arch (Fig. 1I) and outer nuclear layer (Fig. 1K, 
L). These findings indicate that crip2 exhibits a dual pat-
tern of maternal expression followed by tissue-specific 
but dynamic expression during early zebrafish embryonic 
development. Furthermore, cirp2 is continuously expressed 
in the cardiovascular system at high levels, especially in the 
heart and caudal venous plexus, suggesting a significant role 
in the cardiovascular system.

Additionally, upon analyzing the Atlas for Zebraf-
ish Development dataset, we have identified that crip2 is 
expressed in specific cell lineages of zebrafish, particularly 
in vascular endothelial cells, skeletal muscle, notochord and 
cardiac muscle (Fig. S1A). Furthermore, from Daniocell 
dataset, we found that crip2 is also expressed in the cell clus-
ters such as hematopoietic/vasculature, muscle (Fig. S1B), 
as well as in cell clusters including vasculature, somites, 
notochord and heart (Fig. S1C). These findings are consis-
tent with the WISH results, collectively indicating that crip2 
is indeed expressed in the vascular endothelial cells.

To investigate the expression of Crip2 during the early 
development of zebrafish embryos, we developed a crip2 
transgenic zebrafish strain driven by its native promoter 
sequence. Fluorescence analysis of Tg(crip2:crip2-eGFP) 
zebrafish revealed that Crip2 was expressed primarily in 
the lumen of the posterior main vein and the initial bud of 
the posterior main vein to the intersegmental vein at 26 hpf 
(Fig. 1M). At 50 hpf, Crip2 expression was observed in the 
lumen of the posterior main vein and intersegmental vein 
(Fig. 1N). These findings were consistent with the previous 
WISH results. Therefore, we speculated that Crip2 may play 
a role in several physiological processes in endothelial cells, 
including the development and formation of the lumen for-
mation of the posterior cardinal vein and caudal vein plexus, 
as well as the initial sprouting and lumen formation of the 
intersegmental vein.

The subcellular localization of a protein has implications 
for its functions and potential mechanisms. By transfecting 
pcDNA3.1-crip2-eGFP, we observed that zebrafish Crip2 is 
localized to the cytoskeleton and extracellular pseudopodia 
filaments of HUVECs and that it colocalizes with F-actin 
(Fig. 1O, Fig. S2B, C). Additionally, we conducted immu-
nofluorescence staining using a human CRIP2 antibody to 
visualize the localization of endogenous CRIP2 in HUVECs. 
CRIP2 was predominantly distributed in the cytoplasm and 
associated with the cytoskeleton and extracellular filopodia 
filaments (Fig. S2D). At higher magnification, CRIP2 was 
also observed at the cell-cell junctions, specifically within 

a horseradish peroxidase-conjugated goat anti-rabbit (or 
mouse) IgG antibody at room temperature for 1  h. Anti-
GAPDH (1:1000; Proteintech, 60004-1-Ig) was used for 
internal standardization. The membranes were subsequently 
observed and photographed using a Mini Chemi fluores-
cence imaging analysis system. The band intensity was ana-
lyzed via ImageJ software.

Statistical analysis

In this study, data acquisition from the figures was achieved 
predominantly via ImageJ software. Subsequent data 
analysis and the generation of charts were performed with 
GraphPad Prism 9 software. All the results are presented 
as the means ± SDs from three independent experiments. A 
P-value < 0.05 was considered statistically significant. Data 
across different groups were analyzed via unpaired t-test, or 
one-way ANOVA or two-way ANOVA, as appropriate.

Data retrieval

The transcript sequences and protein sequences of all the 
species included in the present study were searched for 
and downloaded from the NCBI database. Figure S1 illus-
trates the expression of Crip2 in zebrafish obtained from the 
Atlas for Zebrafish Development provided by the UCSC 
Cell Browser (​h​t​t​p​​:​/​/​​c​e​l​l​​s​.​​u​c​s​​c​.​e​d​​u​/​?​​d​s​=​​z​e​b​r​a​f​i​s​h​-​d​e​v) and 
Daniocell (​h​t​t​p​​s​:​/​​/​d​a​n​​i​o​​c​e​l​​l​.​n​i​​c​h​d​​.​n​i​​h​.​g​o​v). Additionally, 
Fig. S8, which presents the predicted interacting proteins 
of human CRIP2, was generated from data retrieved from 
STRING (https://cn.string-db.org/).

Results

crip2 is persistently expressed in the cardiovascular 
system

Previous studies have reported the expression profiles of 
crip2 in zebrafish early embryos up to 48 hpf [44, 45]. In 
this study, we presented a detailed examination of crip2 
expression patterns at various stages prior to 120 hpf via 
WISH. From the 2-cell stage to the 6 hpf stage, crip2 was 
ubiquitously expressed in the animal pole of the embryo, 
and its expression level gradually decreased with devel-
opment (Fig.  1A-D), indicating that it was maternally 
expressed. The expression of crip2 begins in the notochord 
at 10 hpf, increases by 14 hpf and ceases at 48 hpf (Fig. 1E-
I). The expression of crip2 was also visible in the myotome 
between 18 hpf and 48 hpf (Fig. 1G-I). From 18 hpf onward, 
crip2 transcripts were predominantly found in the embry-
onic blood vascular system, including the heart and eye 
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Fig. 1  The expression profiles of zebrafish Crip2 during early vascu-
lar development. (A–L) Expression of crip2 determined via WISH 
in zebrafish early embryos. The figure marked with numbers in the 
upper right corner is a partial enlargement of the corresponding 
region. (M–N) Expression of Crip2 in early embryonic blood vessels 
of Tg(crip2:crip2-eGFP) zebrafish. The zebrafish transgenic line was 
constructed by expressing the Crip2-eGFP fusion under the control 
of the promoter region of crip2. Z-axis photography was performed, 

