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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- Partial endothelial-to-mesenchymal transition (EndMT) helps create new blood vessels and repair tissues after a lack of

blood flow.

- GTF2H4 works together with ERCC3 to encourage partial EndMT through the NCOA3/NF-kB/Snail pathway.

- Targeting endothelial GTF2H4 could be a hopeful treatment for diseases caused by insufficient blood supply.
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Partial endothelial-to-mesenchymal transition (EndMT) is an intermediate
phenotype observed in endothelial cells (ECs) undergoing a transition to-
ward a mesenchymal state to support neovascularization during (patho)
physiological angiogenesis. Here, we investigated the occurrence of partial
EndMT in ECs under hypoxic/ischemic conditions and identified general
transcription factor IIH subunit 4 (GTF2H4) as a positive regulator of this
process. In addition, we discovered that GTF2H4 collaborates with its target
protein excision repair cross-complementation group 3 (ERCC3) to co-regu-
late partial EndMT. Furthermore, by using phosphorylation proteomics and
site-directed mutagenesis, we demonstrated that GTF2H4 was involved in
the phosphorylation of receptor coactivator 3 (NCOA3) at serine 1330, which
promoted the interaction betweenNCOA3 and p65, resulting in the transcrip-
tional activation of NF-kB and the NF-kB/Snail signaling axis during partial
EndMT. In vivo experiments confirmed that GTF2H4 significantly promoted
partial EndMT and angiogenesis after ischemic injury. Collectively, our find-
ings reveal that targeting GTF2H4 is promising for tissue repair and offers
potential opportunities for treating hypoxic/ischemic diseases.

INTRODUCTION
Ischemic diseases, which are associated with high morbidity and mortality

worldwide, are characterized by obstruction or restriction of blood flow due to
hypoxia/ischemia in various tissues and organs. These conditions include
ischemic heart disease, cerebral ischemic disease, and peripheral arterial dis-
ease.1–3 The multiple pathological mechanisms triggered by hypoxia in these
ischemic diseases include the inflammatory response, oxidative stress, endothe-
lial dysfunction, necrosis, apoptosis, and fibrosis.4,5 In addition, the endothelial-to-
mesenchymal transition (EndMT) is a dynamic biological process in endothelial
cells (ECs) that is involved in the occurrence or progression of ischemic diseases,
especially in atherosclerosis6,7 and fibrosis aftermyocardial infarction (MI),8,9 and

is characterized by the loss of endothelial properties such as tubule formation
and endothelial adherens junctions, the acquisition of mesenchymal features
such as migratory capacity, and the ability to detach and migrate away from
the endothelium.10 Moreover, EndMT plays a critical role in the formation of
endocardial cushions as precursor structures for vasculogenesis and the align-
ment of cardiac chambers11,12 and is involved in other adult cardiovascular pa-
thologies, such as valvular disease,13 fibroelastosis,14 and pulmonary arterial hy-
pertension.15,16 Under these pathological conditions, hypoxia, inflammation,
oxidative stress, high blood sugar, and low shear stress can individually or syner-
gistically trigger EndMT.17

In contrast to complete mesenchymal transition, partial or reversible EndMT
results in an intermediate phenotype in ECs undergoingmesenchymal transition
and is characterized by the retention or partial loss of endothelial characteristics
and the acquisition of mesenchymal characteristics, such as increased
motility.18 Notably, neovascularization plays a pivotal role in postischemic func-
tional recovery in ischemic diseases. Coincidentally, a momentarily balancing
process occurs in ECs during sprouting angiogenesis known as partial EndMT.18

Previous studies have highlighted the overlapping biological behaviors between
angiogenesis and partial or reversible EndMT,18–20 suggesting that angiogenesis
is a unique example of partial EndMT.21 More recently, single-cell transcriptomic
studies have provided insights into the transient and dynamic nature of partial
EndMT in ischemic models, including MI and hindlimb ischemia. These studies
revealedmesenchymal gene enrichment in regions of clonally expanded vessels,
suggesting that hypoxia-induced partial EndMT could contribute to neovascula-
rization under ischemic conditions.22,23

Under ischemic conditions, dynamic time-dependent changes in the gene pro-
file associated with transient mesenchymal activation shows that some genes
can participate in pathological microenvironment-induced neovascularization,24

which occurs during conditions such as ischemia, hypoxia, or inflammation.
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Therefore, discovering the molecules involved in hypoxia-induced partial EndMT
may bemeaningful in these diseases. In a previous study, time course transcrip-
tome data from peripheral blood samples of patients with ST-segment elevation
MI (STEMI) before and after percutaneous coronary intervention (PCI) indicated
that general transcription factor IIH subunit 4 (GTF2H4) was an active and
responsive transcriptional regulator associated with ischemia/reperfusion.25

TFIIH is a multiprotein complex composed of 10 subunits that is part of the
CORE and cyclin-dependent kinase–activating kinase subcomplex. As one of
the subunits of the CORE subcomplex, GTF2H4 can collaborate with adjacent
subunits to participate in cellular processes, including transcription initiation,
DNA repair, chromosome segregation, and cell-cycle regulation.26,27 To further
investigate the relationship between GTF2H4 and partial EndMT, this study
was performed and first showed that GTF2H4 responded to hypoxia/ischemia
to promote partial EndMT and its underlying molecular mechanism.

RESULTS
Ischemia/hypoxia induces partial EndMT

To investigate whether transient or partial EndMT occurs in ischemic/hypox-
ic tissue, we performed permanent occlusion of the left anterior descending
coronary artery in C57BL/6J mice to induce MI. Sham-operated mice that un-
derwent a similar surgical procedure without arterial ligation served as controls.
Consistent with previous findings,22,23 immunofluorescence staining revealed a
significant increase in double-positive cells expressing CD31 and smooth mus-
cle actin (SMA) 3 and 7 days after MI, confirming the occurrence of partial
EndMT following MI. Specifically, the ratio of CD31+/SMA+ double-positive cells
to CD31+ cells increased from less than 5% in the sham group to more than
30% 3 days after MI and nearly 45% 7 days after MI (Figures 1A and 1B).
Next, we investigated whether partial EndMT occurred in ECs under hypoxic
conditions in vitro. HMEC-1 cells were exposed to strictly controlled hypoxic
conditions (1% O2, 5% CO2, and balanced N2) and serum deprivation for
1–3 days to simulate the extreme microenvironment of tissue ischemia. As
a positive control, HMEC-1 cells were treated with transforming growth factor
b (TGF-b) (20 ng/mL) for 3 days to induce complete EndMT. Under hypoxic
conditions with serum deprivation, double immunofluorescence staining
showed that hypoxic HMEC-1 cells gradually acquired the mesenchymal
marker a-SMA and prominent actin stress fibers and lost some endothelial
markers (CD31 and vascular endothelial [VE]-cadherin). This resulted in a pro-
gressive increase in the number of CD31+/a-SMA+ and VE-cadherin+/phalloidin+

cells (Figures 1C and S1A–S1F), which was consistent with the changes in rela-
tive mRNA levels in ECs (Figure 1D), indicating an endothelial-to-mesenchymal
phenotypic switch under hypoxic conditions. In addition, exposure to hypoxia
significantly upregulated the protein expression of mesenchymal markers,
including fibronectin, a-SMA, and fibroblast-specific protein 1 (FSP-1), in
HMEC-1 cells in a time-dependent manner, whereas the endothelial markers
CD31 and VE-cadherin were downregulated but not completely lost
(Figures 1E and S1G). These findings suggested that mesenchymal ECs re-
tained some endothelial phenotypes while undergoing partial EndMT. Interest-
ingly, we observed that hypoxia for up to 3 days had minimal effects on tube
formation by HMEC-1 cells (Figures 1F and S1H). In contrast, TGF-b treatment
led to the complete loss of endothelial markers and the endothelial phenotype,
which is referred to as complete EndMT (Figures 1C, 1F, S1A, S1B, S1D, S1E,
and S1H).

