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Abstract

Background: Vascular endothelial growth factor (VEGF) is one of the most powerful
proangiogenic factors and plays an important role in multiple diseases. Increased gly-
colytic rates and lactate accumulation are associated with pathological angiogenesis.

Results: Here, we show that a feedback loop between H3K9 lactylation (H3K9la)

and histone deacetylase 2 (HDAC2) in endothelial cells drives VEGF-induced angio-
genesis. We find that the H3K9la levels are upregulated in endothelial cells in response
to VEGF stimulation. Pharmacological inhibition of glycolysis decreases H3K9 lactylation
and attenuates neovascularization. CUT& Tag analysis reveals that H3K9la is enriched

at the promoters of a set of angiogenic genes and promotes their transcription. Inter-
estingly, we find that hyperlactylation of H3K9 inhibits expression of the lactylation
eraser HDAC2, whereas overexpression of HDAC2 decreases H3K9 lactylation and sup-
presses angiogenesis.

Conclusions: Collectively, our study illustrates that H3KO9la is important for VEGF-
induced angiogenesis, and interruption of the H3K9la/HDAC?2 feedback loop may
represent a novel therapeutic method for treating pathological neovascularization.

Keywords: H3K9 lactylation, Angiogenesis, Endothelial cells (ECs), Histone deacetylase
2 (HDAC2), VEGF

Background

Vascular endothelial growth factor (VEGF) is an important regulator of blood vessel
formation and function that controls several vital processes in endothelial cells (ECs),
including proliferation, migration, and survival [1, 2]. Normal vascularization is essential
for tissue development and organ function. However, dysregulation of vascularization
is involved in multiple diseases, including proliferative diabetic retinopathy (PDR) [3],
age-related macular degeneration (AMD) [4], retinopathy of prematurity (ROP) [5], and
malignant tumor [6]. Anti-VEGF drugs are commonly used in clinical practice; however,

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdo-
main/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13059-024-03308-5&domain=pdf
http://orcid.org/0000-0002-7796-8891

Fan et al. Genome Biology (2024) 25:165 Page 2 of 16

their effects are sometimes limited because of drug insensitivity or resistance [7]. Elu-
cidating the mechanisms underlying how VEGF stimulation influences the molecular
and cellular processes of ECs and promotes neovascularization would help improve anti-
angiogenesis therapies.

Previous studies have indicated that ECs are highly glycolytic, and metabolic repro-
gramming toward glycolysis is important for VEGF-induced EC behaviors [8, 9]. Gly-
colysis is the predominant bioenergetic pathway in ECs (approximately 85% of the total
ATP is generated by glycolysis), and VEGF stimulation promotes glycolysis [9]. Genetic
ablation of the glycolytic activator PFKFB3 in ECs greatly inhibits vessel formation both
in vivo and in vitro [9]. Abundant glycolysis leads to lactate accumulation in ECs. Lactate
has been defined as a metabolic byproduct. Recent studies have revealed the important
functions of lactate in the regulation of multiple cellular processes, including T cell acti-
vation [10, 11], macrophage polarization [12] and tumor growth [13]. Whether and how
the accumulated lactate influences EC behavior remain to be elucidated.

It is evidenced that histones play important roles in modulating chromatin structure
and function [14]. Multiple post-translational modifications (PTMs), including acetyla-
tion, methylation, phosphorylation, and others, are powerful regulators of histone func-
tion and influence cellular processes that include transcriptional modification [14-16].
Lactate was recently identified as a substrate for a novel post-translational modification-
lysine lactylation (Kla) [12]. Lactylation is a new method to transduce cellular metabolic
characteristics into gene expression programs. Our studies and others have reported
that lactylation can influence protein function and participate in multiple physiological
and pathological processes [17-21]. The lactylation of H3K18 promotes the transcrip-
tion of YTH N6-methyladenosine RNA-binding protein 2 (YTHDF2), which is involved
in ocular melanoma [22]. The upregulation of H4K12 lactylation in microglia is impor-
tant in AD pathogenesis [23]. We previously reported that lactylation of non-histone
Ikzf1 at lysine 164 modulates Th17 cell differentiation and promotes autoimmune uveitis
[19]. However, whether VEGF-induced glycolysis modulates ECs angiogenesis via lacty-
lation remains unknown.

In the current study, we aimed to elucidate the role of glycolysis in angiogenesis. We
found that upregulation of glycolysis promoted the lactylation of histone H3 at lysine
residue 9 (H3K9la) in VEGEF-stimulated ECs. Inhibition of lactylation efficiently sup-
pressed angiogenesis. Mechanistically, CUT& Tag analysis revealed that H3K9 lactyla-
tion promoted the transcription of a set of genes related to angiogenesis. Furthermore,
we identified a feedback loop between H3K9la and the Kla eraser HDAC2 in ECs that
regulates angiogenesis. Collectively, our data link pathological angiogenesis with glyc-
olysis-derived lactylation and suggest the presence of a feedback loop between H3K9la
and HDAC?2 in the angiogenesis pathway.

