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Abstract 

Background: Pathological ocular neovascularization, a characteristic feature of proliferative ocular 
diseases, is a primary contributor to global vision impairment. The dynamics of tubulin are crucial in 
maintaining ocular homeostasis, closely linked to cellular proliferation and angiogenesis. Elucidating the 
molecular mechanisms driving this process is vital for formulating effective therapeutic strategies. 
Methods: Multiple transcriptome analyses revealed upregulation of endothelial tubulin beta-6 chain 
(Tubb6) in oxygen-induced retinopathy (OIR) and laser-induced choroidal neovascularization (CNV) mice 
models. Transwell migration assay, wound healing assay, tube formation assay, flow cytometry, and 
immunofluorescent staining were employed to identify the role of TUBB6 knockout (KO) in vitro. The 
effects of Tubb6 silencing on retinal angiogenesis and choroidal neovascularization were subsequently 
evaluated. 
Results: We identified upregulated Tubb6 expression in retinas from OIR mice through combination 
analyses of single-cell RNA sequencing (scRNA-Seq) and bulk RNA-Seq. The RNA expression profiles of 
endothelial cells (ECs) from proliferative diabetic retinopathy (PDR) patients and neovascular age-related 
macular degeneration (nAMD) patients also exhibited an elevation in TUBB6. Notably, Tubb6 was 
abundantly expressed in ECs and pericytes, and was predominantly localized to proliferative ECs and 
vascular tip cells. Functional studies demonstrated that TUBB6 knockdown reduced the expression of 
proliferative and tip cell markers in vitro. Tubb6 deficiency decreased vascular sprouting and tip cell 
formation of OIR mice retina and retarded CNV progression in vivo. Mechanistically, YBX1, an 
RNA-binding protein, was identified as an upstream regulator of TUBB6 via binding to its 3’ untranslated 
region (3’UTR) and maintaining mRNA stability. Transcriptome analysis further linked TUBB6 to the 
activity of WNT pathway. TUBB6 silencing suppressed the WNT signaling pathway, with WNT3A and 
FZD8 identified as downstream targets. 
Conclusions: Collectively, our research shed light on the pivotal function of TUBB6 in maintaining 
ocular homeostasis and uncovered the YBX1-TUBB6-WNT3A/FZD8 pathway's involvement in 
sprouting angiogenesis. Targeting TUBB6 and developing its specific inhibitor could pioneer new 
approaches for treating ocular microvascular diseases. 
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Introduction 
Angiogenesis is a crucial physiological process 

involved in maintaining homeostasis. With the 
advancements in single-cell RNA sequencing 
(scRNA-Seq) technology, endothelial cells (ECs) 
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demonstrate significant heterogeneity and can be 
classified into various subtypes, including tip cells, 
proliferative ECs, immature ECs, mature ECs, 
transitioning ECs, as well as arterial and venous ECs 
[1, 2]. Tip cells are specialized endothelial cells located 
at the extremity of newly formed capillaries. They 
extend filopodia and guide the growth of capillaries, 
playing a pivotal role in tissue vascularization, which 
makes them a primary target for angiogenic therapies 
[3]. Vascular endothelial growth factor (VEGF) and 
other stimulants can activate endothelial cells, 
prompting them to differentiate into tip cells, which 
subsequently secrete proteases to degrade the 
basement membrane [3, 4]. During the process of 
vessel sprouting, the navigating tip ECs lead the way, 
while proliferating ECs proliferate and migrate, 
elongating vessel sprouts [2, 5, 6]. Pathological 
angiogenesis has been associated with the 
development of several human diseases, such as 
cerebral small vessel disease, Alzheimer's disease, and 
ocular disorders. The mechanisms of EC activation 
and angiogenesis are still largely unknown, serving as 
the focus of our research.  

Ocular microvascular diseases are primary 
causes of severe vision loss in children and adults 
worldwide, featured by aberrantly proliferating 
vascular tuft structure [7, 8]. VEGF plays a crucial role 
in the pathogenesis of ocular angiogenesis, rendering 
it an essential therapeutic target [9-11]. The 
introduction of anti-VEGF agents has significantly 
altered the prognosis of ocular angiogenesis diseases 
[12, 13]. Despite anti-VEGF therapy becoming the 
standard treatment for pathological ocular 
neovascularization, a considerable proportion of 
patients do not respond adequately to this therapy 
[14, 15]. Additionally, the necessity for frequent 
administration of anti-VEGF agents results in a 
gradual reduction in their efficacy over time [12, 16, 
17]. These clinical observations implicate that 
additional critical factors contribute to the promotion 
of ocular angiogenesis. Consequently, identifying 
new targets implicated in the pathogenesis of ocular 
neovascularization is essential for the advancements 
of future therapies. Recent advancements in 
single-cell RNA sequencing (scRNA-Seq) have 
enabled detailed analysis of cellular and molecular 
mechanisms within specific tissues [18-20].  

Microtubules are fundamental elements of the 
eukaryotic cytoskeleton, essential for cell division, 
morphology, motility, and angiogenesis [21, 22]. 
Despite their diverse functions, microtubules exhibit a 
highly conserved structure composed of nearly 
identical molecular subunits: the tubulin proteins. The 
properties and functions of the microtubule 
cytoskeleton are governed by various tubulin isotypes 

and a range of post-translational modifications, 
collectively termed the ‘tubulin code’ [23]. The tubulin 
dynamics plays a pivotal role in ocular homeostasis 
and Tubb3 (beta-III tubulin) has been identified as a 
marker for assessing structural integrity of retinal 
ganglion cells (RGCs) in the retina [24, 25]. Kobayashi 
et al. reported that detyrosination of α-tubulin in ECs 
significantly suppressed angiogenesis [22]. Retinal 
stem cells (RSCs) co-cultured with oxygen-induced 
retinopathy of prematurity (OIR-ROP) retinal tissues 
could be induced to differentiate into cells expressing 
β-tubulin and protein kinase C (PKC) and promote 
the expression of angiogenin-1 (Ang-1) and 
insulin-like growth factor-1 (IGF-1), thus enhancing 
proliferation and angiogenesis [26]. 

Based on integrated analysis of single-cell RNA 
sequencing and bulk transcriptomics, we found that 
the expression of Tubb6, encoding the tubulin beta-6 
chain, was significantly upregulated in vascular ECs 
in both the OIR and the CNV mouse models. Notably, 
TUBB6 was predominantly localized to proliferative 
ECs and vascular tip cells. This expression pattern 
suggests a critical role of TUBB6 in regulating 
angiogenesis, which was also observed in the central 
nervous system (CNS) vascular endothelium. In vitro 
experiments, TUBB6 knockout (KO) impeded 
VEGF-induced endothelial proliferation, migration, 
and tube formation. In vivo, TUBB6 knockdown 
decreased neovascular and avascular areas in OIR 
retina and reduced CNV progression. YBX1 was 
found to positively regulate TUBB6 expression via 
binding to its 3’ untranslated region (3’UTR). 
Mechanistically, TUBB6 regulated ocular 
angiogenesis through the activation of WNT3A/FZD8 
pathway. Our study is crucial for a deeper 
understanding of the molecular networks involved in 
vascular sprouting and highlights the promise of the 
YBX1-TUBB6-WNT3A/FZD8 axis as a therapeutic 
target for pathological ocular angiogenesis. 
Results 
TUBB6 expression is upregulated in ECs from 
clinical PDR patients and OIR mice, 
predominantly localized in vascular cells 