GTF2H4 mitigates the reduction in the viability of HMEC-1 cells under
hypoxic conditions and facilitates hypoxia-induced partial EndMT

The reversible mesenchymal activation of ECs following tissue ischemia/hyp-
oxia has been well established and linked to time-dependent changes in specific
gene signatures.22,23 Previous studies have demonstrated that GTF2H4 is an
active and responsive transcriptional regulator during the early phase of
ischemia-reperfusion injury.25 To explore the involvement of GTF2H4 in
ischemic/hypoxic conditions, we performed a comparative analysis of GTF2H4
expression in whole-blood samples from patients with STEMI before and
7 days after PCI and samples fromanormal control group.28 The results revealed
a significant decrease in GTF2H4 expression in the STEMI group, which
subsequently returned to baseline levels 7 days after PCI, indicating that
GTF2H4 may be downregulated in response to ischemic/hypoxic conditions
(Figure 2A). Further examination using the Genotype-Tissue Expression (GTEx)

database: https://storage.googleapis.com/gtex_analysis_v8/rna_seq_data/GTEx_
Analysis_2017-06-05_v8_RNASeQCv1.1.9_gene_tpm.gct.gz revealed increased
GTF2H4 expression in coronary arteries and ascending aortas compared to
the left ventricular myocardium, suggesting a relatively abundant level of
GTF2H4 in the endothelium, which is the first layer exposed to fluctuations in ox-
ygen concentrations and hypoxic conditions (Figure 2B). Age was also a factor
influencing GTF2H4 expression (Figure S2A). In vitro experiments were subse-
quently performed to verify the protein expression of GTF2H4 in ECs under
serum deprivation and hypoxic conditions, and the results were similar to the
findings in the blood samples of MI patients. GTF2H4 was gradually downregu-
lated in both HMEC-1 cells and mouse cardiac microvascular ECs (MCMECs)
exposed to hypoxic conditions, and MCMECs showed increased sensitivity to
hypoxic stimuli (Figures 2C and S2B). To investigate the impact of hypoxic injury
onHMEC-1 cell viability, a CCK-8 assaywasused to evaluate the initial increase in
cell viability during the early stages of hypoxia, followed by a decrease after 1 day,
which was consistent with the hypoxia-induced changes in GTF2H4 expression
(Figure S2C), suggesting a biological effect of GTF2H4 on ECs under hypoxic
conditions.
To determine the role of GTF2H4 in hypoxia-induced cell injury, lentivirus-medi-

atedGTF2H4-overexpressingand -knockdownHMEC-1cellsweregenerated, and
the expression changes in these cells was confirmed by qRT-PCR and western
blot analysis (Figures S1I, 2F, and 2G). Subsequent CCK-8 assays showed that
GTF2H4 overexpression improved hypoxia-induced injury in HMEC-1 cells,
whereas GTF2H4 knockdown exacerbated this effect (Figures 2D and 2E).
Flowcytometry further demonstrated thatGTF2H4overexpression inhibited hyp-
oxia-induced EC apoptosis, whereas GTF2H4 knockdown enhanced it
(Figures S2D and S2E). This observation was supported by changes in the antia-
poptotic protein Bcl-XL and the proapoptotic protein Bax, aswell as in the cleaved
caspase-3 levels, as detected by western blotting (Figures 2F, 2G, S2F, and S2G).
In a previous study, partial EndMT was observed in ECs that underwent

mesenchymal activation while retaining some endothelial characteristics,
including intercellular junctions.21 To investigate whether GTF2H4 plays a
pivotal role in hypoxia-induced partial EndMT, the expression of endothelial
and mesenchymal markers was examined by qRT-PCR and western blotting.
GTF2H4 overexpression upregulated the expression of mesenchymal markers
(fibronectin, a-SMA, and FSP-1) and downregulated the expression of endothe-
lial markers (CD31 and VE-cadherin), while partially preserving the expression of
CD31 and VE-cadherin (Figures 2J, S1J, and S2J). Conversely, GTF2H4 knock-
down inhibited the acquisition of mesenchymal markers induced by hypoxia
and promoted the expression of endothelial markers (Figures 2K, S1K, and
S2K). Under normoxic conditions, neither GTF2H4 overexpression nor knock-
down significantly affected the expression of these markers. The effect of
GTF2H4 on partial EndMT was further confirmed by double immunofluores-
cence staining of CD31 (green) and a-SMA (red) in different groups exposed
to hypoxia for 3 days (Figures 2H, 2I, S2H, and S2I).

GTF2H4 enhances migration and suppresses tube formation in HMEC-1
cells during partial EndMT
In cases of partial mesenchymal transition, ECs often acquire enhanced

mesenchymal traits, leading to increased migratory and invasive abilities that
can contribute to the (patho)physiological growth of blood vessels.21 To inves-
tigate the role of GTF2H4 in promoting migratory and invasive functions during
partial EndMT, we performed migration experiments using scratch and trans-
well assays. We found that hypoxia significantly increased the migration of
HMEC-1 cells compared to that in the normoxia group (Figures 3A and 3B).
Moreover, the overexpression of GTF2H4 further increased cell migration under
hypoxic conditions, and GTF2H4 knockdown reduced this effect (Figures 3A–
3D). Collective migration is a coordinated process in which endothelial tip and
stalk cells migrate together, inducing sprouting angiogenesis.29–31 During
sprouting angiogenesis, angiogenic ECs can undergo partial EndMT and ac-
quire mesenchymal characteristics that are necessary for the formation of
new vessel sprouts. To assess the impact of GTF2H4 on this phenomenon,
we performed an aortic ring vessel sprouting assay on mouse thoracic aortas
infected with GTF2H4-overexpression or GTF2H4-knockdown adeno-associ-
ated viruses (AAVs). The results indicated that GTF2H4 reinforced hypoxia-
induced sprouting angiogenesis (Figures 3E and 3F). Western blot analysis
of the prometastatic enzyme MMP-9 revealed that GTF2H4 overexpression
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in HEMC-1 cells under hypoxic conditions significantly upregulated MMP-9 (Fig-
ure 3G), whereas GTF2H4 knockdown downregulated MMP-9 (Figure 3H).
To evaluate endothelial characteristics, we examined tube formation by
HMEC-1 cells. Hypoxia had little effect on tube formation within the designated

time frame. GTF2H4 overexpression slightly inhibited this process, whereas
GTF2H4 knockdown increased this process under hypoxic conditions, suggest-
ing that GTF2H4 could promote the partial loss of endothelial characteristics in
HMEC-1 cells during EndMT (Figures 3I–3K).