Results

H3K?9 lactylation is increased in endothelial cells in response to VEGF stimulation
Neovascularization is a complex process involving the activation, proliferation, and
migration of endothelial cells [24, 25]. VEGF is the most powerful pro-angiogenic fac-
tor [25]. VEGF treatment promoted the proliferation, migration, and tube forma-
tion abilities of primary human retinal microvascular endothelial cells (HRMECs) in a
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dose-dependent manner (Fig. 1A—C). Lactate dehydrogenase A (LDHA) expression
was increased and the lactate levels were upregulated in HRMECs in response to VEGF
stimulation (Fig. 1D, Additional file 1: Fig. S1). We investigated whether upregulation of
lactate content promoted histone lactylation in ECs. We analyzed the lactylation levels
of a series of well-identified lactylated residues in histones, including H4K12la, H4K5la,
H3K18la, H3K14la, and H3K9la. We observed that the lactylation level of H3K9 was
significantly upregulated in response to VEGF stimulation (Fig. 1E). We examined the
H3KO9la levels in a mouse model of oxygen-induced retinopathy (OIR), a well-established
mouse model of pathological retinal neovascularization. We found that the H3K9la
increased with OIR progression and reached its peak at P17 (the peak of neovasculari-
zation in OIR) and decreased at day 25 (Fig. 1F). The H3KOla levels were elevated in
the retinal endothelial cells of OIR mice compared to those in the age-matched controls
(Fig. 1G). These results indicated that VEGF-induced angiogenesis was characterized by
H3KO lactylation and was likely to be involved in retinal neovascularization.

Inhibition of H3K9la inhibited angiogenesis in vivo and in vitro

Since lactate is the substrate for lactylation, we inhibited lactate production using glyco-
lytic inhibitors to examine whether the inhibition of histone lactylation could suppress
angiogenesis. As previously reported, the glycolytic inhibitors used include the non-
metabolizable glucose analog-2-deoxy-d-glucose (2-DG), the pyruvate dehydrogenase
kinase (PDK) inhibitor- dichloroacetate (DCA), and the lactic acid dehydrogenase (LDH)
inhibitor-galloflavin (GF) (Fig. 2A) [12, 22, 26]. We found that these inhibitors caused a
notable decrease in cellular lactate production and H3K9 lactylation (Fig. 2B-D, Addi-
tional file 1: Fig. S2A-C). Notably, following a decrease in the H3K9 lactylation levels,
the migration, proliferation, and tube formation abilities of ECs were significantly sup-
pressed (Fig. 2E—G). We then applied inhibitors treatment in OIR mice. Consequently,
we found that inhibitors treatment decreased H3K9 lactylation in vivo and alleviated
pathological neovascularization of OIR mice, but it did not influence the proportion of
avascular area (Fig. 2H-K). In conclusion, the above results suggest that H3K9 lactyla-
tion is important for angiogenesis and inhibition of H3K9 lactylation may represent an

efficient way to suppress neovascularization.

Identification of potential downstream targets of H3K9 lactylation by genome-wide CUT&
Tag analysis

Histone modifications play an important role in regulating the transcription of target
genes [23, 27]. Genome-wide CUT& Tag analysis is a newly described method for study-
ing protein-DNA interactions [28]. Therefore, we performed CUT& Tag analysis to iden-
tify the candidate genes regulated by H3K9la in ECs (Fig. 3A). Briefly, HRMECs were
treated with 0 or 100 ng/ml VEGF for 24 h. CUT& Tag analysis was performed using
antibodies against H3K9la, and analysis of the results with deep tools revealed enrich-
ment of H3K9la peaks in ECs (Fig. 3B,C). The results showed that 13,279 H3K9la bind-
ing peaks were identified in both groups and over 55% of the binding peaks were located
in promoter sequences (<3 kb) (Fig. 3D, E). Pearson’s correlation analysis revealed a sig-
nificant correlation between the two groups (Additional file 1: Fig. S3) and the identi-
fied peaks were evenly distributed across all chromosomes (Additional file 1: Fig. S4).



Fan et al. Genome Biology (2024) 25:165 Page 4 of 16

.§ *okk
©
5
£
B2 *
8
21
k]
Q
@ 0 10 100
B 8
T 34 $k
£
g2 =
8 1
(]
2
T o4
2 0 10 100
8
ERS P
5
2 24
o
o 1
2
5 0
. : g 0 10 100
VEGF(ng/ml)
© 0 ng/ml
_ =10 ng/ ml
D E Pan-KIaljl %2_5 - 100ng/ml
c k%%
2.0+ g 15 { =* ns _ns
S & 510 {= - :
38" e[ - -]  Zos ﬂ ﬂ ﬂ
5 © o
o o 1.04 Pan-Kla H4KS5la H4K12la
o T —
8§35 |2 e I PY S
B _ *
3 =09 H3K18la e — — é 1.5 ns"s nsns
2
o
VEGF(ng/ml) 0 10 100 B—actin 205 |
—a p— %
©

VEGF(ng/ml) 0 10 100

G

H3K9la  H3K14la  H3K18la

H3Kola CD31 H3K9la Merge

[ ——]
Control D13 D17 D25

Control

OIR

Relative level of H3K9la / H3

Control D13 D17 D25

Fig. 1 H3K9 lactylation is increased in endothelial cells in response to VEGF stimulation. A The effect of VEGF
on migration of HRMECs (mean = SEM; n =4 samples per group; *P < 0.05, ***P <0.001, one-way ANOVA,
Bonferroni post hoc test; scale bars: 50 um). B The effect of VEGF on proliferation of HRMECs (mean = SEM;
n=4 samples per group; *P< 0.05, **P<0.01, one-way ANOVA, Bonferroni post hoc test; scale bars: 100 pum).
CThe effect of VEGF on tube formation of HRMECs (mean 4 SEM; n=4 samples per group; ***P <0.001,
one-way ANOVA, Bonferroni post hoc test; scale bars: 50 um). D The lactate content in HRMECs in response
to VEGF stimulation (mean & SEM; n=4 samples per group; *P < 0.05, ***P < 0.001, one-way ANOVA,
Bonferroni post hoc test). E Western blotting analysis of Pan-Kla and site-specific histone lactylation in
HRMECs in response to VEGF stimulation (mean £ SEM; n=4 samples per group; *P <0.05, ***P<0.001, ns: no
significance, one-way ANOVA, Bonferroni post hoc test). F Western blotting analysis of H3K9la levels in OIR
mice at different time points (mean = SEM; n=4 mice per group; **P <0.01, ***P<0.001, one-way ANOVA,
Bonferroni post hoc test). G Representative images of H3K9la co-stained with endothelial cells (CD31) in
normal and OIR mice retina (scale bars: left: 1000 pm; right: 50 um)
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To analyze the epigenetic modulatory effects of H3K9la in ECs in response to VEGF
stimulation, the target genes with differential binding peaks (fold change <0.67 or>1.5)
were classified by gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGQG) analyses. Interestingly, we found that the upregulated peak-related genes were
enriched in multiple pathways related to neovascularization, including cell proliferation,
cell migration, adherens junction, and angiogenesis (Fig. 3E, G).