To elucidate the adaptive responses and 
structural alterations of retinal vessels during 
pathological angiogenesis, we re-analyzed the 
publicly accessible OIR mouse single-cell dataset 
(GEO accession: GSE150703) [27]. Retinal cell types 
were visualized using t-distributed stochastic 
neighbor embedding (t-SNE) plot and identified by 
classic markers (Figure 1A-B). Endothelial cells (ECs) 
were extracted from the single-cell object for 
differential gene expression analysis (Figure 1C). We 
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also compared the differentially expressed genes 
(DEGs) of OIR mouse retina versus the control at P14 
and P17 (GEO accession: GSE234447) (Figure 1D-E) 
[28]. By intersecting up-regulated genes from 3 
comparisons (Figure 1F), we found that 5 shared 
genes and Tubb6 emerged as a potential target based 
on previous studies (Figure 1F-H). In vitro, qPCRs, 
western blots, and immunofluorescent staining 
revealed that TUBB6 expression was markedly 
increased in hypoxia-treated human umbilical vein 
endothelial cells (HUVECs) and human retinal 
microvascular endothelial cells (HRMECs) compared 
to normoxia controls (Figure 1I-L). Moreover, qPCRs 
and western blots revealed that TUBB6 expression 
was notably increased in retinas of OIR mice, reaching 
its top at P17 (Figure 1M-N). We further investigated 
the distribution of TUBB6 across retinal cell types. 
Single-cell data showed that Tubb6 was mainly 
expressed in vascular ECs and pericytes, both of 
which are vital cellular components of vasculature 
(Figure 1O-P). In retinal cryosections, 
immunofluorescence staining also confirmed the 
upregulation of Tubb6 (Figure 1Q). Bioinformatics 
analysis of publicly available transcriptomic datasets 
(GEO accession: GSE94019, [29]) demonstrated a 
notable elevation of TUBB6 expression in retinal 
microvascular ECs from patients with proliferative 
diabetic retinopathy (PDR) in contrast to normal 
subjects (Figure 1R). Overall, TUBB6 was upregulated 
in ECs of clinical PDR patients and OIR retina, 
indicating the pivotal role of TUBB6 in the 
pathogenesis of retinal neovascularization.  

TUBB6 expression is elevated in ECs of clinical 
nAMD patients and laser-induced CNV models 

Choroid neovascularization (CNV) and the 
resulting ocular angiogenesis are pathological 
hallmarks of neovascular age-related macular 
degeneration (nAMD) [30]. To explore the role of 
TUBB6 in the choroid, publicly available single-cell 
RNA sequencing data (GEO accession: GSE135922) of 
RPE-choroid complex from patients with nAMD and 
normal adults were re-analyzed (Figure 2A) [31]. 
TUBB6 expression was found to be upregulated in the 
ECs of nAMD patients (Figure 2B). We also 
investigated the bulk RNA-Seq from mouse models of 
laser-induced CNV (GEO accession: GSE207171) and 
found that in accordance with the scRNA-Seq data of 
clinical samples, Tubb6 was upregulated in 
laser-induced CNV model (Figure 2C) [30]. qPCRs 
and western blots revealed that Tubb6 level was 
markedly increased in RPE-choroid complexes 
obtained from the CNV mice compared to the control 
group (Figure 2D-E). Consistent with above findings, 
immunofluorescence of choroid cryosections showed 

that Tubb6 was upregulated in the CNV mice (Figure 
2F). Collectively, TUBB6 was up-regulated in ECs 
from clinical AMD samples and CNV models in vivo.  

TUBB6, localized to tip cells and proliferative 
ECs, governs tip cell formation and endothelial 
cell proliferation 

Vascular endothelial cells play a pivotal role in 
pathological angiogenesis [32]. Nonetheless, the 
transcriptomic and signaling heterogeneity involved 
in this process are not fully elucidated. Basic ECs 
could be further divided into functionally and 
molecularly distinct subtypes in single-cell RNA 
analysis [33]. Given the specific vascular localization 
of Tubb6, Cd31-enriched scRNA-Seq data (GEO 
accession: GSE174400) of OIR mice retina was 
re-analyzed [34]. Retinal ECs were further subdivided 
into different subpopulations, including tip cells, 
proliferative ECs, immature ECs, mature ECs, 
transitioning ECs, arterial ECs, and venous ECs 
(Figure 3A-B) according to previous studies [2]. Tubb6 
was found to be highly expressed in tip cells and 
proliferative ECs compared to other subtypes (Figure 
3B-C). Single-cell trajectory analysis has revealed two 
distinct lineages in endothelial cell differentiation. 
During the transition from an immature state to either 
tip or proliferative states, apart from the 
up-regulation of classic tip and proliferative markers, 
the expression of Tubb6 also increased along with 
pseudotime (Figure 3D-E). Correlation analysis 
indicated that Tubb6 was positively associated with 
classic proliferative (Mki67, Top2a, Cdk1) and tip 
markers (Cxcr4, Esm1, Apln, Fscn1) (Figure 3F). 
Similarly, Tubb6, proliferative marker, as well as tip 
cell marker were up-regulated in OIR retina from 
Figure 1D-E along with time (Figure 3G). To validate 
the in vitro function of TUBB6, we transfected 
HUVECs with TUBB6 small interfering RNA 
(si-TUBB6) or scramble siRNA (siCon). The TUBB6 
knockdown efficiency was detected through qPCR 
and western blot, demonstrating an approximate 
knockdown efficiency of 80% (Supplementary Figure 
S1A-B). qPCR assay revealed that in 
TUBB6-knockdown HUVECs, the expression of tip 
cell markers (Figure 3H) and proliferation markers 
(Figure 3I) was downregulated compared to the 
control group, corroborating the findings from 
single-cell RNA sequencing analysis. 

We further examined the distribution of Tubb6 
expression in the vasculature of the central nervous 
system (CNS). A single-cell expression dataset of ECs 
in the developing brain (GEO accession: GSE111839) 
from P7 mice was reanalyzed [33]. Results revealed 
relatively high expression of Tubb6 in tip cells and 
proliferative ECs compared to other EC subtypes 
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(Supplementary Figure S2A-C) and its co-expression 
with tip (Supplementary Figure S2D-H) and 
proliferative markers (Supplementary Figure S2I-K). 
This expression pattern is consistent with that 

observed in the OIR retina, indicating the critical role 
of Tubb6 in sprouting angiogenesis throughout the 
whole CNS.  

 

 
Figure 1. TUBB6 expression is upregulated in ECs from clinical PDR patients and OIR mice, predominantly localized in vascular cells. (A) tSNE plot showing 
retinal cell types from control and OIR retinas (GEO accession: GSE150703). (B) Dot plot of key markers used to identify cell types in the tSNE plot. (C) Volcano plots showing 
DEGs of OIR ECs vs control ECs from Figure 1A. (D-E) Volcano plots showing DEGs of OIR vs control retinas (GEO accession: GSE234447) at P14 (D) and P17 (E) 
respectively. (F) Venn diagram of upregulated DEGs from C-E. (G) Visualization of Tubb6 expression in the ECs from Figure 1A. The pie charts showing the percentage of 
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Tubb6+ (counts > 0) cells and the violin plot showing relative Tubb6 expression in ECs from the control and OIR groups. (H) Visualization of Tubb6 expression in the OIR retinas 
from Figure 1D-E at P14 (n = 6) and P17 (n = 8) compared to those from normal subjects at P14 (n = 7) and P17 (n = 6) (GEO accession: GSE234447). (I-J) mRNA (I) and 
protein (J) levels of TUBB6 in the hypoxia-treated HUVECs and HRMECs compared with their respective control groups. n = 3 per group. (K-L) Immunofluorescence staining 
of TUBB6 in the hypoxia-treated HUVECs (K) and HRMECs (L). n = 5 per group. Scale bar: 50 μm (K) and 20 μm (L). (M-N) mRNA (M) and protein (N) levels of Tubb6 in 
the OIR retinas and normal controls. n = 3 per group. (O-P) Feature plot (O) and dot plot (P) showing Tubb6 expression across distinct retinal cell types. (Q) 
Immunofluorescence staining of Tubb6 and IB4 in retinal cryosections of OIR mice and normal controls. n = 6 per group. Scale bar: 50 μm. (R) Relative TUBB6 expression in 
retinal microvascular ECs from patients with PDR (n = 9) compared with those from normal subjects (n = 3) (GEO accession: GSE94019). ‘TPM’ stands for ‘Transcripts per 
kilobase million’. Data represent different numbers (n) of biological replicates. Data are shown as mean ± SD. Two-tailed Student's T test is used in I-L and R. *p < 0.05; **p < 
0.01; and ***p < 0.001.  