and the target areas were superimposed. (O) Subcellular localization 
of Crip2 in zebrafish via the transfection of pcDNA3.1-crip2-eGFP 
in HUVECs. TRITC-phalloidin and DAPI were used to stain F-actin 
and the nucleus, respectively. NC: notochord; MT: myotome; H: heart; 
EVE: eye blood vessel endothelial cell; CVP: caudal vein plexus; ISV: 
intersegmental vein; PA: pharyngeal arch; PCV: posterior cardinal 
vein; ONL: outer nuclear layer. hpf: hours post fertilization
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those in the wild type (Fig. S4A-F). These findings suggest 
that crip2 mutation may lead to impaired development of 
the posterior cardinal vein plexus and caudal vein plexus, 
resulting in a diffuse and loosely organized vasculature, 
potentially because of reduced cell proliferation.

To investigate the cause of the hypoplasia of the poste-
rior cardinal vein and caudal vein plexus in the mutant, we 
employed confocal microscopy to observe and document 
the mutant embryos meticulously. Our analysis revealed 
atypical nuclear clumping within the posterior cardinal vein 
and caudal vein plexus of crip2 mutant embryos (Fig. 3A-
H). Interestingly, we also observed abnormal nuclear aggre-
gates in the notochord of the mutant embryos (Fig. S4G-I), 
indicating that Crip2 deficiency might lead to aberrant 
cell aggregation. These findings suggest that the hypopla-
sia observed in the posterior cardinal vein and caudal vein 
plexus of crip2 mutants could be attributed to the aberrant 
proliferation and aggregation of endothelial cells.

CRIP2 loss increases HUVECs adhesion but reduces 
migration and proliferation

HUVECs are extensively used in vascular studies. To explore 
the mechanism of Crip2 in zebrafish vascular endothelial 
cell aggregation, we established human CRIP2 mutant lines 
via lentivirus transfection in HUVECs. We identified two 
target sites on the CRIP2 locus and two control target sites 
on the human ROSA26 locus, resulting in the generation 
of MT1, MT2 and control cell lines (Fig. S5A, B). After 
screening for stable monoclonal cell lines, the expression 
of CRIP2 was significantly reduced in the MT1 and MT2 
lines (Fig. S5C).

Our findings suggest that the aberrant aggregation 
observed in zebrafish endothelial cells might be due to 
increased cell adhesion and/or decreased cell migration. 
To test this hypothesis, we first evaluated whether CRIP2 
depletion enhances cell adhesion. Compared with those in 
the control groups, quantitative analysis of cell attachment 
revealed a substantial increase in the number of adherent 
MT1 and MT2 cell lines. Specifically, the number of adher-
ent cells per microscope field for the control groups was 
224 ± 38, 368 ± 34 and 646 ± 60 cells at 30, 60 and 120 min, 
respectively. In contrast, the values of the MT1 groups 
were 523 ± 30, 721 ± 30 and 1029 ± 100 cells, representing 
234.14%, 196.19% and 159.36% of those of the control 
groups, respectively. The MT2 groups presented adherent 
cell counts of 376 ± 21, 501 ± 32 and 755 ± 90 cells, corre-
sponding to 168.09%, 132.20% and 116.88% of the control 
group values, respectively (Fig. 4A, B). These data suggest 
that human CRIP2 deficiency promotes the adhesion of 
HUVECs.

the plasmodesmata (Fig. S2E, F). In summary, our find-
ings suggest that Crip2, which colocalizes with F-actin, is 
located within the cytoskeleton, pseudopod filaments and 
plasmodesmata. This localization implies that Crip2 may 
play a role in the formation and function of these structures, 
potentially contributing to certain cellular activities depen-
dent on them.

Deficiency of Crip2 in zebrafish affeipcts the normal 
development of blood vessels

To elucidate the role of Crip2 in embryonic vascular devel-
opment, we generated a zebrafish crip2 mutant line via 
CRISPR/Cas9 technology. Specifically, we synthesized 
a sgRNA targeting the second exon of the zebrafish crip2 
gene and coinjected it with commercial Cas9 proteins into 
the embryos together (Fig. S3A). Following breeding and 
screening, we established crip2 homozygous mutant zebraf-
ish with a deletion of 5 indels (Fig. S3B-D). This mutation 
resulted in the premature termination of crip2 translation in 
the middle of its first domain, yielding a truncated protein 
consisting of only 45 amino acids in the mutant (Fig. S3C). 
To assess the crip2 mRNA and protein expression levels in 
the mutant zebrafish, we used qRT-PCR, RT-PCR and West-
ern blotting. The crip2 mRNA levels in the mutant zebrafish 
were reduced to approximately 10% of those in the wild-
type zebrafish (Fig. S3E, F), which may be due to nonsense-
mediated mRNA decay. Western blotting further confirmed 
that the protein expression of Crip2 significantly decreased, 
which corresponded to the lowest observed mRNA levels 
(Fig. S3G). These results collectively indicate that we have 
successfully established a crip2 mutant zebrafish line.