H3K9 lactylation activates the transcription of multiple genes related to angiogenesis
Considering that the lactylation level of H3K9la was upregulated in VEGF-stimulated
ECs and that hyperlactylated H3K9 was enriched in genes related to angiogenic path-
ways, we further investigated whether the expression of these genes was elevated in
response to VEGF stimulation. Specifically, CUT& Tag analysis revealed that the levels
of H3K9la were upregulated at the promoters of candidate genes in VEGF-stimulated
HRMEC s, including NECTIN1 [29], TGFBR2 [30], ABL1 [31], PTGFR [32], LAMA4
[33], CLASP2 [34], PRCP [35], and EGFR [36] which are related to above interested
pathways (Fig. 4A-D). Chromatin immunoprecipitation qPCR (CHIP-qPCR) analysis
confirmed that hyperlactylation promoted H3K9la’s binding to the promoters of these
genes (Additional file 1: Fig. S5A-B). Furthermore, qPCR assays confirmed that the
expression levels of these genes were significantly upregulated in VEGF stimulated ECs
(Fig. 4E—H). Collectively, these results indicate that H3K9 lactylation may participate in
angiogenesis by promoting the expression of multiple genes encoding pro-angiogenic
proteins in response to VEGF stimulation.

Feedback loop driven by H3K9 lactylation and HDAC2 promotes angiogenesis
Interestingly, CUT& Tag analysis revealed a decrease in levels of H3K9la at the promo-
tors of HDAC2 in VEGF-stimulated ECs (Fig. 5A). And we observed a decrease in the

(See figure on next page.)

Fig. 2 Inhibition of H3K9la inhibited angiogenesis in vivo and in vitro. A Schematic representation of
treatment of HRMECs with glycolysis inhibitors. B Western blotting analysis of H3 and H3KOla levels in
HRMECs in response to 2-DG treatment (mean & SEM; n=4 samples per group; *P <0.05, **P<0.01,
***P<0.001, one-way ANOVA, Bonferroni post hoc test). C Western blotting analysis of H3 and H3K9la levels
in HRMECs in response to DCA treatment (mean = SEM; n =4 samples per group; **P<0.01, ***P<0.001,
one-way ANOVA, Bonferroni post hoc test). D Western blotting analysis of H3 and HE3KO9la levels in HRMECs
in response to galloflavin treatment (mean £ SEM; n =4 samples per group; **P<0.01, ***P<0.001, one-way
ANOVA, Bonferroni post hoc test). E The effect of glycolysis inhibitors on migration of HRMECs (mean 4= SEM;
n=4 samples per group; **P < 0.01, one-way ANOVA, Bonferroni post hoc test, compared with DMSO
group; scale bars: 20 um). F The effect of glycolytic inhibitors on proliferation of HRMECs (mean =+ SEM; n=4
samples per group; **P<0.01, ***P<0.001, one-way ANOVA, Bonferroni post hoc test, compared with DMSO
group; scale bars: 50 um). G The effect of glycolytic inhibitors on tube formation of HRMECs (mean £ SEM;
n=4 samples per group; *P < 0.05, one-way ANOVA, Bonferroni post hoc test, compared with DMSO group;
scale bars: 50 um). H Western blotting analysis of H3K9la levels in OIR mice in response to 2-DG treatment
(mean =+ SEM; n=4 mice per group; **P <0.01, **P < 0.001, ns: no significance, one-way ANOVA, Bonferroni
post hoc test). | Western blotting analysis of H3K9la levels in OIR mice in response to DCA treatment

(mean £ SEM; n=4 mice per group; *P <0.05, **P < 0.01, one-way ANOVA, Bonferroni post hoc test). J Western
blotting analysis of H3K9la levels in OIR mice in response to galloflavin treatment (mean £ SEM; n=4 mice
per group; *P<0.05, **P< 0.01, one-way ANOVA, Bonferroni post hoc test). K Representative images of retinal
neovascularization in OIR mice in response to glycolysis inhibitors treatment (mean 4= SEM; n =4 mice per
group; ns: no significance, **P<0.01, ***P<0.001, one-way ANOVA, Bonferroni post hoc test, compared with
DMSO group; scale bars, up: 1000 um; down: 100 pm)
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expression of HDAC2 at both the mRNA and protein levels in VEGF-stimulated ECs
(Fig. 5B,C). CHIP-qPCR assays also confirmed that hyperlactylation of H3K9 decreased
its binding to the promoters of HDAC2 and this process is reversed in response to gly-
colysis inhibitor treatment (Additional file 1: Fig. S5 C-D). A previous study reported
that HDAC2 is an effective lactylation eraser [37]. We hypothesized that there existed
a feedback loop in which VEGF stimulation increased H3K9 lactylation and then
inhibited HDAC2 expression; decreased HDAC2 expression in turn promoted H3K9
lactylation and elevated the expression of the target angiogenic genes (Fig. 5D). To con-
firm the functional impact of the VEGF/H3K9la/HDAC2 feedback loop on ECs, we
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Fig. 3 Identification of potential downstream targets of H3K9 lactylation by genome-wide CUT& Tag analysis.
A Schematic representation of CUT& Tag analysis. B The binding density of H3K9la in endothelial cells was
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analysis of the elevated H3K9la binding peaks at candidate target genes. G KEGG analysis of the elevated
H3K9la binding peaks at candidate target genes