 

 
Figure 2. TUBB6 expression is elevated in ECs of clinical nAMD patients and laser-induced CNV models. (A) UMAP plot showing ECs from publicly 
CD31-enriched scRNA-Seq data of nAMD patients (GEO accession: GSE135922). (B) Expression of TUBB6 in ECs from nAMD patients and normal subjects. The pie charts 
showing the percentage of TUBB6+ cells (counts > 0) and the violin plot showing relative TUBB6 expression in nAMD patients compared to the controls. (C) Relative expression 
of Tubb6 in the laser-induced CNV mice compared to age-matched controls (GEO accession: GSE207171). ‘TPM’ stands for ‘Transcripts per kilobase million’. n = 3 per group. 
(D-E) mRNA (D) and protein (E) levels of Tubb6 in CNV choroids. n = 3 per group. (F) Immunofluorescence staining of Tubb6 and IB4 in CNV choroids. n = 6 per group. Scale 
bar: 50 μm (control) and 20 μm (OIR). Data represent different numbers (n) of biological replicates. Data are shown as mean ± SD. Two-tailed Student’s T test is used in C-F. 
*p < 0.05; **p < 0.01.  

 
TUBB6 knockout impedes VEGF-induced 
angiogenesis in cultured ECs in vitro 

To further clarify the involvement of TUBB6 in 
proliferative retinopathy, the CRISPR/Cas9 gene 
editing method was employed to knockout (KO) 
TUBB6 in HUVECs. A small guide RNA (sgRNA) 
targeting the second exon of human TUBB6 gene 
(5′-AAGTTTTGGGAAGTGATCAG-3′) was designed 
by Genechem (Shanghai, China) and the related 
sgRNA sequence was supplied in Supplementary 
Table S1. We established stable TUBB6-knockout 
HUVECs (koTUBB6) and the control group (Cas9), 
and validated the knockout effect via western blotting 
(Supplementary Figure S3). We utilized recombinant 

human VEGF165 as a stimulation of angiogenic 
phenotypes. Flow cytometric analyses confirmed that 
VEGF-induced cell cycle progression, demonstrated 
by percentage of cells in S and G2/M phases, was 
suppressed in TUBB6-knockout HUVECs (Figure 4A). 
The proliferative capability was detected with 
5-Ethynyl-2’-deoxynridine (EdU) assay. TUBB6- 
knockout treatment impeded VEGF-induced HUVEC 
proliferation in vitro and decreased the percentage of 
EdU-positive nuclei (Figure 4B). Moreover, enhanced 
tube formation and migration induced by VEGF165 
stimulation were suppressed in TUBB6 knockout 
HUVECs (Figure 4C-E). We thus speculated that 
TUBB6 is associated with angiogenesis and TUBB6 
silencing impedes in vitro angiogenic phenotypes. 
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Figure 3. TUBB6, localized to tip cells and proliferative ECs, governs tip cell formation and endothelial cell proliferation. (A) UMAP plot showing distinct EC 
subsets in Cd31-enriched scRNA-Seq of OIR retina at P14 (GEO accession: GSE174400). (B) Dot plot of key markers used to identify distinct EC subsets. (C) Feature plot 
showing Tubb6 expression across distinct EC subsets. (D) Pseudotime-ordered analyses of EC clusters from OIR retina. (E) Heatmap showing representative genes in lineage 
1 and lineage 2 along with the pseudotime. (F) Pearson correlation analysis between Tubb6 and proliferative markers and tip cell markers was conducted. ‘Pos’ stands for ‘positive 
correlation’, ‘Neg’ stands for ‘negative correlation’. (G) Heatmap showing expression levels of Tubb6 and interested genes in OIR retinas from GSE234447. (H-I) RNA 
expression of tip markers (H) and proliferative cell markers (I) in HUVECs with TUBB6 knockdown under hypoxic condition. n = 3 per group. Data represent different numbers 
(n) of biological replicates. Data are shown as mean ± SD. One-way ANOVA followed by Bonferroni’s test is used in H-I. NS: not significant (p > 0.05); *p < 0.05; **p < 0.01; and 
***p < 0.001.  



Theranostics 2025, Vol. 15, Issue 7 
 

 
https://www.thno.org 

2686 

 
Figure 4. TUBB6 knockout impedes VEGF-induced angiogenesis in cultured ECs in vitro. (A) Flow cytometric analyses of cell cycle progression in control HUVECs 
and HUVECs treated with VEGF, VEGF plus Cas9, VEGF plus TUBB6-knockout. n = 3 per group. (B) Edu assays of HUVECs with distinct treatments. n = 3 per group. Scale bar: 
50 μm. (C) Representative images of scratch‐induced migration of HUVECs with distinct treatments. n = 3 per group. Scale bar: 50 μm. (D) Transwell assays of HUVECs with 
distinct treatments. n = 3 per group. Scale bar: 50 μm. (E) Representative tube formation images of HUVECs with distinct treatments. n = 3 per group. Scale bar: 50 μm. Data 
represent different numbers (n) of biological replicates. Data are shown as mean ± SD. One-way ANOVA followed by Bonferroni’s test is used in A-E. NS: not significant (p > 
0.05); **p < 0.01; and ***p < 0.001.  
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Tubb6 deficiency reduces pathological 
neovascularization and tip cell formation in 
OIR model 

To further investigate the role of Tubb6 in 
pathological angiogenesis, we initially utilized the 
oxygen-induced retinopathy (OIR) model [35, 36]. 
Intravitreal injections of siCon/si-Tubb6 were 
administered to mice at postnatal day 12 (P12, the 
beginning of pro-angiogenic stage), and retinas were 
collected at postnatal day 17 (P17), prior to the 
regression of pathological vessels (Figure 5A). The 
silencing efficiency of Tubb6-siRNA in mice was 
confirmed via qPCR and western blot 
(Supplementary Figure S1E-F). Additionally, TUBB6 
sequence was highly conserved between human and 
mice (Supplementary Figure S4). OIR mice with 
Tubb6 knockdown demonstrated a marked decrease 
in neovascular tufts (NVTs) and avascular areas in 
retina as compared with their littermate controls 
(Figure 5B, E-F). Hypoxia, as the central driver of 
retinal angiogenesis [37, 38], was detected using the 
hypoxyprobe, a hypoxia molecular probe for 
detecting hypoxia [39]. A notable reduction in 
hypoxyprobe signaling was observed in both NVT 
and non-NVT regions following Tubb6 knockdown 
(Figure 5C-D, G). This suggested Tubb6 knockdown 
mitigated retinal hypoxic conditions in mice retina. 
Isolectin B4 (IB4) staining of retinal flat mounts 
demonstrated Tubb6 inhibition led to decreased 
sprouting angiogenesis in OIR mice, evidenced by a 
reduction in the number of endothelial tip cells and 
shorter filopodia outgrowth (Figure 5H-I), which is 
consistent with our in vitro findings. Collectively, our 
data suggested that Tubb6 knockdown in vivo 
alleviated pathological NVTs development and 
endothelial tip cell formation in the vessel 
proliferation period of OIR model.  

