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Abstract

Background: Sporadic venous malformations are a prevalent vascular anomaly in the oral and maxillofacial region. Current therapeutic
strategies are associated with high recurrence rates and limited applicability in critical anatomical regions. Therefore, there is a pressing
demand for more effective treatment modalities to address these challenges. Methods: This study utilized transcriptome sequencing to
analyze samples from venous malformation patients and combined lesion tissue analysis, cell culture, and xenograft mouse models to
investigate the pathogenic mechanisms and potential therapeutic approaches for venous malformations. Results: Our findings indicated
that the primary pathological features of venous malformations include abnormal angiogenesis and excessive activation of the phospho-
inositide 3-kinase (PI3K) signaling pathway. In endothelial cells with the most common pathogenic mutation, TIE2-L914F, this mutation
activates the PI3K pathway, promoting cell proliferation, inhibiting normal angiogenesis, and suppressing apoptosis. Treatment with
PI3K inhibitors effectively reversed these pathological changes. More importantly, the combination of rapamycin and alpelisib exhibited
superior therapeutic efficacy, not only significantly inhibiting the PI3K pathway but also activating P53 expression, thereby effectively
preventing disease progression. Further validation through in vitro 3D angiogenesis assays and xenograft mouse models confirmed the
therapeutic potential of this combination. The results demonstrated a marked reduction in vessel sprouting in the 3D model and inhibited
both lesion size and angiogenesis in the xenograft mouse model. Conclusions: This study is the first to demonstrate that the combination
of rapamycin and alpelisib, through multi-target synergy, effectively inhibits the PI3K pathway and activates P53 expression, offering

new insights and therapeutic options for the treatment of venous malformations.
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1. Background

Venous malformations (VMs) represent a common
category of congenital vascular anomalies that affect the
skin and mucosa of the oral and maxillofacial region, while
they may also involve deeper anatomical structures includ-
ing skeletal muscles and internal organs [1,2]. Clinically,
patients typically exhibit blue-purple, soft, and compress-
ible vascular masses, and a considerable proportion of them
may also present with symptoms such as pain, phleboliths
or coagulopathy [3]. Histopathology shows characteristic
features, including abnormal dilation of venous lumens, en-
dothelial cell hyperplasia, reduced vascular smooth mus-
cle, and adventitial fiber degeneration [4,5]. Conventional
treatments include surgical resection and sclerotherapy.
However, sclerotherapy can induce local inflammation and
fibrosis, often requiring multiple sessions to alleviate symp-
toms, while surgical intervention is limited by lesion size
and location and is associated with a high risk of recur-
rence [6-9]. Therefore, investigating the pathogenesis of

VMs and identifying effective targeted therapies have sig-
nificant clinical implications.

Receptor tyrosine kinase with immunoglobulin and
epidermal growth factor homology domains-2(TIE2), a
member of the angiopoietin (ANGPT) family, is primarily
expressed in endothelial cells. Somatic mutations in TIE2
are responsible for over half of VMs, with the L914F mu-
tation accounting for 77% of cases [10,11]. These muta-
tions cause receptor hyperphosphorylation, leading to ac-
tivation of the Phosphoinositide 3-Kinase/Protein Kinase
B/Mammalian Target of Rapamycin (PI3K/AKT/mTOR)
signaling pathway and subsequent VM development [12].
Additionally, activating mutations in PIK3CA are observed
in approximately 50% of TIE2 mutation-negative VMs,
which also promote VM formation through chronic ac-
tivation of the PI3K/AKT/mTOR pathway [13]. Some
patients may exhibit dual mutations in both TIE2 and
Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic
Subunit Alpha (PIK3CA) [14].
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Table 1. Experimental grouping of drugs.

Grouping Concentration Source Item number
Dimethyl Sulfoxide (DMSO) 1%o Solarbio D8371
Rapamycin 10 nM Laboratories R-5000
Alpelisib 2 uM GLPbio GC16462
Rapamycin + Alpelisib SnM+1 uM  Laboratories + GLPbio  R-5000 + GC16462

Rapamycin + Ponatinib

5nM+50nM  Laboratories + GLPbio

R-5000 + GC14396

Thus, dysregulation of the PI3K pathway plays a crit-
ical role in various VMs, forming the molecular patho-
logical basis of these lesions. Although VMs associated
with PIK3CA mutations have been widely investigated
[12,13,15-17], the precise role of the PI3K pathway in
TIE2 mutation-driven VMs remains incompletely eluci-
dated [18-20]. This study seeks to explore the function
of the PI3K pathway in TIE2-L914F mutation-related VMs
and provide a theoretical foundation for developing targeted
therapeutic strategies. We delivered the TIE2-L914F muta-
tion into venous endothelial cells using a lentiviral vector
and analyzed the morphological, proliferative, angiogenic,
and downstream signaling alterations in these cells both in
vitro and in vivo. Furthermore, we employed PI3K pathway
inhibitors to determine their ability to inhibit the patholog-
ical phenotypes of VMs. Notably, we discovered that the
combination of Rapamycin and Alpelisib demonstrated re-
markable efficacy in treating VMs, which was further con-
firmed in an in vitro 3D angiogenesis model and a nude
mouse xenograft model.