overexpressed HDAC2 in VEGF-stimulated ECs using lentivirus. The transfection effi-
ciency was over 90% (Fig. 5E). We observed that overexpression of HDAC2 resulted in
significant decrease in H3K9 lactylation (Fig. 5F). Consistent with our previous results
showing that H3K9la activated gene expression, we found that the levels of these angio-
genic genes decreased in HDAC2-overexpressing ECs (Fig. 5G,H). Meanwhile, HDAC2
overexpression inhibited EC angiogenesis (Fig. 5I-K). Taken together, these results
revealed that HDAC2 overexpression disrupted the VEGF/ H3K9la/ HDAC2 feedback
loop in ECs and suppressed angiogenesis.
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per group; **P<0.01, unpaired Student’s t test). F gPCR assays monitoring expression of ABL1 and PTGFR

in HRMECs treated with or without VEGF (mean &= SEM; n=3 samples per group; **P<0.01, ***P<0.001,
unpaired Student’s t test). G gPCR assays monitoring expression of LAMA4 and CLASP2 in HRMECs treated
with or without VEGF (mean = SEM; n=3 samples per group; *P<0.05, **P < 0.01, unpaired Student’s t test). H
gPCR assays monitoring expression of PRCP and EGFR in HRMECs treated with or without VEGF (mean =+ SEM;
n=3samples per group; ***P<0.001, unpaired Student’s t test)

Discussion

Histone lactylation is a recently identified lactate-dependent epigenetic modification
[12], which represents a novel mechanism for the transduction of cellular metabolic
patterns into gene expression programs via activation or inhibition of gene transcrip-
tion. Lactylation plays important roles in multiple cellular processes, including the
modulation of macrophage M1/2 polarization [12], exacerbation of microglial dys-
function [23], and promotion of tumorigenesis [27]. In this study, we discovered a
feedback loop driven by H3K9la and HDAC2 in ECs promoted angiogenesis in
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overexpressing HDAC2 or not (mean = SEM; n=3 samples per group; *P<0.05, **P < 0.01, unpaired Student’s
t test). H gPCR assays monitoring expression of LAMA4, CLASP2, PRCP, and EGFR in HRMECs overexpressing
HDAC2 or not (mean = SEM; n= 3 samples per group; *P<0.05, **P<0.01, unpaired Student’s t test). I The
effect of overexpressing HDAC2 on migration of HRMECs (mean = SEM; n =3 samples per group; **P<0.01,
unpaired Student’s t test; scale bars: 20 um). J The effect of overexpressing HDAC2 on proliferation of HRMECs
(mean =+ SEM; n=3 samples per group; *P < 0.05, unpaired Student’s t test; scale bars: 50 um). K The effect

of overexpressing HDAC2 on tube formation of HRMECs (mean £ SEM; n=3 samples per group; *P < 0.05,
unpaired Student’s t test; scale bars: 20 pm)

response to VEGF stimulation. VEGF treatment increased H3K9 lactylation levels
and promoted its binding to the promoters of a set of angiogenesis-related genes.
Treatment with glycolytic inhibitors or HDAC2 overexpression decreased H3K9 lac-

tylation levels and suppressed angiogenesis. Collectively, we analyzed the mechanistic
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link between VEGF stimulation, histone lactylation and angiogenesis and suggested
potential therapeutic approaches for pathological neovascularization (Fig. 6).

Numerous studies have shown that cellular metabolism is not only important for
cell survival but can also influence cell behaviors [38—40]. Glycolysis plays an impor-
tant role in EC angiogenesis and results in elevated lactate levels [9]. However, the
role of lactate in regulating neovascularization remains largely unknown. Metabolic
byproducts are commonly sources for post translational modifications and affects
protein function. Our results showed that lactate contributes to angiogenesis by
increasing H3K9 lactylation and promoting pro-angiogenic transcriptional programs
in ECs. Inhibition of lactate production with glycolysis inhibitors reduced H3K9 lacty-
lation levels and suppressed neovascularization. These results revealed a novel mech-
anism by which lactate promotes angiogenesis by modulating histone lactylation.

VEGF is a predominant proangiogenic factor that activates endothelial cells [1].
Histone lactylation is known to function in regulating gene transcription [17, 22].
Therefore, we conducted CUT& Tag analysis to identify the target genes regulated by
H3K9 lactylation in response to VEGF stimulation. CUT& Tag analysis is an enzyme-
tethering strategy that provides efficient high-resolution sequencing libraries for pro-
filing diverse chromatin components [28]. Our results showed that H3K9la was highly
enriched in gene promoters and was correlated with the activation of genes associ-
ated with angiogenesis. Neovascularization is a complex process. We found that the
upregulated H3K9la-binding genes were enriched in pathways related to angiogen-
esis, including cell proliferation, cell migration, and adherens junction. These results
further demonstrated the important role of H3K9la in angiogenesis.