Tubb6 deficiency ameliorates retinal pericyte 
function and vascular integrity in vivo 

Given that Tubb6 expression was observed in 
both ECs and pericytes as shown in Figure 1O-P, we 
proceeded to examine the impact of Tubb6 on retinal 
pericyte functionality and vascular integrity in vivo. 
IB4 and neuron-glial antigen 2 (Ng2) 
immunofluorescence staining was conducted to 
assess the pericyte coverage in retinal vessels. 
Knockdown of Tubb6 in OIR retinas restored pericyte 
coverage compared to both the OIR and scramble 
groups, particularly in the NVT area (Figure 6A). 
Retinal flat mounts were stained with 
vascular-endothelial-specific cadherin (VE-cadherin) 
to visualize endothelial adherens junctions, as 

VE-cadherin is critical for regulating cellular junctions 
and maintaining endothelial barrier integrity [40, 41]. 
Enhanced VE-cadherin coverage was observed in 
both NVT and non-NVT vessels in retinal flat mounts 
from mice injected with si-Tubb6 in contrast to the 
OIR group (Figure 6B). These data indicated that 
Tubb6 silencing restored vascular integrity disrupted 
by hypoxia treatment and pathological angiogenesis 
in vivo. 

Tubb6 deficiency inhibits vascular leakage and 
CNV progression in vivo 

The impact of Tubb6 on CNV was further 
explored using mice with laser-induced CNV. 
Intravitreal injections of siCon and si-Tubb6 were 
delivered to 7-week-old mice subjected to laser injury, 
and RPE-choroid complexes were harvested 7 days 
post-injection (Figure 7A). We used FITC-dextran 
perfusion and IB4 immunofluorescence staining to 
assess the impact of Tubb6 on choroidal 
neovascularization. Compared to the control group, 
Tubb6-knockdown mice exhibited reduced 
FITC-dextran leakage, along with a decrease in the 
IB4-labeled CNV area (Figure 7B). Fluorescence 
fundus angiography (FFA) demonstrated diminished 
leakage area in mice intravitreal-injected with 
si-Tubb6 (Figure 7C), suggesting that Tubb6 
deficiency contributed to the restoration of 
pathological choroid neovascularization and reduced 
vascular leakage in vivo.  

YBX1 drives TUBB6 expression and regulates 
endothelial functions by enhancing mRNA 
stability 

We subsequently investigated the mechanisms 
by which endothelial TUBB6 exacerbates vascular 
lesions. Utilizing the knockTF database 
(https://bio.liclab.net/KnockTFv2/) for predicting 
potential upstream binding proteins of TUBB6, we 
identified Y-box binding protein 1 (YBX1) as a 
possible regulator. We have analyzed the DEGs of 
ECs in Figure 1C, and Ybx1 was found to be 
upregulated in ECs of OIR retina (Figure 8A) and 
positively correlated with Tubb6 (Figure 8B). To 
explore the role of YBX1 in pathological angiogenesis, 
we re-analyzed public datasets GSE188875 
(transcriptome of YBX1-siRNA versus scramble 
siRNA HUVECs, [42]), and discovered that TUBB6 
and proliferative or tip cell-associated markers were 
downregulated upon YBX1 knockdown (Figure 8C). 
Enrichment of angiogenesis- and adhesion-related 
pathways was found in gene ontology (GO) analysis 
(Figure 8D).  
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Figure 5. Tubb6 deficiency reduces pathological neovascularization and tip cell formation in OIR model. (A) Experimental scheme for B-I. (B) Fluorescent 
staining of IB4 in retinal flat mounts from OIR mice and OIR mice injected with siCon/si-Tubb6. n = 5 per group. Scale bar: 50 μm. (C-D) Fluorescent staining of hypoxyprobe 
in NVT area (C) and non-NVT (D) area from OIR mice and OIR mice injected with siCon/si-Tubb6. n = 5 per group. Scale bar: 50 μm. (E-F) Quantification results of NVT area 
(E) and avascular area (F) were shown. n = 5 per group. (G) Quantification results of hypoxyprobe fluorescence intensity in NVT area (left) and non-NVT area (right) were 
shown. n = 5 per group. (H-I) High-resolution images of IB4-stained retinas showing tip cells from OIR mice and OIR mice injected with siCon/si-Tubb6. n = 5 per group. Scale 
bar: 50 μm. Data represent different numbers (n) of biological replicates. Data are shown as mean ± SD. One-way ANOVA followed by Bonferroni’s test is used in B-I. NS: not 
significant (p > 0.05); **p < 0.01; and ***p < 0.001.  
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Figure 6. Tubb6 deficiency ameliorates retinal pericyte function and vascular integrity in vivo. (A) Fluorescent staining of IB4 and Ng2 in retinal flat mounts from 
OIR mice and OIR mice injected with siCon/si-Tubb6 in NVT area (left) and non-NVT (right) area at P17. n = 4 per group. Scale bar: 50 μm. (B) Fluorescent staining of IB4 and 
VE-cadherin in retinal flat mounts from OIR mice and OIR mice injected with siCon/si-Tubb6 in NVT area (left) and non-NVT (right) area at P17. n = 4 per group. Scale bar: 50 
μm. Data represent different numbers (n) of biological replicates. Data are shown as mean ± SD. One-way ANOVA followed by Bonferroni’s test is used in A-B. NS: not 
significant (p > 0.05); **p < 0.01; and ***p < 0.001.  

 
Considering YBX1 functions as both a DNA and 

RNA-binding protein and has been implicated in 
diverse cellular processes [43-45], we performed both 
chromatin immunoprecipitation (CHIP)-qPCR assay 
(Figure 8E) and RNA immunoprecipitation 
(RIP)-qPCR assay (Figure 8F) to elucidate the 
interaction mechanism between YBX1 and TUBB6. 
Results implicated that YBX1 directly regulates the 
transcripts of TUBB6 on a post-transcriptional level 
(Figure 8F). RIP-Seq further confirmed that YBX1 
modulated TUBB6 expression by binding to its 3' 
untranslated region (3' UTR). The binding sites 

between YBX1 and TUBB6 were visualized in Figure 
8G. qPCRs, western blots, and immunofluorescent 
staining revealed that YBX1 expression was elevated 
in HUVECs and HRMECs upon hypoxia treatment 
(Figure 8H-J). To validate the in vitro function of 
YBX1, we transfected HUVECs with YBX1 small 
interfering RNA (si-YBX1) or scramble siRNA (siCon). 
The silencing efficiency of YBX1-siRNA in ECs was 
confirmed via qPCR and western blot 
(Supplementary Figure S1C-D). qPCRs, western 
blots, and immunofluorescent staining revealed a 
significant reduction in both mRNA and protein 
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levels of TUBB6 following YBX1 knockdown (Figure 
8K-M). Since YBX1 plays a vital role in RNA 
stabilization and transcriptional regulation [46], we 
further investigated its interaction with TUBB6 
mRNA. A shortened half-life of the TUBB6 transcripts 
was observed in YBX1-knockdown HUVECs treated 
with the transcription inhibitor actinomycin D (Figure 
8N), indicating that the loss of YBX1 impairs TUBB6 
mRNA stability in HUVECs. Additionally, YBX1 
knockdown led to a decrease in the expression of 
proliferative (Figure 8O) and tip cell markers (Figure 
8P), emphasizing its essential role in sprouting 
angiogenesis. These findings collectively demonstrate 
that YBX1 promotes TUBB6 expression by regulating 
mRNA stability on the post-transcriptional level. 