Tal1 (also known as SCL) induces the transition of meso-
derm to hematopoietic and endothelial fates in zebrafish, 
and its loss leads to the disorganization of major blood ves-
sels [55–57]. Tie1 is involved in blood vessel development 
and endothelial cell-cell adhesion [58], and Fli1 is involved 
in angiogenesis and positive regulation of DNA-binding 
transcription factor activity [59]. To investigate the impact 
of Crip2 deficiency on zebrafish vasculature, we conducted 
WISH. Compared with that of the WT, the expression of 
tal1 in the posterior cardinal vein and caudal vein plexus 
of the crip2 mutants was significantly greater (Fig.  2A, 
B). Although qRT-PCR revealed only minor differences in 
the relative expression levels of tie1 and fli1 (Fig. 2D, F), 
the WISH results revealed that the lumens of the embry-
onic posterior cardinal vein in the mutants appeared wider, 
more loosely structured, intermittent and more diffuse than 
those in the controls did (Fig. 2C, E). In addition, there was 
a marked increase in the number of Flt4-positive cells in 
the posterior cardinal vein plexus and caudal vein plexus 
in the crip2 mutants, with higher expression levels than 
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CRIP2 deficiency on the migration of HUVECs via a scratch 
assay. The results demonstrated that mutation of CRIP2 
slowed the migration of both MT1 and MT2 cells toward 
the scratch (wound), which in turn delayed wound closure 

The process of cancer metastasis is accompanied by 
changes in the adhesion ability of tumor cells [22]. To deter-
mine whether cell aggregation is a consequence of aberrant 
cell migration, we investigated the modulatory effect of 

Fig. 2  Disruption of crip2 impairs vascular development. (A, C, E) 
The expression profiles of the vascular markers, tal1, tie1, and fli1 
were examined via WISH. (B, D, F) The relative mRNA expression 

levels of these genes were detected via qRT-PCR. Unpaired t-test; *, 
P < 0.05; ns, not significant
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(Fig. 4D). These findings suggest that CRIP2 loss impairs 
the migration of HUVECs.

Cell proliferation can lead to the formation of uniform and 
size-controlled cell aggregates [60, 61]. To explore whether 
cell aggregation was a result of excessive cell proliferation, 

(Fig. 4C). Quantification of the wounded area revealed that 
MT1 and MT2 cells migrated significantly slower toward 
the wounded area than the control cells did, with repair rates 
of approximately 43.44%, 51.17% and 73.82%, respectively 

Fig. 3  Loss of CRIP2 leads to aggregation of vascular endothelial 
cells. No endothelial cell aggregation was observed in the PCV (A, 
B) or CVP (C, D) of Tg(flk: mCherry) zebrafish embryos at 48 hpf. 
Aggregation of vascular endothelial cells was observed in the PCV (E, 
F) and CVP (G, H) of Tg(flk: mCherry); crip2−/− homozygous mutant 
embryos at 48 hpf. The embryos were stained with DAPI for nuclear 

visualization, with the left panel showing the embryonic trunk and the 
right panel showing the embryonic tail bud. The white dashed boxes 
indicate the areas that are magnified in the corresponding enlarged 
images located below in the figures. PCV: posterior cardinal vein; 
CVP: caudal vein plexus
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cells (Fig. 6B). Moreover, the colocalization of F-actin and 
Vinculin in MT1 and MT2 cells highlighted the forma-
tion of Vinculin-based focal adhesions, and Vinculin-based 
adhesion stress fibers were clearly evident, a feature not 
present in the control groups (Fig.  6B, D). Similarly, the 
expression of CD31 and E-cadherin (also known as CDH1), 
the primary components of cell-cell adhesion, was signifi-
cantly increased compared with that in the control groups 
(Fig.  6E, F). These observations suggest that the loss of 
CRIP2 resulted in a hyperadhesive HUVEC phenotype, 
thereby enhancing cell aggregation.

Many studies have demonstrated that LIM domains play 
crucial roles in mediating protein-protein or protein-DNA 
interactions, which are essential for the biological func-
tions of numerous LIM proteins [65]. To further investigate 
the mechanisms underlying hyperadhesion, we identified 
potential proteins that interact with CRIP2 through immu-
noprecipitation via the use of a Flag antibody in CRIP2-Flag 
overexpressing HUVECs. In addition to the light and heavy 
chain bands, several other bands were precipitated by the 
Flag antibody. Notably, a prominent band ranging from 50 
to 70 kDa was observed and selected for mass spectrometry 
analysis (Fig.  7A). The most abundant protein identified 
with the highest score was K2C8, also known as KRT8 (Fig. 
S6A). The relative molecular mass of KRT8 was approxi-
mately 56.6 kDa, which corresponded well with the size of 
the band used for mass spectrometry analysis. KRT8, a type 
II keratin, forms intermediate fibers in epithelial cells and 
is involved in the maintenance of cell structural integrity, 
signal transduction, and cell differentiation [66, 67].

To validate the interaction between KRT8 and CRIP2, we 
employed a KRT8 antibody for Western blot analysis of the 
Flag immunoprecipitation products from CRIP2-Flag over-
expressing cell lines. KRT8 was detected in the immunopre-
cipitation products (Fig. 7B), confirming that human CRIP2 
and KRT8 can indeed bind to each other. Total proteins 
were subsequently extracted from cells cotransfected with 
pCMV-CRIP2-C-Flag and pCMV-KRT8-C-HA, followed 
by coimmunoprecipitation using Flag and HA antibodies, 
respectively. In the immunoprecipitation products, a distinct 
band corresponding to the relative molecular mass of KRT8 
or CRIP2 was clearly visible (Fig. 7C). These findings fur-
ther support the interaction between CRIP2 and KRT8.