Glycolysis inhibitors

Lactate? Lactate ‘
La la L La L
H3K9la *{ giogenesis-related genes }T H3K9|a ( A\nglogeneSIS-related ge?@‘
a 8 8A A4
WYY YN ) SJUUUUU

AN RAPAA R

@ | K;?

|

Pathological neovascularization Alleviated neovascularization

Fig. 6 A proposed working model for how a glycolysis/H3K9la/HDAC2 feedback loop in endothelial cells
modulates angiogenesis (By Figdraw)
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Similar to the regulatory mechanism of other post-translational modifications, lact-
ylation is regulated by key regulatory enzymes, including lactyltransferases and delac-
tylases. HDAC2 has been previously identified as an efficient delactylase [35]. In the
present study, we observed a decrease in HDAC2 expression levels in ECs in response
to VEGF stimulation. Interestingly, CUT& Tag analysis revealed a decrease in H3K9la
enrichment in the promoters of HDAC2. Therefore, we hypothesized that a feedback
loop existed between H3K9la and HDAC2. As previous studies reported, histones play
important roles in modulating chromatin structure and function, including transcrip-
tional regulation [14, 15]. Post-translational modifications could influence histone’s
binding to the promoters of specific genes and then regulates gene transcription [20,
21]. We found that hyperlactylation of H3K9 inhibited its interaction with HDAC2, and
this process is reversed in response to glycolysis inhibitor treatment. Notably, HDAC2
overexpression decreased H3K9 lactylation levels and suppressed the transcription of
the downstream target genes of H3K9la. Meanwhile, HDAC2 overexpression inhibits
the angiogenic abilities of endothelial cells. Therefore, we think that lactylation regulates
H3K9’s binding to the promoters of HDAC2 and modulates its expression. These results
implicated HDAC?2 as a potential therapeutic target for pathological neovascularization.

However, there are several limitations of our study. First, we proved that overexpres-
sion of HDAC2 decreased H3K9 lactylation and inhibited angiogenesis in vitro. Further
studies such as knocking in HDAC2 in endothelial cells are needed to verify these results
in vivo. Secondly, our results showed that hyperlactylation of H3K9 promoted angio-
genic gene expression, including TGFBR2, PRCP, and EGFR. However, the transcrip-
tional regulation of other classical angiogenesis genes such as VEGFR and FGFR needs
further investigation.

Conclusions

In conclusion, our results demonstrate that upregulated glycolysis promotes H3K9 lacty-
lation in endothelial cells in response to VEGF stimulation, and we investigate the poten-
tial target angiogenic genes that undergo H3K9 lactylation. Meanwhile, we investigate
the feedback loop between H3K9la and Kla eraser HDAC?2 in ECs that regulates angio-
genesis. Disruption of the H3K9la/HDAC?2 feedback loop represents a novel method for
treating pathological neovascularization.

Methods

Animals

C57BL/6 ] mice were used for conducting all animal experiments in this study. The
mice were housed at the Experimental Animal Center of Chongqing Medical Univer-
sity (Chongqing, China). All experiments were approved by the Ethics Committee of the
First Affiliated Hospital of Chongqing Medical University (approval number: 2021-612).

Induction of OIR

OIR was induced as previously described using an oxygen chamber (Chenxi Dianzi;
Zhejiang; China) [41]. On the postnatal day 7 (P7), mouse pups and suckling mice were
placed in the chamber with the oxygen concentration maintained at 75+ 2% for five con-
secutive days. On P12, the pups were returned to room air (21% O,) and continually
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co-bred with the suckling mice for 5 days. Control pups were maintained in ambient air
throughout the experiment. The retinas were extracted for subsequent experiments on
P17. Glycolysis inhibitors were diluted in 0.1% DMSO and one microliter of each was
administered by intravitreal injection at P13.

Cell lines and cell cultures

HRMECs were purchased from Cell Systems (ACBRI 181, Seattle, America) and cul-
tured with EGM™-2 Endothelial Cell Growth Medium-2 BulletKit (C3162, Lonza).
Recombinant human VEGF were purchased from R&D systems (BT-VEGF-020).

Migration assay

HRMECs (1 x 10% were seeded into the upper chambers of 24-well Transwell chambers
with 8-pm pore size filters (3422, Corning) and cultured under corresponding conditions
for 24 h. After fixation with 4% paraformaldehyde and stained with 1% crystal violet, the
migrated cells were imaged under a microscope (Leica, Germany) and the number of
cells were counted using Image] software. Four random images for each well were cap-
tured and the average value is used for statistical analysis.

Tube formation assay

HRMECs were pretreated under different conditions for 18 h. We precoated 96-well
plates with 50 pl of Matrigel (3432-005-01, R&D systems) for 40 min at 37 ‘C. Next,
a total of 1 x 10* HRMECs resuspended in 100 uL of the corresponding medium were
seeded per well and cultured for 6 h. Four random images for each sample were captured
using a microscope (Leica, Germany) and the tube length was measured using Image]
software.

Proliferation assay

HMREC proliferation was assayed using an EAU Cell Proliferation Kit (C0071S, Beyo-
time) according to the manufacturer’s instructions. Briefly, HRMECs (4 x 10%) were
seeded in 24-well plates and pretreated for 24 h. Then half of the medium was replaced
with EdU buffer (20 uM) and incubated for another 2 h. After fixation and permeabiliza-
tion, the cells were stained with click reaction solution and DAPI (1:1000). Four random

images for each well were captured and the average value is used for statistical analysis.

RT-qPCR

RNA was extracted from HRMECs using the Total RNA Isolation Kit (Vazyme, RC112-
01). The qRT-PCR assays were performed using a PrimeScript RT-PCR kit (RR014A,
Takara, Japan) on ABI 7500 Prism system (Applied Biosystems, USA). B-actin was used
as internal control. The primers used are listed in Additional file 2: Table S1 and were
purchased from Shanghai Sangon Co. Ltd (Shanghai, China).