YBX1/TUBB6 axis regulates vascular functions 

through WNT3A/FZD8 signaling 
We utilized bulk RNA-Seq to identify 

downstream targets of TUBB6 in ECs. A total of 645 
upregulated genes and 586 downregulated genes 
(Log2 FoldChange > 0.5 or < -0.5; p < 0.05) were 
identified in HUVECs with TUBB6 knockdown 
(Figure 9A). Gene set enrichment analysis (GSEA) 
demonstrated that genes in TUBB6-knockdown 
HUVECs were most significantly enriched in WNT 
signaling-related pathways. Multiple WNT-related 
pathways were suppressed after TUBB6 knockdown 
(Figure 9B). GSEA analysis also demonstrated 
multiple activated WNT signaling-related pathways 
in the ECs from PDR patients in Figure 1R 
(Supplementary Figure S5). Previous research 
demonstrated that the inhibition of microtubule 

 

 
Figure 7. Tubb6 deficiency inhibits vascular leakage and CNV progression in vivo. (A) Experimental scheme for (B-C). (B) FITC-dextran perfusion and IB4 
fluorescence of RPE-choroid complexes from laser-induced CNV mice and CNV mice injected with siCon/si-Tubb6. n = 6 per group. Scale bar: 100 μm. (C) FFA images of 
laser-induced CNV mice and CNV mice injected with siCon/si-Tubb6. n = 10 per group. Data represent different numbers (n) of biological replicates. Data are shown as mean 
± SD. One-way ANOVA followed by Bonferroni’s test is used in B-C. NS: not significant (p > 0.05); *p < 0.05; **p < 0.01; and ***p < 0.001.  
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dynamics by microtubule-targeting agents (MTAs), 
such as vinblastine, taxol, and C12 (combretastatin-2- 
aminoimidazole analog) suppressed Wnt signaling 
[47]. Similarly, PAWI-2, a chemical probe, was 
observed to inhibit Wnt3a/β-catenin signaling via 
disturbing microtubule homeostasis [48]. Given that 

TUBB6 is a distinct tubulin isoform and its knockout 
has been shown to diminish microtubule growth and 
disrupt the microtubule network [49], which was also 
confirmed by GSEA analysis in our research 
(Supplemental Figure S6), we proceeded to examine 
its downstream targets in HUVECs.  

 

 
Figure 8. YBX1 drives TUBB6 expression and regulates endothelial functions by enhancing mRNA stability. (A) Venn diagram of upregulated DEGs from 
Figure 1C and predicted regulators from public database. (B) Scatter plot showing the positive correlation between Ybx1 and Tubb6. (C) Heatmap showing interested genes 
in YBX1-knockdown HUVECs (GEO accession: GSE188875). n = 3 per group. (D) GO analysis of YBX1-knockdown HUVECs. The top five GO terms were visualized. (E) 
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CHIP-qPCR analysis between YBX1 and TUBB6 in HUVECs. n = 3 per group. (F) RIP-qPCR validates the binding between YBX1 protein and TUBB6 transcripts in HUVECs. n 
= 3 per group. (G) RIP-Seq data validates the binding between YBX1 protein and TUBB6 transcript. (H) Relative mRNA expression of YBX1 in the hypoxia-treated HUVECs and 
HRMECs compared with respective controls. n = 3 per group. (I) Relative YBX1 protein levels in the hypoxia-treated HUVECs and HRMECs compared with respective controls. 
n = 3 per group. (J) Immunofluorescence staining of YBX1 in the hypoxia-treated HUVECs. n = 3 per group. Scale bar: 50 μm. (K) mRNA expression of TUBB6 in the 
YBX1-knockdown HUVECs. n = 3 per group. (L) Relative TUBB6 protein in the YBX1-knockdown HUVECs. n = 3 per group. (M) Immunofluorescence staining of TUBB6 in 
YBX1-knockdown HUVECs. n = 6 per group. Scale bar: 50 μm. (N) The TUBB6 mRNA level was detected by qPCR in the YBX1-knockdown HUVECs at 0, 4 and 8 hours post 
actinomycin D treatment. n = 3 per group. (O) mRNA expression of proliferative markers in the YBX1-knockdown HUVECs. n = 3 per group. (P) mRNA expression of tip cell 
markers in the YBX1-knockdown HUVECs. n = 3 per group. Data represent different numbers (n) of biological replicates. Data are shown as mean ± SD. Two-tailed Student’s 
T test is used in H-P. NS: not significant (p > 0.05); *p < 0.05; **p < 0.01; and ***p < 0.001.  

 

 
Figure 9. YBX1/TUBB6 axis regulates vascular functions through WNT3A/FZD8 signaling. (A) Volcano plots demonstrating DEGs of si-TUBB6 HUVECs vs siCon 
HUVECs. n = 3 per group. (B) GSEA plot showing enriched WNT signaling pathways. (C) Lollipop chart showing Log2Fold Changes of WNT-related genes in the 
TUBB6-knockdown HUVECs. (D) Elisa assay showing secreted WNT3A level in HUVECs with distinct treatment. n = 3 per group. (E) RNA expression of WNT3A and FZD8 in 
the hypoxia-treated HUVECs. n = 3 per group. (F) Protein levels of WNT3A and FZD8 in the hypoxia-treated HUVECs. n = 3 per group. (G) RNA expression of WNT3A and 
FZD8 in the TUBB6-knockdown HUVECs. n = 3 per group. (H) Protein levels of WNT3A and FZD8 in the TUBB6-knockdown HUVECs. n = 3 per group. Data represent 
different numbers (n) of biological replicates. Data are shown as mean ± SD. One-way ANOVA followed by Bonferroni’s test is used in D. Two-tailed Student’s T test is used in 
E-H. NS: not significant (p > 0.05); *p < 0.05; **p < 0.01; and ***p < 0.001. 
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Among the ligands and receptors involved in the 
WNT signaling pathway, WNT3A (Log2 Fold Change 
= -2.698) and FZD8 (Log2 Fold Change = -0.7) showed 
the most notable Log2 Fold Changes following TUBB6 
knockdown (Figure 9C). ELISA assays revealed that 
compared with the control group, an increased level 
of WNT3A was detected in hypoxia-treated HUVECs, 
which was rescued by TUBB6 knockdown (Figure 
8D). qPCR and western blot analyses confirmed 
marked increases in WNT3A and FZD8 expression in 
hypoxic HUVECs versus normal controls (Figure 
9E-F). Moreover, RNA and protein expression levels 
of WNT3A and FZD8 were reduced by TUBB6 
knockdown (Figure 9G-H), suggesting that TUBB6 
functioned as a pivotal regulator of WNT signaling 
pathway to modulate vasculature development. 

Discussion 
Ocular neovascularization is a prominent 

pathological feature of several common eye diseases, 
including retinopathy of prematurity (ROP), 
proliferative diabetic retinopathy (PDR), and 
age-related macular degeneration (AMD) [50]. While 
anti-VEGF therapy has become the standard 
treatment for pathological ocular angiogenesis, a 
substantial number of patients exhibit insufficient 
responses, and the efficacy tends to decline over time 
[51, 52]. This indicates that other critical factors might 
also contribute to ocular angiogenesis beyond the 
VEGF signaling pathway. We detected up-regulated 
TUBB6 expression in ECs of PDR patients and nAMD 
patients, which was also observed in the cultured 
hypoxic ECs, the retina of OIR mice during the 
neovascularization stage, as well as the choroid of 
CNV mice. In the OIR retinas, TUBB6 deficiency 
rescued disrupted blood-retinal barrier (BRB) and 
mitigated pathological angiogenesis. In the CNV 
choroid, TUBB6 reduction reduced vascular leakage 
and laser-induced CNV area. To better annotate the 
mechanism of TUBB6 in endothelial activation and 
sprouting angiogenesis, we further investigate its 
possible upstream and downstream targets. 
Mechanistically, YBX1, an RNA-binding protein, was 
found to directly regulate mRNA stability of TUBB6 
via binding to its 3’UTR in ECs. We also revealed that 
YBX1-driven TUBB6 upregulation significantly 
enhanced endothelial cell activation and tip cell 
formation through modulating WNT3A/FZD8 axis. 
These findings provide novel insights into the 
pathogenesis of ocular microvascular diseases and 
establish a foundation for future therapeutic 
strategies. 