In addition, mass spectrometry analysis revealed that 
vimentin (also referred to as VIM) is a protein that inter-
acts with CRIP2, with its score and abundance ranking 
third (Fig. S6A). VIM, a type of class III intermediate fila-
ment, is found in various nonepithelial cells, particularly 
mesenchymal cells, and plays a critical role in stabilizing 
the cytoplasmic architecture [68]. To confirm the interac-
tion, the VIM antibody was used for Western blot analysis 
of the immunoprecipitation products, which confirmed that 

we measured the proliferation of three cell lines by assess-
ing DNA biosynthesis. We found that the proportion of 
EdU-positive HUVECs relative to the total number of cells 
in the MT1 and MT2 cell lines was substantially lower than 
that in the control cells (Fig. 5A), accounting for approx-
imately 53.81% and 66.74% of the total number of MT1 
and MT2 cells, respectively, compared with 86.06% of the 
control cells (Fig. 5B). These findings suggest that CRIP2 
deficiency inhibits the proliferation of these cells. Cell 
proliferation was reduced, but did cell apoptosis increase 
as a consequence? To explore the effect of CRIP2 on cell 
death, we conducted a TUNEL assay. The assay revealed 
no detectable apoptotic signal in these cells compared with 
a positive control that had been treated with DNase I (Fig. 
S5D). Collectively, these findings indicate that the loss of 
CRIP2 leads to functional alterations in HUVECs, char-
acterized by increased adhesion and decreased migration 
and proliferation. These changes contribute to the aberrant 
aggregation of endothelial cells during embryonic vascular 
development in zebrafish.

CRIP2 prevents hyper-adhesion by fine-tuning the 
cytoskeleton

The process of cell aggregation relies on cell adhesion 
proteins [17], which facilitate more compact aggrega-
tion via cell-cell interactions, including cell adhesion and 
cell junctions [62, 63]. To delve deeper into the molecular 
mechanisms responsible for this cell adhesion phenotype, 
we conducted a detailed examination of cell junctions. 
ZO-1, a protein integral to tight junctions [64], was found 
to be upregulated in MT1 and MT2 cells compared with 
the control group. Additionally, the expression pattern of 
ZO-1 was distorted, suggesting that the tight junctions of 
HUVECs were strengthened due to CRIP2 loss (Fig.  6A, 
C). The expression of vinculin, a molecule associated with 
cell-matrix adhesion and F-actin, helps to define the cyto-
skeleton and the structural morphology of cells. The immu-
nostaining results revealed that the adhesion of MT1 and 
MT2 cells was significantly greater than that of the control 

Fig. 4  CRIP2 deficiency promotes cell adhesion and impairs cell migra-
tion in HUVECs. (A) CRIP2 loss promotes cell adhesion. HUVECs 
were collected and seeded onto fibronectin-coated plates for 30, 60, or 
120 min. The cells were stained with crystal violet. The adherent cells 
were counted via ImageJ. (B) Quantitative analysis of cell adhesion in 
CRIP2-MT and control cell lines. Nine microscope fields from each 
group were randomly captured. The percentages represent the ratios of 
the number of adherent cells in the CRIP2-MT cell lines to that in the 
control groups. (C) CRIP2 loss impairs cell migration. HUVECs were 
collected, seeded and photographed at 0, 12, 24, 36, and 48 h after 
wounding. Wound closure was investigated via ImageJ. (D) Quantita-
tive analysis of cell migration in CRIP2-MT and control cell lines. Six 
microscope fields from each group were randomly captured. Two-way 
ANOVA; #### or ****, P < 0.0001
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upregulated in the absence of CRIP2 (Fig. 7H, Fig. S6D). In 
summary, KRT8 and VIM were upregulated in the context 
of CRIP2 deficiency, leading to a hyperplastic cytoskeleton 
and the formation of hyperadhesion. These observations 
indicate that CRIP2 fine-tunes cytoskeleton formation by 
negatively regulating the expression of KRT8 and VIM, 
thus controlling the normal formation of cell adhesion.

CRIP2 maintains normal cell movement through the 
VEGFA/CDC42 signaling pathway

The VEGFA/CDC42 signaling pathway is a well-known 
pathway that regulates cell proliferation, colony formation, 
migration and invasion [72]. We investigated whether the 
VEGF-CDC42 signaling pathway was interrupted follow-
ing the loss of CRIP2. We observed that the fluorescence 
of VEGFA was lower in CRIP2-mutant cells than in con-
trol cells (Fig. 8A). Additionally, VEGFR, the receptor of 
VEGFA, was significantly downregulated in CRIP2-mutant 
cells compared with control cells (Fig. 8B, E). Furthermore, 
CRIP2 deficiency led to a marked decrease in the mRNA 
expression of MAPK14 (p38-α) and HSP27 (Fig. 8E), which 
are substrates, as well as a reduction in the protein expres-
sion of ECM1 (Fig. 8D).