Western blotting

Tissue and cell samples were lysed with RIPA lysis buffer (Beyotime, P0013B). Proteins
were separated using SDS-PAGE and transferred onto PVDF membranes (Millipore,
MA, USA). The membranes were incubated with primary antibodies at 4 ‘C overnight
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and then with HRP-conjugated secondary antibodies at room temperature for 1 h. The
ECL kit (K-12045-D20, Advansta, CA, USA) was used to visualize the signals. Data were
analyzed using Image]J software and normalized to the control group. The primary anti-
bodies used for western blotting were as follows: Anti-Histone H3 (Abcam, ab18521,
diluted 1:1000); anti-Histone H4 (CST, 2592, diluted 1:1000); anti-H3K9la (PTM BIO,
PTM-1419RM, diluted 1:1000); anti-H3K14la (PTM BIO, PTM-1414RM, diluted
1:1000); anti-H3K18la (PTM BIO, PTM-1427RM, diluted 1:1000); anti-H4K5la (PTM
BIO, PTM-1407, diluted 1:1000); anti-H4K12la (PTM BIO, PTM-1411RM, diluted
1:1000); anti-HDAC2 (CST, 57,156, diluted 1:1000); anti-B-Actin (Affinity, AF7018,
diluted 1:3000); secondary antibody: Goat Anti-Rabbit IgG (H+ L) HRP (Affinity, S0001,
diluted 1:5000).

Immunofluorescence

The retinal stretched preparations were permeabilized with 0.4% Triton X-100 for
30 min, blocked with 2% BSA for 1 h and incubated with the primary antibodies (Abcam,
ab9498, 1:1000) for 12 h at 4 °C. The samples were then incubated with secondary anti-
bodies at room temperature for 1 h. Images were captured using a confocal microscope
(Leica, Germany). The following primary antibodies were used: CD31 (Abcam, ab9498,
diluted 1:1000); H3K9la (PTM-1419RM, diluted 1:100).

Quantification of lactate levels

The lactate concentration was assayed using an LA Content Assay Kit (Solarbio, BC2235)
according to the manufacturer’s instructions. The signals were detected using a Varios-
kan LUX Microplate reader (Thermo Fisher Scientific).

In vitro lentivirus infection

HRMECs were seeded in 6-well-plates at a density of 1 x 10° cells per well overnight and
then transfected with lentiviruses to overexpress HDAC2 (Shanghai Genechem Co, Ltd)
at an MOI of 30. Three days later, transfection efficiency was determined using a fluores-
cence microscope (Leica, Germany). After selection with puromycin for 3 days, the cells
were used for further experiments.

CHIP assay

The CHIP assays were conducted using the Simple ChIP® Enzymatic Chromatin IP Kit
(9003, CST). A total of 4 x 10® HRMECs for each sample were crosslinked with formal-
dehyde (CST, 12,606) at final concentration of 1% for 5 min at room temperature and
then quenched with 125 mM glycine (7005, CST). The nuclei preparation and chroma-
tin immunoprecipitation procedures were conducted according to the manufacturer’s
instructions using IgG (2729, CST) and H3K9la (PTM BIO, PTM-1419RM) antibodies.
Then the qPCR assays were conducted using the ABI 7500 Prism system (Applied Bio-
systems, USA). The primers used are listed in Additional file 2: Table S2 and were pur-
chased from Shanghai Sangon Co. Ltd (Shanghai, China).
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CUT& Tag

CUT& Tag was performed by Novogene Co., Ltd (Beijing, China) using the Hyperactive
Universal CUT& Tag Assay Kit for Illumina (Vazyme). Briefly, the HRMECs were bound
to concanavalin A-coated beads. After permeabilization and incubation with primary
antibody (anti-H3K9la, PTM BIO, PTM-1419RM), the DNA was precisely tagmented
with pA-Tn5 transposase and enriched by PCR to create sequencing-ready libraries. The
library preparations were sequenced using the Illumina Novaseq platform, and 150 bp
paired-end reads were generated.

Quantification and statistical analysis

Statistical analyses were performed using unpaired Student’s ¢ test or one-way ANOVA,
Bonferroni post hoc test as indicated in the figure legends using SPSS (version 20.0).
Shapiro—Wilk test was used to test the normality of data. Bar graphs represent the
mean + SEM. Statistical significance was set at P<0.05.

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1186/513059-024-03308-5.

Additional file 1: Fig S1. H3K9 lactylation is increased in endothelial cells in response to VEGF stimulation. Fig S2. Inhi-
bition of H3K9la inhibited angiogenesis in vivo and in vitro. Fig S3. Pearson correlation of fold enrichment between
two groups. Fig S4. Location of identified peaks in chromosomes. Fig S5. A feedback loop driven by H3K9 lactylation
and HDAC2 promotes angiogenesis.

Additional file 2: Table ST and Table S2. Primers used in this study.

Additional file 3. Uncropped blot images.

Additional file 4. Review history.

Peer review information
Wenjing She was the primary editor of this article and managed its editorial process and peer review in collaboration
with the rest of the editorial team.

Review history
The review history is available as Additional file 4.

Authors’ contributions

Conceptualization: WF, SPH, SHZ, XTW; Investigation: WF, SHZ, XTW, GQW, DL, RNL; Data curation: WF, SHZ; Formal analy-
sis: WF, XTW; Funding acquisition: SPH, NL; Methodology: WF, SHZ, XTW, NL; Resources: NL, JXH, XRL, JYL; Supervision:
SPH, NL; Validation: SYH, WQL; Visualization: WF, SHZ, XTW; Writing—original draft: WF; Writing—review & editing: SPH,
NL.