2. Methods
2.1 Cell Culture

Human umbilical vein endothelial cells (HUVECs)
(iCell, iCell-h110, Shanghai, China) were isolated from
human umbilical cords. All cell lines were authenticated
by short tandem repeat (STR) analysis and tested nega-
tive for mycoplasma. Optical microscopy showed that
endothelial cells exhibited a spindle-shaped morphology
(Supplementary Fig. 1A). These cells were characterized
by flow cytometry for surface markers (Supplementary
Fig. 1B) and stained positive for von Willebrand factor
(vWF) (Supplementary Fig. 1C). The cells were cultured
in endothelial cell medium (ECM, iCell, Shanghai, China)
containing 5% fetal bovine serum under standard condi-
tions of 37 °C, 5% COs, and controlled humidity. The
medium was refreshed every three days, and subsequent
experiments were conducted when the cell density reached
80%—90%.

2.2 Cell Transfection

Approximately 1.5 x 10° HUVECs were plated in
six-well plates and incubated overnight. The cells were
then transfected using a lentiviral vector (Multiplicity of
Infection (MOI) = 20) provided by Genechem, encod-
ing Ubi-MCS-3FLAG-CBh-gcGFP-IRES-puromycin. Fol-

lowing 48 hours of transfection, the cells were cultured in
ECM medium supplemented with 1.5 pg/mL puromycin
(Genechem, REVG1001, Shanghai, China) for 24 hours for
selection of transfected cells. Stable cell lines expressing
TIE2-NC, TIE2-WT, and TIE2-L914F were established,
expanded, and cryopreserved for subsequent experiments.
Transfection efficiency was assessed by fluorescence mi-
croscopy and Western blot.

2.3 Drug Treatment Groups

The concentrations of experimental drugs were deter-
mined by referencing previous studies and conducting pre-
liminary screening experiments [21,22]. The experimental
design for drug combinations is presented in Table 1.

2.4 Cell Morphology Observation and Analysis

Images were captured for TIE2-NC, TIE2-WT, and
TIE2-L914F cells during the logarithmic growth phase. To
investigate the effects of drugs on cell morphology, images
were captured after 48 hours of drug treatment. The circu-
larity index of cells was quantified with ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

2.5 Cell Proliferation Assay Using CCK-8

TIE2-NC, TIE2-WT, and TIE2-L914F cells were
plated in a 96-well plate coated with fibronectin at a den-
sity of 2000 cells per well, with three replicate wells. Each
well was filled with 100 pL of complete ECM medium. At
0 h, 24 h, 48 h, 72 h, and 96 h, 100 pL of CCK-8 solu-
tion (GLPbio, GK10001, Montclair, California, USA) was
added per well, followed by incubation at 37 °C for 2 hours.
The optical density (OD) at 450 nm was determined with a
microplate reader, and growth curves for the three cell types
were plotted. To investigate the effects of drugs on cells,
drug-containing ECM medium was added post-attachment.
At 0 h, 24 h, 48 h, 72 h, and 96 h, 100 pL of CCK-8 so-
lution was added per well, followed by incubation at 37 °C
for 2 hours. The OD at 450 nm was determined, and growth
curves under different drug treatments were plotted.

2.6 EdU Cell Proliferation Assay

TIE2-NC, TIE2-WT, and TIE2-L914F cells were
plated in a 48-well plate at a density of 3 x 10* cells per
well. When cell confluence reached 60%, 200 pL of pre-
pared EdU medium was added according to the instruc-
tions of the EdU Cell Proliferation Kit (Ribobio, C10310-1,
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Guangzhou, Guangdong, China). After 24 hours of stan-
dard culture, cells were fixed and stained with Apollo. Fi-
nally, DNA staining was carried out with Hoechst 33342
reaction solution. To investigate the effects of drugs on cell
proliferation, cells were treated with drugs for 48 hours, and
the medium was removed prior to staining according to the
EdU kit instructions. All images were acquired with a fluo-
rescence microscope, and the number of EdU-positive cells
was quantified with ImagelJ software (National Institutes of
Health, Bethesda, MD, USA).

2.7 Apoptosis Detection by Flow Cytometry

TIE2-NC, TIE2-WT, and TIE2-L914F cells were
plated in a six-well plate at a density of 3 x 10° cells
per well. According to the instructions of the AnnexinV-
PE/7-AAD Apoptosis Detection Kit (Meilunbio, Dalian,
Liaoning, China), 5 pL of AnnexinV-PE and 5 pL of 7-
AAD were supplemented, and the cells were gently mixed
and incubated at room temperature in the dark for 15 min-
utes. To investigate the effects of drugs on apoptosis, cells
were treated with drugs for 48 hours, and the medium was
discarded before following the kit instructions. Analysis
was conducted with a FACSCalibur2 flow cytometer, and
data were analyzed using NovoExpress software (Novo-
gene Corporation, Beijing, China).