Microtubules are critical components of the 
eukaryotic cytoskeleton, indispensable for cell 
division, morphology, motility, and angiogenesis [21, 

22]. Tubulin dynamic rearrangement is indispensable 
for vessel sprouting [53, 54]. Kobayashi et al. reported 
that detyrosination of α-tubulin in ECs significantly 
suppressed angiogenesis [22]. Retinal stem cells 
cocultured with OIR-ROP retinal tissues could highly 
express β-tubulin family and protein kinase C, further 
promoting angiogenesis [26]. Moreover, a range of 
tubulin inhibitors have demonstrated anti-angiogenic 
potential [55]. Tubulin-associated inhibitors, such as 
paclitaxel, vinblastine, vincristine, and docetaxel, 
have long been applied to suppress tumor-associated 
angiogenesis via interfering with tubulin dynamics 
[56, 57]. TUBB6 plays a key role in the control of 
microtubule and cytoskeleton dynamics [49]. 
Accumulating evidence suggests that TUBB6, a 
critical component of microtubule, impacts 
microtubule dynamics and is closely associated with 
cell migration and proliferation. Inhibition of TUBB6 
could significantly reduce cell migration and invasion 
ability by suppressing cell cycle progression in 
bladder cancer [58]. Sun et al. found that TUBB6 
upregulation was beneficial for nerve regeneration 
after spinal cord injury [59]. Additionally, TUBB6 was 
found to be a migration control factor in non-small 
cell lung cancer, which posed a negative correlation 
with patient survival [60]. We herein identified the 
crucial role of TUBB6 in facilitating ocular 
angiogenesis under pathological conditions, which 
was required for elucidating the mechanisms of 
ocular vasculopathy.  

We also demonstrated that YBX1 overexpression 
in hypoxia-treated HUVECs enhanced expression of 
TUBB6, proliferative-related and tip cell-related 
genes. A recent study by Yan et al. also demonstrated 
that YBX1 interacted with tsRNA-1599, thus 
regulating angiogenesis [61]. YBX1 has been proven to 
modulate not only transcription of various genes 
associated with cell growth, drug resistance and DNA 
synthesis, but also translation, mRNA stabilization 
and DNA repair/self-defense processes [62]. YBX1 
dysregulation contributes to various oculopathies and 
participates in multiple pathogenesis. Simpson et al. 
found that YBX1 could induce pathological 
angiogenesis via secretion of angiogenic factors 
(TGF-β, CSF-1, NGF, ADAM9 and ADAM17) [63]. A 
recent study showed that YBX1 could interact with 
ZO-1 to regulate endothelial responses during 
angiogenesis [64]. YBX1 was identified as one of top 
hub genes which participated in type 1 diabetes 
mellitus (T1DM) [65]. YBX1 deficiency could inhibit 
glucosuria and subnephrotic albuminuria by 
translationally repressing Sglt2 transcripts [66]. YBX1 
also interacted with multiple signaling pathways, 
including JAK pathway, Wnt pathway, and AKT 
signaling pathway [67-69]. These findings suggest the 
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critical and extensive involvements of YBX1 
regulation in retinal vasculopathy. The present study 
revealed the pivotal role of YBX1 in ocular vascular 
sprouting, highlighting its necessity for vascular 
development and the prevention of aberrant vascular 
phenotypes. 

We demonstrated TUBB6 could mediate 
microvascular anomalies via Wnt signaling pathway. 
The Wnt signaling pathway is crucial in vascular 
morphogenesis across various organs, including the 
eye. Wnt ligands and receptors are key regulators of 
ocular angiogenesis during eye development and in 
ocular vasculopathy [70, 71]. Wnt signaling was 
believed to maintain retinal vascularization, 
blood-brain barrier and blood-retinal barrier [72]. The 
activation of Wnt pathway contributes to the 
pathogenesis of diabetic retinopathy by exacerbating 
oxidative stress. Dickkopf homolog 1, a specific Wnt 
pathway inhibitor, reduced retinal inflammation, 
vascular leakage, and retinal neovascularization in 
streptozotocin (STZ)-induced diabetic mice [73]. Wnt 
inhibitor factor 1 (WIF1), a secreted Wnt antagonist, 
significantly reduced neovascularization and 
photoreceptor injury in the OIR model by inhibiting 
the Wnt/β-catenin-VEGF signaling pathway [74]. 
Moreover, previous research showed that MTAs like 
vinblastine, taxol, and C12 suppressed Wnt signaling 
by inhibiting microtubule dynamics [47]. Similarly, 
PAWI-2 disrupted microtubule homeostasis, further 
inhibiting Wnt3a/β-catenin signaling [48]. A recent 
study by Liu et al. showed that the novel thiophene 
derivative, compound 1312, has demonstrated 
therapeutic efficacy against gastrointestinal cancer by 
acting as a dual inhibitor of β-tubulin and the Wnt 
signaling pathway [75]. However, the interactions 
between tubulin proteins and Wnt-related networks 
are complex and other potential regulatory 
mechanisms of TUBB6 in ECs might also exist. More 
comprehensive and in-depth investigations on the 
endothelial-expressed TUBB6 in ischemic retinopathy 
are warranted.  

Conclusions 
Herein, the combination analysis of scRNA-Seq 

and bulk RNA-Seq demonstrated a significant 
elevation of TUBB6 in ECs during pathological ocular 
angiogenesis. Our research highlights the significance 
of TUBB6 as a potential therapeutic target and its 
distribution pattern in proliferative ECs and tip cells. 
Targeting TUBB6 may aid in developing new 
strategies to enhance the prognosis for patients who 
poorly respond to anti-VEGF therapy. Subsequent 
investigations are essential to explore the interplay 
between TUBB6 and other signaling pathways to 
thoroughly clarify its role in ocular pathological 

angiogenesis. 

Materials and Methods 
Animal experiment. All experiments were 

conducted according to the guidelines of the 
Association for Research in Vision and 
Ophthalmology (ARVO) Statement for the Use of 
Animals in Ophthalmic and Vision Research and 
approved by the Institutional Animal Care and Use 
Committee of the authors' institute. C57BL/6J mice 
(strain ID: 219) were purchased from Charles River 
Laboratories (Wilmington, MA, USA). All animal 
experiments were approved and consistently 
reviewed by the Ethical Review Committee of 
Nanjing Medical University (approval number: 
IACUC-2408075). Mice were bred in specific 
pathogen-free facilities at Nanjing Medical University 
with a 12 hours light-dark cycle at 28.5 °C, fed with 
standard laboratory chow and allowed free access to 
water. 

Oxygen-induced retinopathy (OIR) model. The 
OIR model was established with C57BL/6J mice on 
postnatal day 7 (P7). On P7, the pups along with their 
nursing mothers were exposed to 75% oxygen for a 
duration of 5 days. At P12, they were removed from 
the oxygen-rich environment and returned to 
normoxia until P17. Concurrently, age-matched 
control animals were maintained in room air. 
Intravitreal injections were administered using a 5 µL 
Hamilton syringe (Hamilton) fitted with a 33-gauge 
needle. 