Figure 1. Ischemia/hypoxia induces partial EndMT (A) Immunofluorescence staining of mouse heart sections isolated from the infarcted border zone 3 and 7 days after MI or sham
surgery with antibodies recognizing CD31 (red) and a-SMA (green) was performed. DAPI was used to counterstain the nuclei (blue) (n = 10, scale bars, 100 mm). (B) The histogram
shows the CD31+/a-SMA+/CD31+ cell ratio (%) in the infarcted border zone in each group. (C) Double immunofluorescence staining for CD31 (green) and a-SMA (red) or VE-cadherin
(green) and F-actin (red) in HMEC-1 cells. Nuclei were counterstained with DAPI (blue). HMEC-1 cells were cultured under normoxic or hypoxic conditions for 1–3 days or treated with
TGF-b (20 ng/mL) for 3 days (n = 8–10, scale bars, 50 mm). (D) qRT-PCR analysis of CD31, VE-cadherin, and a-SMAmRNA expression in hypoxic HMEC-1 cells (n = 3). (E) Western blot
analysis of fibronectin, VE-cadherin, CD31, a-SMA, and FSP-1 protein expression relative to that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in hypoxic HMEC-1 cells (n =
3). (F) Tube formation assays of hypoxic (0–3 days) or TGF-b-treated (20 ng/mL, 3 days) HMEC-1 cells (n = 5, scale bar, 500 mm). The data are presented as means ± SEMs. p values
were calculated by 1-way ANOVA (B and D). NS indicates no significant difference.
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GTF2H4 regulates excision repair cross-complementation group 3
(ERCC3) via autophagy-mediated degradation during partial EndMT

To elucidate the molecular mechanism underlying the regulatory effect of
GTF2H4 on hypoxia-induced partial EndMT, we collected protein extracts from
lentivirus-mediated GTF2H4-overexpressing/knockdown HMEC-1 cells for
4-dimensional (4D) label-free proteomics analysis (Figure S3A). The results re-
vealed 55 differentially expressed genes (DEGs) in the GTF2H4-overexpressing
group compared to the control group (fold change R2.0 or %0.5 and
p<0.05), including 34 upregulated genes and 21downregulated genes. Similarly,
95 DEGs were identified in GTF2H4 knockdown cells compared to control cells
(Figures S3B–S3D), including 43 upregulated genes and 52 downregulated
genes. Volcano plots were generated to illustrate the fold changes and p values
of the DEGs. Among these DEGs, the top 10 upregulated genes associated with
GTF2H4 overexpression were RPS13, DSCC1, ACACA, ALDOC, UBXN6, GFER,
ANK1, FXN, ZFYVE19, and ZNF131, and the top 10 upregulated genes associ-
ated with GTF2H4 knockdown were UBL5, GTF2H1, RAB17, SATB1, ID1,
WASHC2A, CGNL1, JUND,MRPL33, andCCDC42 (Figures 4A and 4B). Two com-
mon DEGs were identified by intersecting the DEGs in GTF2H4-overexpressing
cells and GTF2H4-knockdown cells, and GTF2H4 could positively regulate the
downstream target molecule ERCC3 and negatively regulate MRSP21 (Fig-
ure 4C). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrich-
ment analysis indicated a relationship between ERCC3 and GTF2H4 through
the p53 signaling pathway and basal TFs (Figures S4A and S4B). Furthermore,
a protein interaction network of a cluster of DEGs in GTF2H4-knockdown cells
was constructed using STRING and Cytoscape. The cluster was composed of
downregulated DEGs, including GTF2H1, GTF2H3, CHD1L, KCNA5, RPS24,

Figure 2. GTF2H4 mitigates the reduction in
HMEC-1 cell viability under hypoxic conditions and
facilitates hypoxia-induced partial EndMT (A) The
transcription of GTF2H4 in peripheral blood samples
from patients with STEMI before and after PCI was
evaluated using the published GSE61144 dataset. The
x axis shows 24 blood samples divided into the
normal, STEMI, and 7-day post-PCI groups. The y axis
shows the log2-transformed expression of GTF2H4
normalized by quantile normalization. (B) The
expression of GTF2H4 in different tissues (left
ventricle myocardium, ascending coronary aorta, and
ascending aorta) from 50- to 59-year-old donors
based on data obtained from the GTEx database. The
x axis shows the tissue from which the 273 samples
were derived, and the y axis shows the log2 (TPM + 1)
value. TPM, transcript count per million. (C) Western
blot analysis of GTF2H4 protein expression relative to
GAPDH in HEMC-1 cells and MCMECs exposed to
hypoxia. HMEC-1 and MCMECs were cultured under
normoxic or hypoxic conditions for 1, 2, 4, 6, 8, 12, 24,
48, and 72 h. (D and E) The viability of HMEC-1 cells
exposed to hypoxia for 1, 2, or 3 days in each group
was determined by a CCK-8 assay (n = 7). (F and G)
Western blot analysis of Bax, Bcl-xL, and cleaved
caspase-3 protein expression relative to GAPDH in
each group under normoxic or hypoxic conditions for
3 days (n = 3). (H and I) Double immunofluorescence
staining of CD31 (green) and a-SMA (red) in each
group after exposure to hypoxia for 3 days. Nuclei
were counterstained with DAPI (blue) (n = 8, scale
bars, 50 mm). (J and K) Western blot analysis of
fibronectin, a-SMA, FSP-1, VE-cadherin, CD31, and
GTF2H4 protein expression relative to GAPDH in each
group under normoxic or hypoxic conditions for
3 days (n = 3). The data are presented as means ±
SEMs. p values were calculated by 1-way ANOVA (A
and B) or 2-tailed t tests (D and E).

MRPS11, EFL1, ERCC3, and GTF2H4, and upre-
gulated DEGs, including SUMO2 and RPL19 (Fig-
ure 4D). These findings align with those of a pre-
vious study that showed that GTF2H4 and
ERCC3 were part of the CORE subcomplex of
TFIIH and that GTF2H4 contained ERCC3 bind-
ing regions.26 The interaction between GTF2H4
and ERCC3 in HMEC-1 cells was confirmed

through a coimmunoprecipitation (coIP) assay (Figure 4E). Subsequently, qRT-
PCR andwestern blot analyseswere performed and revealed that GTF2H4 regu-
lated ERCC3 at the protein level rather than at the transcriptional level. GTF2H4
and ERCC3 were positively related to each other in both normoxic and hypoxic
microenvironments (Figures 4F–4H, S3E, and S3F). The discrepancy between
the transcription and protein levels suggested that GTF2H4 could influence the
degradation of ERCC3. Major intracellular protein degradation pathways include
the autophagy‒lysosome pathway and the ubiquitin‒proteasome pathway.32,33

To investigate how GTF2H4 regulates ERCC3 protein expression, we used the
macroautophagy/autophagy inhibitor 3-MA and the proteasome inhibitor
MG132. In addition, cycloheximide (CHX) was used to block protein synthesis.
Our results demonstrated that the autophagy inhibitor 3-MA but not the protea-
some inhibitor MG132 abrogated the increase in ERCC3 expression observed in
response to GTF2H4 overexpression in HMEC-1 cells (Figure 4I). Similarly, 3-MA
but not MG132 inhibited ERCC3 degradation in the context of GTF2H4 knock-
down (Figure 4J). These findings suggest thatGTF2H4 regulates ERCC3 through
autophagy-mediated degradation.