Funding

This work was supported by the National Natural Science Foundation Project of China (82070951, 82271078, 82371045),
Beijing Municipal Public Welfare Development and Reform Pilot Project for Medical Research Institutes (PWD&RPP-MRI,
JYY2023-6) and Chongging Key Laboratory of Ophthalmology (CSTC, 2008CA5003).

Availability of data and materials
The CUT& Tag data are available in the Gene Expression Omnibus with accession number: GSE248643 [42]. No other
scripts and software were used other than those mentioned in the " Methods” section.

Declarations

Ethics approval and consent to participate
All protocols of this study were approved by the Ethics Committee of the First Affiliated Hospital of Chongging Medical
University (Number: 2021-612).

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


https://doi.org/10.1186/s13059-024-03308-5

Fan et al. Genome Biology (2024) 25:165 Page 150f 16

Received: 1 December 2023 Accepted: 13 June 2024
Published online: 25 June 2024

References

1.

2.
3.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.
31

32.

33.

34.

35.
36.

Nagy JA, Dvorak AM, Dvorak HF. VEGF-A and the induction of pathological angiogenesis. Annu Rev Pathol.
2007,2:251-75.

Ferrara N.Vascular endothelial growth factor: basic science and clinical progress. Endocr Rev. 2004;25(4):581-611.
Stitt AW, Curtis TM, Chen M, Medina RJ, McKay GJ, Jenkins A, et al. The progress in understanding and treatment of
diabetic retinopathy. Prog Retin Eye Res. 2016;51:156-86.

Mitchell P, Liew G, Gopinath B, Wong TY. Age-related macular degeneration. Lancet. 2018;392(10153):1147-59.
Hartnett ME, Penn JS. Mechanisms and management of retinopathy of prematurity. N Engl J Med.
2012;367(26):2515-26.

Folkman J. Tumor angiogenesis: therapeutic implications. N Engl J Med. 1971;285(21):1182-6.

Liu ZL, Chen HH, Zheng LL, Sun LP, Shi L. Angiogenic signaling pathways and anti-angiogenic therapy for cancer.
Signal Transduct Target Ther. 2023;8(1):198.

Rohlenova K, Veys K, Miranda-Santos |, De Bock K, Carmeliet P. Endothelial Cell Metabolism in Health and Disease.
Trends Cell Biol. 2018;28(3):224-36.

De Bock K, Georgiadou M, Schoors S, Kuchnio A, Wong BW, Cantelmo AR, et al. Role of PFKFB3-driven glycolysis in
vessel sprouting. Cell. 2013;154(3):651-63.

Watson MJ, Vignali PDA, Mullett SJ, Overacre-Delgoffe AE, Peralta RM, Grebinoski S, et al. Metabolic support of
tumour-infiltrating regulatory T cells by lactic acid. Nature. 2021;591(7851):645-51.

Feng Q, Liu Z,Yu X, Huang T, Chen J, Wang J, et al. Lactate increases stemness of CD8 + T cells to augment anti-
tumor immunity. Nat Commun. 2022;13(1):4981.

Zhang D, Tang Z, Huang H, Zhou G, Cui C, Weng Y, et al. Metabolic regulation of gene expression by histone lactyla-
tion. Nature. 2019;574(7779):575-80.

Doherty JR, Cleveland JL. Targeting lactate metabolism for cancer therapeutics. J Clin Invest. 2013;123(9):3685-92.
Millan-Zambrano G, Burton A, Bannister AJ, Schneider R. Histone post-translational modifications - cause and conse-
quence of genome function. Nat Rev Genet. 2022;23(9):563-80.

Martin C, Zhang Y. The diverse functions of histone lysine methylation. Nat Rev Mol Cell Biol. 2005;6(11):838-49.
Park J, Lee K, Kim K, Yi SJ. The role of histone modifications: from neurodevelopment to neurodiseases. Signal Trans-
duct Target Ther. 2022;7(1):217.

Wang N, Wang W, Wang X, Mang G, Chen J, Yan X, et al. Histone Lactylation Boosts Reparative Gene Activation Post-
Myocardial Infarction. Circ Res. 2022;131(11):893-908.

Wang X, Fan W, Li N, Ma Y, Yao M, Wang G, et al. YY1 lactylation in microglia promotes angiogenesis through tran-
scription activation-mediated upregulation of FGF2. Genome Biol. 2023;24(1):87.

Fan W, Wang X, Zeng S, Li N, Wang G, Li R, et al. Global lactylome reveals lactylation-dependent mechanisms under-
lying T(H)17 differentiation in experimental autoimmune uveitis. Sci Adv. 2023;9(42):eadh4655.

Yang Z,Yan C, Ma J, Peng P, Ren X, Cai S, et al. Lactylome analysis suggests lactylation-dependent mechanisms of
metabolic adaptation in hepatocellular carcinoma. Nat Metab. 2023;5(1):61-79.

Huang J, Wang X, Li N, Fan W, Li X, Zhou Q, et al. YY1 Lactylation Aggravates Autoimmune Uveitis by Enhancing
Microglial Functions via Inflammatory Genes. Adv Sci (Weinh). 2024;11:e2308031.

Yu J, Chai P, Xie M, Ge S, Ruan J, Fan X, et al. Histone lactylation drives oncogenesis by facilitating m(6)A reader
protein YTHDF2 expression in ocular melanoma. Genome Biol. 2021;22(1):85.

Pan RY, He L, Zhang J, Liu X, Liao Y, Gao J, et al. Positive feedback regulation of microglial glucose metabolism by
histone H4 lysine 12 lactylation in Alzheimer’s disease. Cell Metab. 2022;34(4):634-48 €6.