We further examined the expression of CDC42 in 
CRIP2 mutant cells. The expression of CDC42 was sig-
nificantly lower in CRIP2-deficient cells than in control 
cells (Fig.  8C). Additionally, WASP, the effector through 

VIM was indeed an interacting protein of CRIP2 (Fig. S6B). 
Moreover, a distinct band corresponding to the relative 
molecular mass of VIM or CRIP2 was evident in the immu-
noprecipitation products that were coimmunoprecipitated 
from HEK293T cells following cotransfection with pCMV-
CRIP2-C-Flag and pCMV-VIM-C-HA (Fig. S6C). Our pre-
vious results revealed that zebrafish Crip2 colocalizes with 
F-actin and is localized to the cytoskeleton. On the basis 
of these observations, we hypothesized that CRIP2 binds to 
cytoskeletal proteins, thereby regulating cell behavior.

KRT8 affects the adhesion and permeability of tight 
junctions and regulates cell-matrix adhesion via integrins 
when its expression is elevated [69, 70]. FRMD3 can inter-
act with vimentin to induce the degradation of vimentin, 
which in turn downregulates the proteins of the focal adhe-
sion complex [71]. We investigated the expression of KRT8 
and VIM in the context of CRIP2 loss. Compared with that 
of the control group, the fluorescence of KRT8 was more 
intense, and the keratin intermediate filaments in the cyto-
skeleton appeared more irregular (Fig. 7D). Similarly, the 
fluorescence of F-actin indicated cytoskeletal hyperplasia 
following CRIP2 deficiency (Fig.  7E), which aligns with 
previous findings. Additionally, the expression of KRT8 
was upregulated in the absence of CRIP2 and downregu-
lated with CRIP2 overexpression, indicating a negative cor-
relation between CRIP2 and KRT8 expression (Fig. 7F, G). 
Similarly, the fluorescence of VIM revealed a disordered, 
proliferous and polydirectional cytoskeleton, with VIM 

Fig. 5  CRIP2 depletion decreases cell proliferation in HUVECs. (A) 
CRIP2 loss reduces cell proliferation, as determined by the EdU assay. 
Ten microscope fields from each group were randomly captured. The 
proliferative cells were counted via ImageJ. (B) Quantitative analysis 
of cell proliferation in CRIP2-MT and control cell lines. Six micro-

scope fields from each group were randomly captured. The percent-
ages represent the ratios of the number of EdU-positive cells to the 
total number of cells in the control and the MT1 and MT2 cell lines. 
One-way ANOVA; ****, P < 0.0001
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signaling pathway, leading to a decrease in the migration of 
HUVECs.

CRIP2 sustains cell proliferation via PDE10A/cAMP 
signaling and PDGF/JAK/STAT/SRF signaling

To explore the molecular mechanisms of decreased prolifer-
ation in CRIP2-deficient cells, we conducted transcriptome 
sequencing (RNA sequencing [RNA-seq]) to identify the 
differentially expressed genes (DEGs) between the control 

which CDC42 controls polarity for efficient chemotaxis and 
transmigration, was also notably decreased (Fig. 8F). qRT-
PCR revealed that the mRNA expression levels of CDC42 
effectors, including MRCK, MLC2 and PAK2, were sub-
stantially lower than those in the control group (Fig. 8F). 
Furthermore, the mRNA levels of TWIST1 and MMP2, 
downstream factors of Cdc42, were also significantly lower 
in CRIP2-mutant cells than in control cells. These findings 
indicate that CRIP2 deficiency disrupts the VEGFA/CDC42 

Fig. 6  Cell adhesion proteins are upregulated following CRIP2 deple-
tion. (A–B) ZO1 and Vinculin expression in the control and CRIP2-
MT cell lines were determined by immunostaining. TRITC-phalloidin 

and DAPI were used to stain F-actin and the nucleus, respectively. 
(C-F) ZO1, vinculin, CD31 and CDH1 expression in the control and 
CRIP2-MT cell lines, as determined by Western blotting
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[75]. SRF is also a downstream target of cAMP signaling 
and has been identified as a candidate interacting protein 
of human CRIP2 in the STRING dataset (Fig. S8C). Our 
investigation revealed that CRIP2 can bind to SRF, as evi-
denced by its presence in the immunoprecipitation product 
of CRIP2-overexpressing cell lines (Fig. 9B). In addition, 
upon cotransfection with pCMV-CRIP2-C-Flag and pCMV-
SRF-C-HA, a distinct band corresponding to the relative 
molecular mass of SRF or CRIP2 was clearly observed in 
the immunoprecipitation products (Fig. 9C). In the CRIP2 
mutant cells, SRF protein levels were significantly down-
regulated (Fig. 9E), along with those of its upstream factors, 
PDGFB and PDGFRB, which were significantly reduced 
at both the mRNA and protein levels (Fig. 9F, Fig. S8D). 
JAK, a downstream tyrosine kinase in PDGF receptor sig-
naling, is directly activated by PDGF to induce mitogenesis 
in fibroblasts [76, 77]. We found that the mRNA expres-
sion of JAK1, JAK2, STAT1 and STAT3, was significantly 
lower in the mutants than in the controls (Fig. S8E). Simi-
larly, the expression of IL11 and IL11RA, which contrib-
ute to cancer cell survival and proliferation through JAK/
STAT signaling, was also substantially reduced following 
CRIP2 loss (Fig. 9G, Fig. S8E). These changes resulted in 
a marked increase in p21 levels (Fig. 9H) and a decrease in 
CDK1, CDK2 and CCND2 levels (Fig. 9I, Fig. S8E), all of 
which are critical for cell cycle progression. These findings 
suggest that CRIP2, through its interaction with SRF and 
PDGF/JAK/STAT signaling, regulates cell proliferation.