The interaction between ERCC3 and GTF2H4 is indispensable for
GTF2H4-mediated partial EndMT under hypoxic conditions
To explore the biological function of ERCC3 in partial EndMT and the impact of

ERCC3 knockdown on GTF2H4-mediated partial EndMT, we performed lenti-
virus-mediated ERCC3 overexpression or knockdown in HMEC-1 cells. First,
ERCC3 knockdown inhibited the expression of GTF2H4, but ERCC3 overexpres-
sion did not affect GTF2H4 expression (Figures 5A, 5B, S5A, and S5B). Second,
functional assays using transwells and flow cytometry revealed that ERCC3
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Figure 3. GTF2H4 enhances migration and suppresses tube formation during partial EndMT in HMEC-1 cells (A) Transwell assays of HMEC-1 cells in each group after exposure to
normoxic or hypoxic conditions for 3 days (scale bars, 100 mm). (B) The histogram shows the number of migrated cells per field in each group (n = 13). (C) Scratch-wound analysis of
each group that was exposed to hypoxia for 24 h (scale bars, 500 mm). (D) The histogram shows the migration rate of each group (n = 6–9). (E and F) Representative images and
quantitative analysis of aortic ring vessel sprouting in mouse aortas after GTF2H4-associated AAV infection and hypoxia for 5 days (n = 5, scale bars, 500 mm). (G and H) Western blot
analysis of MMP-9 and GTF2H4 protein expression relative to GAPDH in each group that was exposed to hypoxia for 3 days or under normoxic conditions (n = 3). (I) Tube formation
analysis of HMEC-1 cells in each group exposed to normoxia or hypoxia for 3 days (scale bar, 500 mm). (J and K) The histogram shows the number of junctions or total lengths in each
group (n = 6). The data are presented as means ± SEMs. p values were calculated via 2-tailed t tests (B, D, F, J, and K).
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Figure 4. GTF2H4 regulates ERCC3 via autophagy-mediated degradation during partial EndMT (A and B) Volcano plots of DEGs identified by 4D label-free proteomics analysis of
HEMC-1 cells infected with GTF2H4-overexpressing or GTF2H4-knockdown lentiviruses. The top 10 DEGs and overlapping genes, GTF2H4 and MRPS21, are annotated on the di-
agram (fold change R2.0 or %0.5, p < 0.05). (C) Overlapping DEGs between the GTF2H4 OE/NC and shGTF2H4/shCtrl groups. (D) The protein interaction network of a cluster of
shGTF2H4/shCtrl DEGswas constructed by STRING and Cytoscape. Red indicates upregulated DEGs, and the green represents downregulated DEGs. (E) CoIP of GTF2H4 and ERCC3
in the lysates of HMEC-1 cells after infection with GTF2H4, ERCC3, or GTF2H4+ERCC3 overexpression lentiviruses. (F) qRT-PCR analysis of ERCC3mRNA expression in HMEC-1 cells
in each group (n = 9). (G and H) Western blot analysis of ERCC3 and GTF2H4 protein expression relative to GAPDH in each group (n = 3). (I) After blocking protein synthesis with CHX

(legend continued on next page)
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knockdown inhibited the migration of HMEC-1 cells under hypoxic conditions
(Figures 5C and 5D) and exacerbated hypoxia-induced apoptosis (Figures 5E
and 5F). Third, western blot analysis confirmed that ERCC3 knockdown inhibited
the acquisition of mesenchymal markers induced by hypoxia and promoted the
expression of endothelial markers (Figures 5G and S5D), similar to the effect of
GTF2H4 knockdown. These results indicated that ERCC3 knockdown inhibited
hypoxia-induced partial EndMT, but ERCC3 overexpression did not have a similar
effect (Figure S5C). Subsequently, we investigated whether ERCC3 knockdown
could reverse partial EndMT mediated by GTF2H4 under hypoxic conditions.
HMEC-1 cells were infected with the GTF2H4 overexpression lentivirus and
further infected with a lentivirus expressing small hairpin RNA specifically target-
ing ERCC3. The results demonstrated that after ERCC3 knockdown, migration
and the antiapoptotic effect of GTF2H4 overexpression on HMEC-1 cells signif-
icantly decreased (Figures 5H–5K). Moreover, changes in endothelial and
mesenchymal marker levels were observed (Figures 5L and S5F) and indicated
that hypoxia-induced partial EndMTwas reversed. To further investigatewhether
the interaction between GTF2H4 and ERCC3 is involved in GTF2H4-mediated
partial EndMT, we explored the biological function of the GTF2H4 mutations
E310K/R314E. These mutations have been shown to significantly weaken the
interaction between GTF2H4 and ERCC3.34 We constructed HMEC-1 cells over-
expressing E310K/R314E-GTF2H4 using a lentivirus (Figure S5E) and performed
coIP assays. Compared with those of WT-GTF2H4, the interactions of E310K/
R314E-GTF2H4 with ERCC3 were decreased (Figure 5M). Next, we investigated
the function of E310K/R314Eand found that the expression of ERCC3and partial
EndMT-associated markers did not increase (Figure 5N), highlighting the neces-
sity of the interaction between GTF2H4 and ERCC3 in GTF2H4-mediated partial
EndMT under hypoxic conditions. Collectively, our findings suggest that the
GTF2H4-ERCC3 complex plays an integral role in hypoxia-induced partial EndMT.

GTF2H4 promotes hypoxia-induced partial EndMT via the nuclear factor
kB (NF-kB) signaling axis

To investigate the signal transduction pathway related to GTF2H4 during par-
tial EndMT, we performed 4D label-free phosphorylation proteomics analysis of
HMEC-1 cells infected with lentiviruses overexpressing or knocking down
GTF2H4 (Figures S6A–S6D). Gene Ontology (GO) analysis demonstrated that
GTF2H4 knockdown participated in various biological processes, such as focal
adhesions and cadherin binding (Figure 6A). These findings were consistent
with our previous results, which showed that GTF2H4 knockdown inhibited the
loss of adhesion molecules in HMEC-1 cells during mesenchymal transition.
Further analysis revealed that the differentially phosphorylated peptideswere pri-
marily enriched in the mechanistic target of mitogen-activated protein kinase,35

Hippo,36 NF-kB,37 and Notch signaling pathway,19 all of which are associated
with EndMT (Figure 6B). Given the involvement of GTF2H4/ERCC3 in partial
EndMT, we further explored whether GTF2H4 regulated hypoxia-induced partial
EndMT via NF-kB signaling. NF-kB II signaling phospho-antibody array analysis
revealed that GTF2H4 overexpression in HMEC-1 cells increased the phosphor-
ylation of p65 at Ser536, which is a key activation site (fold change 3.6), and other
sites in NF-kB1 (p105/p50), NF-kB2 (p100/p52), and RelA (p65) (Figure 6C).
Conversely, GTF2H4 knockdown decreased the phosphorylation of IkB and
IKK (Figure 6D), suggesting that GTF2H4 could activate NF-kB signaling in
HMEC-1 cells under hypoxic conditions.