Laser-induced choroid neovascularization 
(CNV) model. Laser photocoagulation of the murine 
fundus was executed utilizing an argon laser 
(Lumenis, Inc., Santa Clara, CA, USA) with a central 
wavelength of 532 nm, an energy delivery of 200 mW, 
a spot diameter of 100 μm, and a pulse duration of 100 
ms to induce Bruch's membrane rupture, thereby 
establishing a model of laser-induced choroidal 
neovascularization (CNV). Intravitreal injections were 
administered via a 5 µL Hamilton syringe (Hamilton, 
Bonaduz, Switzerland) equipped with a 33-gauge 
needle. 

Mounting of mice retina and RPE-choroid-sclera 
complex. Mice underwent anesthesia and euthanasia, 
after which the eyeballs were excised and the 
connective tissues were trimmed away. For the 
preparation of retinal flat mounts, the anterior 
segment of the eye and the vitreous body were 
meticulously clipped, and the eyeballs were then 
immersed in 4% paraformaldehyde (PFA) at room 
temperature for 1 hour for fixation. Following PBS 
washes, the neural retina was carefully dissected from 
the posterior eye cup and shaped into four-leaf clover 
retinal flat mounts for further analyses. For 
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RPE-choroid-sclera complex flat mounts, the entire 
eye was fixed in 4% PFA at 4°C overnight. After 
washing with Phosphate-buffered saline (PBS) buffer 
solution, the anterior segment of the eye and the 
vitreous body were precisely excised. The 
RPE-choroid-sclera complex was then isolated and 
shaped into four-leaf clover flat mounts. For qPCR 
and immunoblotting analyses, the neural retina or the 
RPE-choroid-sclera complex was isolated and 
prepared for RNA and protein extraction. 

Hypoxyprobe staining. The hypoxic condition of 
the retina was evaluated using the Hypoxyprobe 
RedAPC Kit (Hypoxyprobe, Inc.) following the 
manufacturer's guidelines. Oxygen-sensitive probes 
were administered intraperitoneally into postnatal 
day 17 (P17) OIR mice at a dose of 2.5 mg each, one 
hour before sampling. The tissues were incubated in a 
blocking solution composed of 3% bovine serum 
albumin (BSA) and 0.3% Triton X-100 for one hour, 
followed by overnight incubation with RED APC 
dye-MAb1 (1:100, Hypoxyprobe) and Isolectin B4 
(1:100, Vector Laboratories). After washing with PBS, 
the sections were mounted on slides. Fluorescence 
was examined using an inverted microscope (DMi8, 
Leica) equipped with a THUNDER imaging system 
(Leica). The fluorescence results were analyzed using 
ImageJ software. 

FITC-Dextran evaluating choroidal 
neovascularization. Seven days after the induction of 
CNV, 0.5 mL of FITC-dextran (average molecular 
weight: 2000 kDa) was perfused into the hearts of 
anesthetized mice, which were subsequently 
euthanized. After the eyeballs were removed and 
fixed in 4% PFA at 4°C overnight, the 
RPE-choroid-sclera complex was isolated, and flat 
mounts were prepared. The tissues were incubated in 
a blocking solution consisting of 3% BSA and 0.3% 
Triton X-100 for 1 hour, followed by overnight 
incubation with Isolectin B4 (1:100, Vector 
Laboratories). After washing with PBS, the sections 
were mounted on slides and photographed using a 
confocal microscope (Carl Zeiss Jena, Germany). The 
fluorescence results were evaluated using ImageJ 
software. 

Cryosection of mouse eyes. Mouse eyeballs were 
excised and fixed in FAS fixative for eyes (Servicebio) 
at 4°C for 1 hour. After PBS washing, they were 
subjected to gradient dehydration in 10%, 20%, and 
30% sucrose solutions, with an overnight stay in 30% 
sucrose at 4°C. The eyeballs were then embedded in 
an optimal cutting temperature compound (Sakura) 
and frozen at -80°C. Sagittal cryosections of 10 µm 
thickness were subsequently prepared and affixed to 
slides. 

Ophthalmic evaluations. 7 days post-CNV 

induction, mice were anesthetized, and pupil dilation 
was performed for fundus examination. Fluorescein 
fundus angiography (FFA) was conducted after 
intraperitoneal injection of sodium fluorescein 
(International Medication Systems) at 2 µL per gram 
of body weight. Fundus images were captured using 
the Heidelberg Retinal Angiography 2 system 
(Heidelberg Engineering). 

Cell culture. In this research, we utilized two 
distinct types of endothelial cells: human umbilical 
vein endothelial cells (HUVECs; accession number: 
PCS-100-013; ATCC) and human retinal 
microvascular endothelial cells (HRMECs; accession 
number: ACBRI-181). ECs were cultured in 
DMEM/Low Glucose medium supplemented with 
10% fetal bovine serum (FBS; Invitrogen, Carlsbad, 
CA, USA), penicillin (100U/mL; Invitrogen) and 
streptomycin (100 U/mL; Invitrogen). Cells were 
maintained at 37°C with 21% O2 and 5% CO2. The 
working concentration of recombinant human 
VEGF165 (Peprotech, Thermo Fisher Scientific) used 
for treating HUVECs in Figure 4 was 20 ng/ml. 
Additionally, we used 1% FBS to culture HUVECs in 
scratch, transwell, and tube formation assays to 
eliminate the interference from cell proliferation. In 
the actinomycin D assay, HUVECs were cultured in 
complete medium containing actinomycin D (5 
µg/mL) and harvested at 0, 4, and 8 hours 
post-treatment.  

Cell transfection. ECs were transfected with 
indicated siRNAs using Lipofectamine 3000 
(Invitrogen). Scramble siRNA and siRNAs targeting 
TUBB6 were purchased from RiboBio (Guangzhou, 
China) and those targeting YBX1 were purchased 
from GenePharma (Shanghai, China). Specific 
sequences of these siRNAs were listed in 
Supplementary Table S1. 

TUBB6 knockout (KO) HUVECs. 
TUBB6-knockout HUVECs were established using the 
CRISPR/Cas9 system. A small guide RNA (sgRNA) 
targeting the second exon of human TUBB6 gene was 
designed by Genechem (Shanghai, China) and related 
sgRNA sequence was supplied in Supplementary 
Table S1. HUVECs were transduced with the 
lentivirus-packed CRISPR/Cas9-TUBB6-KO construct 
to form TUBB6-knockout HUVECs and the control 
group was transduced with lentivirus-packed 
CRISPR/Cas9-KO construct. HUVEC were then 
selected with puromycin and dispensed into 96-well 
plates. The knockout effect of CRISPR/Cas9 system 
was validated in Figure S3. 

RNA isolation and qPCR. Total RNA was 
extracted from cell lysates using the TRIzol reagent 
(Invitrogen). RNA concentration and purity were 
quantified using a Nano-Drop ND-1000 
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spectrophotometer (Nano-Drop Technologies, 
Wilmington, DE, USA). Complementary DNA 
(cDNA) was synthesized employing a PrimeScript RT 
Kit (Takara, Otsu, Shiga, Japan). RNA expression 
levels were evaluated through quantitative PCR 
(qPCR) with the FastStart Universal SYBR Green 
Master (ROX; Roche, Basel, Switzerland) on a 
StepOne Plus Real-Time PCR System (Applied 
Biosystems, Darmstadt, Germany). mRNA levels of 
β-actin were simultaneously measured for 
normalization purposes. Primer information is 
detailed in Supplementary Table S2. 

Immunoblotting. Collected cells were initially 
lysed in lysis buffer (Beyotime, Shanghai, China) 
containing a protease inhibitor cocktail (Roche) for 
protein extraction. The isolated proteins were 
subsequently fractionated by size using sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred onto a polyvinylidene 
fluoride (PVDF) membrane (Millipore, Boston, MA, 
USA) via a wet transfer system. Membranes were then 
blocked with bovine serum albumin (BSA) and 
sequentially incubated with the relevant primary 
antibodies (specified in Supplementary Table S3) 
and HRP-conjugated secondary antibodies (dilution: 
1:10000; ICL). 