Discussion

Crip2, a member of the Crip protein family within the LIM 
protein superfamily, is known for its role in tumorigen-
esis and cardiac development [44, 45, 78–80]. This study 
revealed that Crip2 is critical for vascular development in 
zebrafish, with its deficiency impacting embryonic vascu-
lar lumen formation. We demonstrated that CRIP2 interacts 
with KRT8, VIM and SRF, fine-tuning cell adhesion, pro-
liferation and migration by modulating the adjusted cyto-
skeleton, VEGFA/CDC42 signaling, and PDE10A/cAMP 
and PDGF/JAK/STAT signaling, ultimately participating in 
vascular development.

Previous studies have shown that LIM proteins are 
integral to cardiovascular development, cardiomyocyte 
metabolism and cell differentiation. LMO7, for example, is 
implicated in heart development and is moderately expressed 
in normal vessels [81]. LMO2 is expressed in the vascular 
endothelium of mouse embryos and is necessary for the 
angiogenic remodeling of capillary networks [82]. FHL2 
is highly expressed in the vascular system, including blood 
vessels in smooth muscle cells (SMCs) and endothelial cells 

and CRIP2-mutant cells. Compared with the control cells, 
the MT1 cells presented 134 DEGs, with 59 downregulated 
and 75 upregulated genes. In MT2 cells, we identified 720 
DEGs, of which 468 were downregulated and 252 were 
upregulated (Fig. S7A, B). Notably, PDE10A was among 
the genes whose expression was most significantly down-
regulated (Fig. S7A-D). Subsequent immunofluorescence 
and Western blot analyses confirmed that the fluorescence, 
mRNA and protein levels of PDE10A were significantly 
reduced following the loss of CRIP2 (Fig. 9A, D; Fig. S8D). 
PDE10A, which can hydrolyze both cAMP and cGMP, plays 
a role in SMC proliferation and intimal hyperplasia by at 
least partially antagonizing CNP/NPR2/cGMP/PKG1α sig-
naling [73]. The expression of PKG1β, an isoform of PKG1 
generated by alternative splicing whose activation promotes 
SMC proliferation, was also significantly decreased at the 
mRNA level (Fig. S8D). Protein kinase A (PKA), an effec-
tor of cAMP, inhibits VSMC proliferation by remodeling 
the actin cytoskeleton and modulating the activity of serum 
response factor (SRF), which in turn regulates the expres-
sion of genes essential for proliferation [74]. The KEGG 
enrichment scatter plot for DEGs in CRIP2-deficient cell 
lines revealed that the cAMP signaling pathway was sig-
nificantly enriched, ranking among the top 20 signaling 
pathways (Fig. S7E, F). Furthermore, within the cAMP 
signaling pathway, the mRNA expression of PRKACA and 
PRKACB, members of the PKA family, and their down-
stream gene GLI1, a key effector in the Hh signaling path-
way, significantly decreased. Conversely, F2R (also known 
as PAR1), which promotes the formation of cortical actin 
caps and influences actin cytoskeletal organization, was sig-
nificantly upregulated (Fig. S8A, B, D). These findings indi-
cate that PDE10A/cAMP signaling plays a role in regulating 
cell proliferation in the absence of CRIP2.

The PDGF/PDGFR signaling pathway is known to play 
a pivotal role in cancer proliferation, metastasis, invasion, 
and angiogenesis by modulating multiple downstream path-
ways; one such pathway involves PDGF signaling through 
SRF, which drives a proliferation program at the midface 

Fig. 7  KRT8 interacts with CRIP2 and is negatively regulated by 
CRIP2. (A) Identification of potential CRIP2-interacting proteins 
by immunoprecipitation using a Flag antibody in CRIP2-Flag-over-
expressing cell lines. The white arrow indicates the bands for mass 
spectrometry sequencing. (B) Validation of the interaction between 
KRT8 and CRIP2 via KRT8 antibody immunoblotting. (C) CRIP2 
coimmunoprecipitates with KRT8. (D, E) The expression of KRT8 and 
F-actin in the absence of CRIP2. DAPI was used to stain the nucleus. 
Below the images are the fluorescence intensity analysis data. The 
x-axis represents the horizontal distance across the image from left 
to right, whereas the y-axis represents the gray value corresponding 
to the fluorescence intensity. (F) KRT8 expression in the absence of 
CRIP2, as determined by Western blotting. (G) KRT8 expression fol-
lowing CRIP2 overexpression, as determined by Western blotting. (H) 
Western blot analysis of Vimentin expression in the absence of CRIP2
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with these previous findings and collectively suggest that 
Crip2 is indeed involved in the regulation of cell aggrega-
tion and proliferation.