To further investigate the effect of GTF2H4 on the transcriptional activation of
NF-kB, luciferase reporter assayswere performedon 293T cells infectedwith len-
tiviruses overexpressing or knocking down GTF2H4, and the transfection effects
were confirmed by western blotting (Figure S7A). The results indicated that
GTF2H4 overexpression markedly promoted tumor necrosis factor a (TNF-a)-
induced NF-kB promoter activity (Figure 6E), whereas GTF2H4 knockdown sup-
pressed this activity (Figure 6F). Since the sensitivity of HMEC-1 cells to hypoxia
mediated by the NF-kB pathway varies with tissue/cell specificity,38 we per-
formed western blotting and electrophoretic mobility shift assays (EMSAs) to
examine hypoxia-induced NF-kB signaling pathway activity. The results demon-
strated that hypoxia gradually increased NF-kB p65 binding activity (Figure S6E)
and p-P65/P65 expression (Figures S6F and S6G) in a time-dependent manner,

indicating that hypoxia induced NF-kB activation in HMEC-1 cells. Next, we
explored the impact of GTF2H4 on hypoxia-induced NF-kB activation. Nuclear
protein extracts from GTF2H4-overexpressing HMEC-1 cells exhibited increased
DNA binding ability (Figure 6G). Conversely, DNA binding of NF-kB p65 was un-
changed in GTF2H4 knockdown HMEC-1 cells (Figure S7B), which was consis-
tent with the lack of change in binding activity observed after treatment with spi-
ronolactone, which induced ERCC3 degradation in a previous study.39

Previous studies have indicated that the NF-kB/Snail pathway is a canonical
pathway that regulates EndMT, and NF-kB binds to the Snail promoter between
�194 and �78 bp to promote Snail transcription.40 Therefore, we investigated
whether NF-kB/Snail signaling was involved in GTF2H4-mediated partial
EndMT. The results indicated that GTF2H4 overexpression significantly
increased the expression of p-P65/P65 and Snail under hypoxic conditions,
whereas GTF2H4 knockdown inhibited the expression of these genes
(Figures 6H, 6I, S7C, and S7D). In addition, the E310K/R314E mutations, which
are dysfunctional during hypoxia-induced partial EndMT, did not activate NF-
kB/Snail signaling (Figure 6J), suggesting the importance of the interaction
between GTF2H4 and ERCC3. Furthermore, we used the NF-kB inhibitor Bay
11-7082 to determine whether GTF2H4 regulated Snail expression via NF-kB
(Figure 6K). The results showed that Bay 11-7082 significantly reversed the in-
crease in Snail expression induced by GTF2H4 and reversed the changes in
the expression of downstream markers, including CD31, VE-cadherin, and
a-SMA (Figures 6L and S7K), suggesting that GTF2H4 partially regulated
EndMT through the NF-kB/Snail signaling pathway. To investigate the role of
ERCC3 in NF-kB/Snail signaling, luciferase reporter assays and western blotting
were performed on cells overexpressing or lacking ERCC3, and the results
showed that ERCC3 knockdown significantly inhibited TNF-a-induced NF-kB
activation and hypoxia-induced NF-kB/Snail signaling, whereas ERCC3 overex-
pression had no effect (Figures S7E–S7J).

GTF2H4 promotes NF-kB-induced partial EndMT via receptor coactivator
3 (NCOA3) phosphorylation at S1330
To further determine the mechanisms by which GTF2H4 is involved in NF-kB

activation, we analyzed the overlapping differentially expressed proteins (DEPs)
and their corresponding phosphorylation sites in the GTF2H4-overexpressing
and negative controls, as well as in the presence of shGTF2H4 and shCtrl, by
phosphorylation proteomics analysis (Figure 7A). Among these DEPs, NCOA3
Ser1330 and NELFE Ser181 were upregulated in GTF2H4-overexpressing
HMEC-1 cells and downregulated in GTF2H4-knockdownHMEC-1 cells. Notably,
NCOA3 is a well-known NF-kB coactivator that functions by interacting with NF-
kB p65, and specific site phosphorylation of NCOA3 (SRC-3) is required for its
function.41,42 The Ser1330 site is located within the domain of unknown function
(DUF1518) of NCOA3 (Figure 7B). To examine whether GTF2H4 activates NF-kB
viaNCOA3phosphorylation at S1330,we assessed the effect of thismodification
on the intrinsic activity of NF-kB. We transfected 293T cells with WT-pcDNA3.1-
HisA-NCOA3, the phosphorylation-deficient pcDNA3.1-HisA-NCOA3-S1330A
mutant, the phosphorylation-mimic pcDNA3.1-HisA-NCOA3-S1330D mutant,
and the pcDNA3.1-HisA-NCOA3-S1330E mutant after verifying the site-directed
mutagenesis by DNA sequencing (Figure 7C). The results showed that NF-kB
promoter activity in the S1330A group was markedly decreased compared to
that in the WT-NCOA3, S1330D, and S1330E groups. Although the Asp/Glu sub-
stitutions only slightly affected the ability of NCOA3 (SRC-3) to activate NF-kB,
possibly due to the limitations of phosphomimetic agents,43 S1330D and
S1330E still induce levels of activation similar to that of WT-NCOA3 (Figure 7D).
Moreover, we performed coIP assays, which revealed that the interaction be-
tween NCOA3 and NF-kB p65 decreased in the presence of NCOA3 1330A,
whereas 1330E or 1330D exhibited similar capacities to interact as WT-
NCOA3 (Figure 7E). These findings suggested that the phosphorylation of
NCOA3 at Ser1330 promoted its interaction with p65 to enhance NF-kB activa-
tion. In addition, in the presence of S1330A or S1330E, the changes inNF-kB pro-
moter activity induced by GTF2H4 overexpression/knockdown were abolished,
suggesting that GTF2H4 promotedNF-kB activation via NCOA3 phosphorylation
at S1330 (Figures 7F–7H). Similarly, the decrease in NF-kB promoter activity