CaoYY, Langer R, Ferrara N. Targeting angiogenesis in oncology, ophthalmology and beyond. Nat Rev Drug Discov.
2023,22(6):476-95.

Claesson-Welsh L, Welsh M. VEGFA and tumour angiogenesis. J Intern Med. 2013,273(2):114-27.

Han X, Sheng X, Jones HM, Jackson AL, Kilgore J, Stine JE, et al. Evaluation of the anti-tumor effects of lactate dehy-
drogenase inhibitor galloflavin in endometrial cancer cells. J Hematol Oncol. 2015;8:2.

Xie B, Lin J, Chen X, Zhou X, Zhang Y, Fan M, et al. CircXRN2 suppresses tumor progression driven by histone lactyla-
tion through activating the Hippo pathway in human bladder cancer. Mol Cancer. 2023;22(1):151.

Kaya-Okur HS, Wu SJ, Codomo CA, Pledger ES, Bryson TD, Henikoff JG, et al. CUT&Tag for efficient epigenomic profil-
ing of small samples and single cells. Nat Commun. 2019;10(1):1930.

Hermans D, Rodriguez-Mogeda C, Kemps H, Bronckaers A, de Vries HE, Broux B. Nectins and Nectin-like molecules
drive vascular development and barrier function. Angiogenesis. 2023;26(3):349-62.

Goumans MJ, Liu Z, ten Dijke P. TGF-beta signaling in vascular biology and dysfunction. Cell Res. 2009;19(1):116-27.
Raimondi C, Fantin A, Lampropoulou A, Denti L, Chikh A, Ruhrberg C. Imatinib inhibits VEGF-independent angio-
genesis by targeting neuropilin 1-dependent ABL1 activation in endothelial cells. J Exp Med. 2014;211(6):1167-83.
ZhaoY, LeiY,Ning H, Zhang Y, Chen G, Wang C, et al. PGF(2alpha) facilitates pathological retinal angiogenesis by
modulating endothelial FOS-driven ELR(+) CXC chemokine expression. EMBO Mol Med. 2023;15(1):e16373.

Shan N, Zhang X, Xiao X, Zhang H, Tong C, Luo X, et al. Laminin alpha4 (LAMA4) expression promotes trophoblast
cell invasion, migration, and angiogenesis, and is lowered in preeclamptic placentas. Placenta. 2015;36(8):809-20.
Dillon GM, Tyler WA, Omuro KC, Kambouris J, Tyminski C, Henry S, et al. CLASP2 Links Reelin to the Cytoskeleton dur-
ing Neocortical Development. Neuron. 2017;93(6):1344-58 e5.

Hagedorn M. PRCP regulates angiogenesis in vivo. Blood. 2013;122(8):1337-8.

Soares R, Guo S, Gartner F, Schmitt FC, Russo J. 17 beta -estradiol-mediated vessel assembly and stabilization in
tumor angiogenesis requires TGF beta and EGFR crosstalk. Angiogenesis. 2003;6(4):271-81.



Fan et al. Genome Biology (2024) 25:165

37. Moreno-Yruela C, Zhang D, Wei W, Baek M, Liu W, Gao J, et al. Class | histone deacetylases (HDAC1-3) are histone
lysine delactylases. Sci Adv. 2022;8(3):eabi6696.

38. XuT, Stewart KM, Wang X, Liu K, Xie M, Ryu JK, et al. Metabolic control of T(H)17 and induced T(reg) cell balance by
an epigenetic mechanism. Nature. 2017;548(7666):228-33.

39. Mogilenko DA, Haas JT, LlHomme L, Fleury S, Quemener S, Levavasseur M, et al. Metabolic and Innate Immune Cues
Merge into a Specific Inflammatory Response via the UPR. Cell. 2019;177(5):1201-16 e19.

40. Baik SH, Kang S, Lee W, Choi H, Chung S, Kim JI, et al. A Breakdown in Metabolic Reprogramming Causes Microglia
Dysfunction in Alzheimer's Disease. Cell Metab. 2019;30(3):493-507 e6.

41. Chen DY, Sun NH, Chen X, Gong JJ, Yuan ST, Hu ZZ, et al. Endothelium-derived semaphorin 3G attenuates ischemic
retinopathy by coordinating beta-catenin-dependent vascular remodeling. J Clin Invest. 2021;131(4):e135296.

42. FanW, Zeng S,Wang X, Wang G, Liao D, Li R, et al. A feedback loop driven by H3K9 lactylation and HDAC2 in
endothelial cells regulates VEGF-induced angiogenesis. CUT&Tag data.Gene Expression Omnibus; 2023:https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE248643.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Page 16 of 16


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE248643
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE248643

	A feedback loop driven by H3K9 lactylation and HDAC2 in endothelial cells regulates VEGF-induced angiogenesis
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	H3K9 lactylation is increased in endothelial cells in response to VEGF stimulation
	Inhibition of H3K9la inhibited angiogenesis in vivo and in vitro
	Identification of potential downstream targets of H3K9 lactylation by genome-wide CUT& Tag analysis
	H3K9 lactylation activates the transcription of multiple genes related to angiogenesis
	Feedback loop driven by H3K9 lactylation and HDAC2 promotes angiogenesis

	Discussion
	Conclusions
	Methods
	Animals
	Induction of OIR
	Cell lines and cell cultures
	Migration assay
	Tube formation assay
	Proliferation assay
	RT-qPCR
	Western blotting
	Immunofluorescence
	Quantification of lactate levels
	In vitro lentivirus infection
	CHIP assay
	CUT& Tag
	Quantification and statistical analysis

	References