LIM proteins serve as adapters or scaffolds, facilitating 
the assembly of multimeric protein complexes [32, 33]. Our 
subcellular localization and immunofluorescence studies 
revealed that the Crip2 protein is localized primarily to the 
cytoskeleton, pseudopod filaments and plasmodesmata and 
colocalizes with F-actin. Previous research has shown that 
CRIP2 is distributed in the cytoplasm of olfactory precur-
sor cells [88], and colocalizes with cardiac troponin T in 
the thin-filaments of sarcomeres [46] and with F-actin [89]. 
These findings suggest that Crip2 may exert its function 
through the cytoskeleton in the cytoplasm. Our study also 
revealed that CRIP2 fine-tunes cytoskeleton formation to 
control cell adhesion by interacting with KRT8 and VIM, 
both of which are intermediate filament proteins. LIM pro-
teins are also known to control gene expression and cyto-
skeletal function. Zyxin participates in cell adhesion and 
migration by interacting with intermediate filaments such 
as Synemin (SYNM) [90]. LIMK1 and LMO1 are recruited 
to force-bearing keratin fibers and directly interact with 
stretched keratin 8/18 fibers to play diverse roles in force-
regulated signaling [91]. Upon FHL2 depletion, pancreatic 
cancer cell lines exhibit significantly decreased cell survival 
and proliferation, highlighting the regulatory role of LIM 
proteins in the cytoskeleton [92]. Similarly, we found that 
CRIP2 loss upregulated the expression of ZO-1, vinculin, 
CD31 and E-cadherin, which are crucial for cell adhesion. 
The concurrent increase in adhesion capacity suggests that 
CRIP2 plays a pivotal role in modulating the cytoskeleton 
and cell adhesion.

The metastasis of cancer is closely associated with the 
altered adhesion properties of tumor cells [22], and impacts 
cell migration and movement [23]. Our findings indicate that 
CRIP2-deficient HUVECs exhibit reduced migration, pri-
marily due to the downregulation of the VEGFA/VEGFR/
CDC42 signaling pathways. The activation of CDC42 and 
the inhibition of GSK-3β are emerging as novel strategies 
to correct VEGF-driven angiogenesis-related anomalies 
[93], and CDC42 knockdown has been shown to inhibit 
the migration and proliferation of WRO cells [94]. VEGF-
activated CDC42 localizes to the leading edge of migrating 
CRC cells, regulating directional migration, invasion, and 
metastasis [95]. Decreased levels of HSP27, a MAPK14 
substrate, lead to F-actin polymerization and reduced cell 
migration [96]. CDC42, through its effector proteins, such 
as PAK2 and MRCK, plays crucial roles in actin dynam-
ics, cell motility, actin-myosin regulation and apicobasal 
polarity. In CRIP2 mutant cells, we observed a significant 
reduction in these CDC42 effectors. Additionally, ECM1 
blockade dampened hEM15A cell migration and altered the 

[83]. In our study, both WISH and Tg(crip2:crip2-eGFP) 
transgenic zebrafish lines revealed that Crip2 is dynami-
cally and specifically expressed during early development, 
with predominant expression in the cardiovascular system, 
especially in the vascular system. As a LIM-only protein, 
CRIP2 shares an expression pattern with other LIM proteins 
in blood vessels and endothelial cells. Consistent with these 
findings, Crip2 is expressed in the heart and contributes to 
cardiac development in both mice and zebrafish [44–46, 84]. 
In Xenopus, Crip2 is highly expressed in the cardiovascular 
system, brain, and neural tube [85]. Our results align with 
these observations, and we note that zebrafish Crip2, unlike 
Xenopus Crip2, exhibits strong maternal expression, sug-
gesting a potential maternal contribution to development.

We found that Crip2 is crucial for blood vessel lumen 
formation. Crip2 depletion led to aberrant aggregation of 
endothelial cells and subsequent lumen hypoplasia. In recent 
decades, in vitro and in vivo studies have echoed these find-
ings. CRIP2 interacts with NF-κB/p65 and transcriptionally 
represses NF-κB-mediated expression of proangiogenic 
cytokines, inhibiting tumor formation and angiogenesis in 
nasopharyngeal carcinoma cell lines [86]. This study sug-
gests that Crip2 is involved in vascular development and 
that its loss leads to vascular hypoplasia. This finding aligns 
with findings that CRIP2 inhibits esophageal squamous 
cell carcinoma tumorigenesis by reducing colony forma-
tion, growth, and invasion abilities [79]. The aggregation 
of endothelial cells in Crip2 deficient zebrafish is consistent 
with earlier observations of cell clumping.

Additionally, we found that functional HUVECs exhibit 
enhanced adhesion and decreased proliferation and migra-
tion upon CRIP2 loss, further underscoring the importance 
of CRIP2 in vascular homeostasis. LIM-only proteins are 
known to regulate cell aggregation and proliferation. Stud-
ies have shown that MDA-MB-231 cells stably expressing 
CRIP2 exhibit reduced cell viability, migration, invasion, 
tumor growth and angiogenesis in mouse xenograft models 
[87]. In zebrafish, Crip2 is present in premigratory neural 
crest cells (NCCs) in rhombomere 6, migrating NCCs and 
aortic vessels in pharyngeal arches 3 to 6, and disruption of 
Crip2 expression leads to abnormal migration of NCCs [45]. 
Additionally, Lmo2 knockdown in HUVECs significantly 
impairs endothelial proliferation, blocks the G1/S transi-
tion, and reduces angiogenesis by decreasing transforming 
growth factor-β (TGF-β) expression [82]. Our results align 

Fig. 8  CRIP2 deficiency decreases the expression of factors related 
to cell migration. (A) Immunofluorescence analysis of VEGFA upon 
CRIP2 loss. DAPI was used to stain the nucleus. (B, C, D) The protein 
levels of ECM1, VEGFR1 and CDC42 were diminished in CRIP2-
deficient cells. (E, F) qRT-PCR revealed a reduction in the expres-
sion of factors downstream of VEGFA/CDC42 following CRIP2 loss. 
Two-way ANOVA; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, 
P < 0.0001
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for proliferation [74]. Our qRT-PCR results revealed a sig-
nificant decrease in PKG1β, PRKACA and PRKACB (PKA 
family members), indicating that CRIP2 regulates cell pro-
liferation, at least in part, through these pathways.