(10 mg/mL), GTF2H4 overexpression increased ERCC3 expression by inhibiting autophagy-mediated degradation in the presence or absence of the proteasome inhibitor MG132
(10 mM) or the autophagy inhibitor 3-MA (5mM), with time following control or GTF2H4 overexpression, as confirmed bywestern blot analysis. (J) After blocking protein synthesis with
CHX (10 mg/mL), GTF2H4 knockdown decreased ERCC3 expression by promoting autophagy-mediated degradation in the presence or absence of the proteasome inhibitor MG132
(10 mM) or the autophagy inhibitor 3-MA (5mM), with time following control or GTF2H4 knockdown, as confirmed by western blot analysis. The data are presented asmeans ± SEMs.
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Figure 5. The interaction between ERCC3 and GTF2H4 is indispensable for GTF2H4-mediated partial EndMT under hypoxic conditionsHMEC-1 cells were infected with an ERCC3-
overexpressing lentivirus (ERCC3 OE), an overexpression control lentivirus (NC), an ERCC3-knockdown lentivirus (shERCC3), a knockdown control lentivirus (shCtrl), a GTF2H4-
overexpressing lentivirus with shCtrl (GTF2H4 OE + shCtrl), or a GTF2H4-overexpressing lentivirus and a ERCC3-knockdown lentivirus (GTF2H4 OE + shERCC3). For the transwell and
apoptosis assays, HMEC-1 cells were cultured under hypoxic conditions for 3 days. (A and B) Western blot analysis of GTF2H4 protein expression relative to GAPDH in HMEC-1 cells
with ERCC3 overexpression or knockdown under normoxic or hypoxic conditions for 3 days (n = 3). (C and D) Transwell assays of HMEC-1 cells in the shERCC3 and shCtrl groups (n =
13, scale bars, 100 mm). (E and F)Measurement of apoptosis in the shERCC3 and shCtrl groups by using an annexin V-FITC/PI-PerCP-Cy5.5 double-staining flow cytometric assay (n =
6). (G) Western blot analysis of fibronectin, VE-cadherin, CD31, a-SMA, FSP-1, GTF2H4, and ERCC3 protein expression relative to GAPDH in the shCtrl and shERCC3 groups that were

(legend continued on next page)
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induced by ERCC3 knockdownwas reversed by S1330A or S1330E (Figure S8A).
To determine whether the expression of NCOA3 was affected, we performed
western blot analysis and found no difference in NCOA3 expression in the exper-
imental groups (Figures S8B–S8F). These findings indicate that the phosphory-
lation of NCOA3 but not its expression plays a crucial role in NF-kB activation.

GTF2H4 promotes partial EndMT in vivo and improves blood flow
recovery after ischemic injury

To assess the in vivo effects of GTF2H4 on partial EndMT in response to
ischemia and its role in blood flow recovery after ischemic injury, we induced
endothelial-specific GTF2H4 overexpression and knockdown by injecting AAV-
Tie-GTF2H4 or AAV-Tie-shGTF2H4, respectively, into the gastrocnemius mus-
cles of mice 4 weeks before hindlimb ischemia surgery (Figures S9A and S9B).
Limb perfusion was monitored for 7 days before the gastrocnemius muscle
was harvested (Figure 8A). After purifying ECs frommouse gastrocnemiusmus-
cle using CD31/PECAM1 antibodies, we confirmed the efficiency of GTF2H4
overexpression or knockdown in the gastrocnemiusmuscle bywestern blot anal-
ysis (Figure 8B). Laser Doppler ultrasound revealed that the GTF2H4 overexpres-
sion group exhibited increased blood flow recovery within 7 days of hindlimb
ischemia, whereas the GTF2H4 knockdown group exhibited reduced limb perfu-
sion (Figures 8C–8F). To further investigate the effects of GTF2H4 on blood
vessel formation and function, we performed dual staining for CD31 and
a-SMA to identify mature blood vessels with perfusion. Double immunofluores-
cence staining revealed a significant increase in CD31+/a-SMA+ capillary density
in GTF2H4-overexpressing mice, and this increase was reduced in GTF2H4-
knockdown mice compared to control mice (Figures 8G, S9B, and S9C). In addi-
tion, immunohistochemical staining and western blot analysis revealed that
GTF2H4 promoted partial EndMT after ischemic injury, which was characterized
by increasedmesenchymal marker expression and NF-kB signaling activation in
GTF2H4-overexpressing mice. However, GTF2H4 knockdown inhibited the
expression of mesenchymal markers and NF-kB signaling activation
(Figures 8H–8J). Notably, the expression of NCOA3 did not significantly differ
among the groups (Figures S8G and S8H). Taken together, our findings reveal
that GTF2H4 plays a pivotal role in promoting partial EndMT in vivo, leading to
improved blood flow recovery after ischemic injury.

DISCUSSION
In this study, we reported that GTF2H4 significantly ameliorated the hypoxia-

induced viability loss and apoptosis, promoted migration, and inhibited tube for-
mation in ECs under hypoxic conditions; moreover, these cells acquired mesen-
chymal markers and lost some endothelial markers during GTF2H4-mediated
partial EndMT. Mechanistically, GTF2H4 coordinated with ERCC3 to regulate
NCOA3 via the phosphorylation of S1330, which subsequently activated the
NF-kB/Snail signaling pathway to promote partial EndMT. Subsequently, in vivo
findings suggested that GTF2H4 partially enhanced EndMT and angiogenesis
postischemia.

To identify molecules associated with transient mesenchymal activation in
ECs after tissue ischemia/hypoxia,22,23 an analysis of the GEO databasewas per-
formed, and the results indicated that the expression of GTF2H4 was signifi-
cantly decreased in the STEMI group compared to the control group, which
was consistent with our previous findings.25 GTF2H4 was gradually downregu-
lated inHMEC-1 cells and primaryMCMECswith prolongedhypoxia. Sincepartial
EndMT occurs in a time-dependent manner in hypoxic conditions, we further
investigated the correlation between GTF2H4 and hypoxia-induced partial
EndMT,18 the loss of cell viability, and apoptosis and found that GTF2H4 plays
a positive role in ECs undergoingmesenchymal transition. Functional and pheno-
typic changes in ECs during mesenchymal transition are fundamental to
EndMT.10 Previous studies have shown that collective migration is a biological
process that induces sprouting angiogenesis,29 and during this process, angio-
genic ECs can undergo partial EndMT to acquiremesenchymal characteristics.18

In vitro and ex vivo experiments indicated that GTF2H4 could enhance themigra-

tory capacity of these cells, which is a mesenchymal characteristic. Although
reduced tubule formation has also been associated with EndMT,44,45 GTF2H4
slightly inhibited tube formation but almost sustained this endothelial trait, sug-
gesting that GTF2H4 accelerated the transition of ECs to an intermediate pheno-
type, preserving the original characteristics of ECs and simultaneouslymediating
the acquisition of mesenchymal traits. Therefore, GTF2H4-mediated EndMT un-
der hypoxic conditions is a partial or reversible process.
GTF2H4 is 1 of 10 TFIIH subunits that interact with ERCC3 (ERCC excision