Immunofluorescence staining. Cells, eye 
cryosections, and retinal flat mounts were incubated 
in a blocking solution containing 3% BSA and 0.3% 
Triton X-100 for one hour. Subsequently, the samples 
were incubated overnight at 4°C with primary 
antibodies (Supplementary Table S3), followed by 
incubation with fluorescence-conjugated secondary 
antibodies (1:500) for two hours at room temperature. 
DAPI (Sigma-Aldrich, St. Louis, MO, USA) was 
utilized for nuclear counterstaining. Fluorescence 
observations were made using an inverted 
microscope (DMi8, Leica, Wetzlar, Germany) 
equipped with a THUNDER imaging system (Leica). 
Quantification of fluorescence intensity was 
performed using ImageJ software. 

Cell cycle analysis. Cell cycle progression was 
evaluated using the Cell Cycle Staining Kit 
(Multisciences Biotech, Hangzhou, China) in 
accordance with the manufacturer’s protocol. 
Harvested cells were incubated in a DNA staining 
solution containing an osmotic agent for 30 minutes at 
ambient temperature, shielded from light. The cell 
cycle was interrogated via flow cytometry (Beckman 
Coulter, Brea, CA, USA), and the resulting data were 
processed using FlowJo software. The analysis 
included a total of 10,000 cells per sample. 

EdU assay. Cell proliferation was determined 
using the EdU Apollo567 Kit (RiboBio) following the 
manufacturer’s guidelines. Cells underwent a 2-hour 

incubation in EdU solution, then fixation with 4% 
paraformaldehyde (PFA), permeabilization with 0.5% 
Triton X-100, and subsequent fluorescent labeling in 
Apollo solution. Proliferating cells with red fluores-
cence were visualized using an inverted microscope 
(DMi8) with a THUNDER imaging system. 

Transwell migration assay. The transwell 
chambers with an 8 μm pore size were used to assess 
cell migration. Treated cells were placed in the upper 
chamber containing medium and allowed to migrate 
for 24 hours under conditions of 37°C, 21% O2, and 5% 
CO2. Cells that migrated to the lower chamber were 
collected and then fixed with crystal violet 
(Beyotime). Five random fields per chamber were 
examined and averaged using the ECLIPSE Ts2 
inverted microscope (Nikon, Shanghai, China). 

Scratch assay. A straight line was scratched on 
the HUVECs with a pipette tip to create a wound. 
After gently washing with PBS to remove cell debris, 
the medium was added. A line was drawn at the edge 
of the well to mark the position. Images of the same 
scratch area were captured immediately after 
scratching and 24 hours later using the ECLIPSE Ts2 
inverted microscope. Data were analyzed using 
ImageJ software. 

Tube formation assay. HUVECs were planted on 
growth factor-reduced Matrigel (BD Biosciences) in 
24-well plates at a density of 1 × 105 cells per well to 
monitor the development of capillary-like structures. 
Images were captured 5 hours after seeding using an 
ECLIPSE Ts2 inverted microscope. ImageJ software 
was utilized to measure the number of nodes and the 
length of branching of the HUVECs. 

ELISA. The culture medium of HUVECs was 
gathered to measure WNT3A secretion using a 
commercial human WNT3A ELISA kit 
(CSB-EL026136HU-48T; Biocompare) according to the 
manufacturer’s instructions. The absorbance at 450 
nm was measured using a Multiskan FC 
spectrophotometric plate reader (Thermo Fisher 
Scientific). 

CHIP-qPCR. Chromatin Immunoprecipitation 
followed by quantitative PCR (ChIP-qPCR) was 
conducted following the protocols outlined in the 
SimpleChIP® Enzymatic Chromatin IP Kit (Cell 
Signaling Technology). Cells were treated with 1% 
formaldehyde for cross-linking, subsequently 
sonicated, and enzymatically digested to yield 
chromatin fragments of suitable size. These DNA 
fragments were then isolated and incubated overnight 
at 4°C with an antibody against YBX1. Post 
incubation, qPCR was utilized to evaluate the DNA 
fragments enriched for YBX1 binding, with results 
normalized against the input controls for analysis. 

RIP-qPCR. The RIP experiment utilized the 
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Magna RIP Kit (Millipore) following the 
manufacturer's instructions. In summary, HUVECs 
were treated with RIP lysis buffer to dissociate 
RNA-protein complexes. Ten percent of the RIP lysate 
was reserved as an input reference. For 
immunoprecipitation, protein A/G magnetic beads 
were sequentially incubated with either IgG or YBX1 
antibody and the cell lysates. The magnetic separator 
then isolated the magnetic bead-bound complexes 
using a magnet, capturing the specific RNA-protein 
complex. The RNA isolated from these complexes was 
subsequently purified for cDNA synthesis and 
analyzed via qPCR, with results normalized against 
the input control. 

Bulk RNA-Seq and analysis. Total RNA was 
isolated from cell lysates using TRIzol reagent 
((Invitrogen, Carlsbad, CA, USA). The concentration 
and purity of RNA were measured with a Nano-Drop 
ND-1000 spectrophotometer (Nano-Drop Techno-
logies, Wilmington, DE, USA) and the Agilent 2100 
Bioanalyzer system (Agilent BioTek; Winooski, VT, 
USA). RNA with high quality was sent for library 
construction following the manufacturer’s 
recommendations. The RNA-Seq library was further 
sequenced with Illumina Novaseq 6000 platform 
(Illumina) to generate 150 base pair (bp) reads. Then, 
HTSeq software (version 0.9.1) was used to get the 
raw count. Quality control and raw sequencing data 
filtration were achieved with the Fastp (version 0.23.2) 
and sortmerna (version 4.3.4) software. The STAR 
software (version 2.7.10) was then applied to align 
clean reads to the human genome GRCh38. The 
Salmon v1.9.0 was used to calculate counts and 
transcript per million reads (TPM) of each gene. 
DESeq2 (version 1.34.0) was applied to identify 
differentially expressed genes. Results with p < 0.05 
are considered statistically significant. Pathway 
enrichment analyses were performed based on the 
differentially expressed genes. The RNA-Seq data has 
been deposited in GEO database under the accession 
number GSE275653. 

ScRNA-Seq and analysis. Single cell data was 
analyzed using R package Seurat (version 4.3.0) for 
dimension-reduction and clustering. OIR and control 
datasets were integrated with R package Harmony 
(version 1.2.0) to remove batch effects. Differential 
expression analysis was performed with FindMarkers 
or FindAllMarkers functions. R package Monocle2 
(version 2.28.0) and slingshot (version 2.12.0) was 
used to predict a pseudotime trajectory of endothelial 
activation in the OIR retina. Endothelial cells were 
ordered in pseudotime with DDRTree and orderCells 
functions. Vlnplots was visualized with R package 
dittoSeq (version 1.12.1). 

GO ontology analysis. Differential expression 

genes (DEGs) from bulk RNA-Seq were used for GO 
analysis with R package clusterProfiler (version 4.8.3). 
Enriched GO pathways with p < 0.05 were considered 
statistically significant.  

Correlation analyses. For correlation analysis, 
the Pearson correlation between interested genes was 
calculated with R package stats (version 4.3.1) and 
visualized using Chiplot (https://www.chiplot 
.online/). 

Statistical analysis. All data were reported as 
mean ± SD. Statistical analysis was conducted 
utilizing GraphPad Prism 10.1.2. Significant 
differences were assessed via a Two-tailed Student's T 
test for two-group comparisons, or one-way ANOVA 
for multiple group comparisons. Results with p < 0.05 
are considered statistically significant. 
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