Furthermore, F2R (also known as PAR1), which promotes 
cortical actin caps and influences actin cytoskeletal orga-
nization [105], was significantly upregulated upon CRIP2 
loss. This regulation may contribute to the increase in KRT8 
and VIM, providing a partial explanation for the altered 
cytoskeletal dynamics observed in CRIP2-deficient cells. 
PDGF/PDGFR signaling is integral to cell proliferation, 
metastasis, invasion, angiogenesis, and modulates multiple 
downstream pathways. The activation of the JAK-STAT 
pathway can result in the transcription of vital genes [106]; 
PDGFB activates the JAK/STAT1/3 pathway via PDGFRB 
to promote mitotic signals [16], and PDGF signaling drives 
proliferation through SRF at the midface [75, 107]. Our 
research revealed that CRIP2 loss diminished PDGF/JAK/
STAT signaling and demonstrated that CRIP2 could bind 
to SRF, which led to altered expression of cell cycle regu-
lators, with a significant increase in p21 and a decrease in 
CDK1, CDK2 and CCND2, which are pivotal for cell cycle 
progression. In line with these findings, CDKs are pivotal 
for cell cycle progression [108]. PDGF signaling is known 
to drive proliferation via SRF, with a subset of SRF target 
genes involved in focal adhesion and cytoskeletal organiza-
tion crucial for cell migration [75]. It is of interest to explore 
whether the CRIP2/SRF interaction directly regulates cyto-
skeleton proteins, including intermediate filament proteins 
such as KRT8 and VIM, which could have implications for 
cell migration and structure.

Overall, we elucidated a novel mechanism in which 
CRIP2 is crucial for vascular development by interacting 
with SRF, KRT8 and VIM. This interaction not only regu-
lates the function of CRIP2 but also modulates downstream 
factors, thereby controlling the migration, adhesion and pro-
liferation of endothelial cells. This research provides novel 
insights into the role of CRIP2 in mediating cell behavior 
and proliferation during cardiovascular development, and 
exploring the potential applications of these findings in car-
diovascular disorders is particularly intriguing.
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F-actin cytoskeleton distribution [97]. PAK2 and MRCK 
are critical for cell migration and invasion, with MRCK 
activating myosin II by phosphorylating Ser19 of the myo-
sin light chain (MLC) [98]. MMPs facilitate cell migration 
and invasion by digesting specific extracellular matrix com-
ponents [99], whereas TWIST1 knockdown inhibits macro-
phage chemotaxis and migration through the CCL2/CCR2 
axis [100]. Thus, CRIP2 deficiency affects cell migration 
by altering the VEGFA/CDC42 signaling pathway. Further 
research is necessary to elucidate the mechanisms by which 
CRIP2 influences this pathway.

During gastrulation, axial mesodermal cells, which are 
the precursors of the notochord, migrate anteriorly and 
populate the notochordal plate [101]. The PCP signaling 
pathway regulates the distribution of cytoskeleton, and its 
disruption leads to random directions movement of noto-
chord cells [102, 103]. By approximately E10.5 of mouse 
embryos, the notochord adheres to the ventral surface of 
the neural tube [101]. These observations suggest that the 
migration and adhesion are essential processes for proper 
notochord development. In this study, we have discovered 
that Crip2 is expressed in the notochord. The loss of Crip2 
results in abnormal nuclear aggregates in the notochord. In 
light of our findings that the absence of CRIP2 also impairs 
migration and adhesion of endothelial cells, we hypothesize 
that the loss of Crip2 similarly affects the migration and 
adhesion of notochord cells. This dysfunction could conse-
quently lead to the abnormal nuclear aggregation observed 
in the notochord.

PDE10A, a member of the PDE10 protein family, cat-
alyzes the hydrolysis of both cAMP and cGMP, affecting 
various cellular functions such as vascular tone and vascu-
lar cell proliferation [73]. RNA-seq analysis revealed that 
PDE10A/cAMP signaling is disrupted in CRIP2 mutant 
cells. Inhibition of PDE10A enhances cell death, decreases 
proliferation, and sensitizes human cancer cells to doxorubi-
cin [104]. PKA and PKG, key effectors of cAMP and cGMP, 
respectively, are implicated in cell growth. PKG has two 
splicing isoforms, PKG1α and PKG1β, which have oppos-
ing effects on SMC proliferation in vitro: PKG1α inhibits 
SMC proliferation, whereas PKG1β promotes SMC prolif-
eration [73]. Both PKA and exchange protein activated by 
cAMP (EPAC) collaborate to inhibit VSMC proliferation via 
actin cytoskeleton remodeling and the modulation of SRF 
and TEAD, which regulate the expression of genes required 

Fig. 9  SRF interacts with CRIP2, and the expression of its down-
stream genes is modulated by CRIP2. (A) Immunofluorescence analy-
sis of PDE10A expression after CRIP2 depletion. DAPI was used to 
stain the nucleus. (B) Detection of SRF in the immunoprecipitation 
derived from cell lines overexpressing CRIP2. (C) CRIP2 coimmu-
noprecipitates with SRF. (D–I) Analysis of the altered protein levels 
of PDE10A, SRF, PDGFB, IL-11R, p21, and CDK2 in response to 
CRIP2 deficiency
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