repair 3, TFIIH core complex helicase subunit) and can stimulate its ATPase ac-
tivity.26,46 A 4D label-free proteomics analysis revealed that the expression of
ERCC3 overlapped with the expression of DEGs between the GTF2H4 overex-
pression and knockdown groups. Subsequently, MG132 and 3-MA treatments
were used, and qRT-PCR and western blot analysis further demonstrated that
GTF2H4 modulated the protein expression of ERCC3 via autophagy-mediated
degradation rather than transcriptional regulation. Investigating the mechanism
by which GTF2H4 regulates ERCC3 is particularly meaningful because blocking
this pathway could exclusively target GTF2H4 without affecting ERCC3 levels.
This aspect may prove beneficial for future studies. In addition, the knockdown
of ERCC3 decreased GTF2H4 expression, inhibited hypoxia-induced partial
EndMT, and reversed the promotional effect of GTF2H4overexpression, whereas
ERCC3 overexpression neither influenced the expression of GTF2H4 nor had a
similar biological effect on partial EndMT. It is possible that the expression level
of endogenous ERCC3 is significantly higher than that of GTF2H4, leading to an
oversaturated state of the ERCC3 protein. In this scenario, exogenous overex-
pression of ERCC3may haveminimal biological effects, since the excess protein
may not effectively interact with cellular components. In combination with the
finding that the interaction between GTF2H4 and ERCC3 was indispensable
for GTF2H4-mediated partial EndMT under hypoxic conditions, we examined
the GTF2H4 mutations E310K/R314E and showed that the GTF2H4-ERCC3
complex played an integral role, that GTF2H4 functioned as a rate-limiting
enzyme, and that its expression level influenced the overall formation of the
GTF2H4-ERCC3 complex, which in turn regulated downstream biological
processes.
Next, the downstream signal transduction pathways of GTF2H4-ERCC3 were

investigated through 4D label-free phosphorylation proteomics analysis, and NF-
kB signaling was the predominant pathway identified by KEGG pathway enrich-
ment analyses; these findings were further validated by using the NF-kB II
Signaling Phospho Antibody Array. Moreover, GTF2H4 overexpression markedly
increased TNF-a-induced NF-kB promoter activity, and this effect was sup-
pressed by GTF2H4 knockdown. Previous studies have widely demonstrated
that the NF-kB pathway is sensitive to hypoxia and cell specific.38,47,48 Moreover,
hypoxia significantly activated NF-kB in HMEC-1 cells, and nuclear protein ex-
tracts fromGTF2H4-overexpressingHMEC-1 cells exhibited increasedDNAbind-
ing under hypoxic conditions, although the DNA binding of NF-kB p65 was un-
changed in GTF2H4-knockdown HMEC-1 cells. Another group showed that
spironolactone-induced degradation of ERCC3 suppressed NF-kB promoter ac-
tivity without affecting binding activity, indicating that a primary mechanism,
such as chromatin remodeling or transcriptional initiation, was involved.39 Snail,
which is a downstream target gene of the NF-kB signaling pathway, is a critical
TF that triggers EndMT. By binding to the Snail promoter between �194 and
�78 bp, NF-kB can promote its transcription40 to inhibit the expression of endo-
thelialmarkers suchasVE-cadherin andCD3110 andpromote the acquisition of a
mesenchymal phenotype, such as by stimulating a-SMA and MMP-9 expres-
sion.40,49 Under hypoxic conditions, GTF2H4significantly upregulated the expres-
sion of Snail, and this effect was significantly reversed by treatment with the NF-
kB inhibitor Bay 11-7082.50 Similar to the effect of GTF2H4 knockdown, ERCC3
inhibited NF-kB/Snail signaling, and the dysfunction associated with ERCC3 and
E310K/R314E overexpression in NF-kB activation may be attributed to the lack
of change in the overall level of the GTF2H4-ERCC3 complex. Collectively, these
data suggested that the GTF2H4-ERCC3 complex regulated partial EndMT via
the NF-kB/Snail signaling pathway.

exposed to hypoxia for 3 days or under normoxic conditions (n = 3). (H and I) Transwell assays of HMEC-1 cells in the GTF2H4 OE+shCtrl and GTF2H4 OE+shERCC3 groups (n = 13,
scale bars, 100 mm). (J and K) Measurement of apoptosis in the GTF2H4 OE+shCtrl and GTF2H4 over+shERCC3 groups by using an annexin V-FITC/PI-PerCP-Cy5.5 double-staining
flow cytometric assay (n = 6). (L) Western blot analysis of fibronectin, VE-cadherin, CD31, a-SMA, FSP-1, GTF2H4, and ERCC3 protein expression relative to GAPDH in the GTF2H4
OE+shCtrl and GTF2H4 OE + shERCC3 groups exposed to hypoxia for 3 days or under normoxic conditions (n = 3). (M) CoIP analysis of the GTF2H4 mutation (E310K/R314E) and of
ERCC3 compared with GTF2H4 and ERCC3 by using lysates from HMEC-1 cells after infection with GTF2H4, E310K/R314E, or ERCC3 overexpression lentiviruses. (N) Western blot
analysis of fibronectin, VE-cadherin, CD31, a-SMA, FSP-1, GTF2H4, and ERCC3 protein expression relative to GAPDH in the NC group and the E310K/R314E group exposed to hypoxia
for 3 days or under normoxic conditions (n = 3). The data are presented as means ± SEMs. p values were calculated by 2-tailed t tests (D, F, I, and K).
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Figure 6. GTF2H4 promotes hypoxia-induced partial EndMT via the NF-kB signaling axis (A) GO analysis of DEGs between the shGTF2H4 and shCtrl groups (fold changeR2.0 or%
0.5, p< 0.05), as determined by 4D label-free phosphorylation proteomics analysis. p valueswere used to indicate statistical significance. The top 10GO terms are listed in the diagram. (B)
KEGG pathway enrichment analysis of DEGs between the shGTF2H4 and shCtrl groups (fold changeR2.0 or%0.5, p < 0.05). p values were used to indicate statistical significance. The
top 10 cardiovascular diseases or EndMT-related pathways are listed in the diagram. (C and D) The NF-kB II signaling phospho-antibody array was used to analyze cell lysates in each
group that was exposed to hypoxia for 3 days. The results from 6 replicate samples were averaged. The dashed gray line indicates a fold change of 1.5, and proteins with a fold change

(legend continued on next page)
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A 4D label-free phosphorylation proteomics analysis showed that NCOA3
Ser1330was locatedwithin the overlap of differentially expressed phosphopepti-
des between the GTF2H4 overexpression group and the knockdown group.

NCOA3 (SRC-3, steroid receptor coactivator 3) is a member of the SRC/p160
gene family that interacts with multiple nuclear receptors and other TFs to
enhance their effects on target gene transcription,47 which was confirmed by

Figure 7. GTF2H4 promotesNF-kB-induced partial EndMT via NCOA3 phosphorylation at S1330 (A) 4D label-free phosphorylation proteomics results showing the overlapping DEPs
and their corresponding phosphorylation sites in the GTF2H4 OE/NC and shGTF2H4/shCtrl groups. (B) A schematic representation of the NCOA3 protein and its known functional
domains. The overlapping phosphopeptide identified by phosphorylation proteomics analysis is shown, and the asterisks indicate the phosphoramide acids (1330S). (C) DNA-
sequencing identification of 3 mutated NCOA3 plasmids: S1330A, S1330D, and S1330E. (D) Luciferase reporter assays to examine the effects of WT-NCOA3, S1330A, S1330E, or
S1330D NCOA3 mutants and TNF-a (10 ng/mL; NF-kB activation) stimulation for 4 h on NF-kB p65 transcriptional activation activity in each group (n = 7–27). (E) CoIP of p65 after
TNF-a (10 ng/mL; NF-kB activation) stimulation for 4 h and after treatment with the WT-NCOA3, S1330A, S1330D, or S1330E NCOA3 mutants. The levels of p65 associated with
NCOA3 were detected by immunoblotting. (F and G) Luciferase reporter assays to examine the effects of GTF2H4 overexpression or knockdown and TNF-a (10 ng/mL; NF-kB
activation) stimulation for 4 h on NF-kB p65 transcriptional activation activity in each group after treatment with theWT-NCOA3, S1330A, S1330D, or S1330E NCOA3mutants (n = 6–
18). (H) Schematic representation of the role of GTF2H4 in hypoxia-induced partial EndMT. The GTF2H4-ERCC3 complex functions as an integral component of this process. Hypoxia-
induced p65 transport to the nucleus and subsequent NF-kB activation. Snail is a downstream target gene of NF-kB and regulates EndMT (left side of the dotted line). Upregulation of
GTF2H4 resulted in NCOA3 phosphorylation at S1330. Phosphorylated NCOA3 at S1330 significantly promoted its binding to P65 to activate NF-kB/Snail signaling and enhance
hypoxia-induced partial EndMT. The data are presented as means ± SEMs. p values were calculated by 2-tailed t tests (D, F, and G).

greater than 1.5 or lower than 0.667 were considered DEPs and are marked in red (blue). (E and F) Luciferase reporter assays of NF-kB p65 transcriptional activation activity after TNF-a
(10 ng/mL; NF-kB activation) stimulation for 4 h in each group (n = 5–8). (G) EMSA was used to examine the DNA-binding activity of NF-kB (p65/p50) in GTF2H4-overexpressing or
-knockdown HMEC-1 cells exposed to normoxia and hypoxia for 1–2 days. (H and I) Western blot analysis of GTF2H4, Snail, and p-P65/P65 expression relative to GAPDH in GTF2H4-
overexpressing or -knockdown HMEC-1 cells exposed to hypoxia for 3 days or under normoxic conditions (n = 3). (J) Western blot analysis of GTF2H4, Snail, and p-P65/P65 expression
relative toGAPDH in E310K/R314E-overexpressingHMEC-1 cells exposed to hypoxia for 3 days or under normoxic conditions (n = 3). (K) A brief schematic diagramof the role of the NF-kB
inhibitor Bay 11-7082 (10 mM). (L) Western blot analysis showing the effects of Bay 11-7082 on VE-cadherin, CD31, a-SMA, Snail, and GTF2H4 protein expression relative to GAPDH in the
NC group and GTF2H4 OE group exposed to hypoxia for 3 days (n = 3). The data are presented as means ± SEMs. p values were calculated by 2-tailed t tests (E and F).

ARTICLE

ll The Innovation 5(2): 100565, March 4, 2024 11



the finding that SRC-3 (NCOA3) could interactwith p65 to enhance p65-mediated
NF-kB reporter activation.42 Moreover, several sites that are phosphorylated by
SRC-3, including T24, S505, S543, S587, and S867, have been shown to activate
NF-kB in response to TNF-a.41 This study is the first to identify SRC-3 S1330 as a

novel phosphorylation site that is required for NF-kB activation, and GTF2H4 indi-
rectly phosphorylates the transcriptional coactivator NCOA3 at S1330, subse-
quently promoting its interaction with p65 and ultimately causing NF-kB activa-
tion; these effects could be reversed by the reintroduction of NCOA3-S1330D or

Figure 8. GTF2H4 promotes partial EndMT in vivo and improves blood flow recovery postischemic injury (A) Schematic illustration of the in vivo injection of GTF2H4-overexpressing
AAV (GTF2H4 OE), overexpression control AAV (NC), GTF2H4-knockdown AAV (shGTF2H4), and knockdown control AAV (shCtrl) into mouse gastrocnemius muscle 4 weeks before
hindlimb ischemia surgery. Blood flow recovery was observed at the corresponding time points. Gastrocnemius muscles were harvested on the last day of the observation period. (B)
Western blot analysis of GTF2H4 protein expression normalized to that of GAPDH after the injection of GTF2H4-overexpressing or -knockdown AAVs into the gastrocnemius muscle
(n = 6). (C and E) Representative laser Doppler ultrasound images and quantitative analysis of blood flow recovery after the injection of AAV in the GTF2H4 OE or NC ground (n = 6). (D
and F) Representative laser Doppler ultrasound images and quantitative analysis of blood flow recovery after the injection of shGTF2H4 or shCtrl AAV (n = 6). (G) Immunofluorescence
staining of sections of mouse gastrocnemius muscle 7 days after hindlimb ischemia surgery, with antibodies recognizing CD31 (green) and a-SMA (red). DAPI was used to coun-
terstain the nuclei (blue) (n = 6, scale bars, 100 mm). (H) Immunohistochemical staining of sections of mouse gastrocnemius muscle with antibodies recognizing a-SMA and vimentin
7 days after hindlimb ischemia surgery (n = 6, scale bars, 50 mm). (I and J) Western blot analysis of vimentin, a-SMA, P-65, p-P65, Snail, ERCC3, and GTF2H4 protein expression
compared to that of GAPDH in each group 7 days after hindlimb ischemia surgery (n = 6). The data are presented as means ± SEMs. p values were calculated by 2-tailed t tests (E
and F).
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the S1330Emutant, despite the slightly lower activation induced by S1330D and
S1330E than WT-NCOA3. This effect may occur because during site-directed
mutagenesis for phosphomimetic effects, Asp/Glu substitutions fail to capture
the Ser/Thr phosphorylation function completely.43

Angiogenic ECs that undergo partial EndMT during pathological angiogenesis
may support neovascularization18,22,23 based on the transient and dynamic na-
ture of EndMT in ischemic diseases involving MI or hindlimb ischemia. Despite
the increase in angiogenic factors induced by ischemia/hypoxia in the early
stages of MI, the angiogenic response is difficult to trigger in the heart,51 and
some clinical trials have shown that proangiogenic pharmacotherapeutics for
cardiovascular diseases have little effect.52 Therefore, understanding the mech-
anism of angiogenesis in detail and exploring the overlapping biological behav-
iors between angiogenesis and partial EndMT are urgently needed to determine
a therapeutic strategy to promote angiogenesis in the clinic. In this study, the
occurrence of partial EndMT in post-MI mice was confirmed by immunofluores-
cence staining, and then, hindlimb ischemia models were used to examine the
in vivo function of GTF2H4 in postischemic angiogenesis in ECs by using a laser
Doppler ultrasound scanning system. The results showed that AAV-mediated
GTF2H4 overexpression in ECs in postischemic hindlimbs improved blood
flow perfusion and promoted the formation of new collateral vessels and
increased the specific traits of partial EndMT. In contrast, the opposite effects
were observed in the AAV-mediated GTF2H4 knockdown group. These in vivo
data showed that targeting endothelial GTF2H4 could enhance postischemic
partial EndMT, angiogenesis, and tissue repair.

CONCLUSION
GTF2H4 regulates ischemia/hypoxia-induced partial EndMT in vivo and in vitro.

Targeting the GTF2H4/NCOA3/NF-kB signaling pathway may be a promising
therapeutic approach for treating ischemic diseases.

MATERIALS AND METHODS
See the supplemental information for details.
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