2.8 Tube Formation Assay

TIE2-NC, TIE2-WT, and TIE2-L914F cells were
plated in a 96-well plate pre-coated with 50 uL of Matrigel
(Corning, CLS356234, Corning, New York ,USA) at a den-
sity of 2 x 10* cells per well and cultured in a 37 °C, 5%
COg incubator. To investigate the effects of drugs on an-
giogenesis, cells were treated with drugs for 48 hours prior
to the assay. After seeding, tube formation was monitored
at 2-hour intervals and photographed using a fluorescence
microscope. The number of vascular junctions and loops
was analyzed with ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

2.9 Western Blot Analysis

Following Phosphate Buffered Saline (PBS) washing,
cells were lysed using Rapamycin lysis buffer containing
protease and phosphatase inhibitors for protein extraction.
The extracted cellular proteins were subjected to West-
ern blot analysis with the following antibodies: 3-Actin
(4970, 1:1000, CST, Danvers, Massachusetts, USA), TIE2
(ab221154, 1:1000, Abcam, Cambridge, Cambridgeshire,
UK), p-TIE2 (Y992) (ab151704, 1:1000, Abcam, Cam-
bridge, Cambridgeshire, UK), AKT (46918, 1:1000, CST,
Danvers, Massachusetts, USA), p-AKT (Thr308) (13038,
1:1000, CST, Danvers, Massachusetts, USA), p-AKT
(Serd73) (4060S, 1:1000, CST, Danvers, Massachusetts,
USA), mTOR (2983S, 1:1000, CST, Danvers, Mas-
sachusetts, USA), p-mTOR (Ser2448) (5536S, 1:1000,
CST, Danvers, Massachusetts, USA), Bcl-2 (ab182858,
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1:2000, Abcam, Cambridge , Cambridgeshire, UK), Bcl-
2-associated X protein (BAX) (R380709, 1:1000, ZENbio,
Chengdu, Sichuan, China), Caspase-3 (341034, 1:1000,
ZENDbio, Chengdu, Sichuan, China), Cleaved Caspase-
3 (ab32042, 1:500, Abcam, Cambridge, Cambridgeshire,
UK), P53 (ab32049, 1:1000, Abcam, Cambridge, Cam-
bridgeshire, UK), and Goat Anti-Rabbit IgG H&L (HRP)
(ab6721, 1:5000, Abcam, Cambridge, Cambridgeshire,
UK). The relative protein expression levels were ana-
lyzed with Imagel] software (National Institutes of Health,
Bethesda, MD, USA).

2.10 Immunofluorescence

HUVEC:s in the logarithmic growth phase were plated
in a culture plate, and fixation and blocking were carried
out when cell confluence reached 80%. The primary anti-
body, Von Willebrand Factor (ab6994, 1:250, Abcam, Cam-
bridge , Cambridgeshire, UK), was applied overnight at 4
°C. Subsequently, the secondary antibody, Cy3-conjugated
goat anti-rabbit IgG (GB21303, Servicebio, 1:250, Wuhan,
HuBei, China), was added at 37 °C in the dark for 1
hour, followed by washing. Next, 4’,6-Diamidino-2-
phenylindole (DAPI) staining solution (G1012, Servicebio,
Wuhan, HuBei, China) was applied in the dark for 10 min-
utes, followed by another wash. For paraffin-embedded
tissue sections, following standard blocking procedures,
the primary antibodies CD31 (ab9498, 1:250, Abcam,
Cambridge, Cambridgeshire, UK) and p-AKT (Thr308)
(ab38449, 1:250, Abcam, Cambridge, Cambridgeshire,
UK) were applied overnight at4 °C. The secondary antibod-
ies, Cy3-conjugated goat anti-mouse IgG (GB21301, 1:250,
Servicebio, Wuhan, HuBei, China) and FITC-conjugated
goat anti-rabbit IgG (GB22303, 1:250, Servicebio, Wuhan,
HuBei, China), were used for CD31 and p-AKT (Thr308),
respectively, and were applied at 37 °C in the dark for 1
hour, followed by thorough washing. Finally, DAPI stain-
ing solution (G1012, Servicebio, Wuhan, HuBei, China)
was applied in the dark for 10 minutes, and after washing,
the sections were mounted with resin. All images were ac-
quired with a Nikon microscope system, and the relative
protein expression levels were analyzed with ImagelJ soft-
ware (National Institutes of Health, Bethesda, MD, USA).

2.11 Immunohistochemistry

p-AKT (Thr308) Paraffin-embedded tissue sections
were incubated with the following primary antibodies: p-
TIE2 (Y992) (ab321883, 1:250, Abcam, Cambridge, Cam-
bridgeshire, UK), p-AKT (Thr308) (ab38449, 1:250, Ab-
cam, Cambridge, Cambridgeshire, UK), p-AKT (Ser473)
(ab81283, 1:250, Abcam, Cambridge, Cambridgeshire,
UK), p-mTOR (Ser2448) (ab109268, 1:250, Abcam, Cam-
bridge, Cambridgeshire, UK), and p53 (ab32049, 1:250,
Abcam, Cambridge , Cambridgeshire, UK). Subsequently,
the secondary antibody, Goat Anti-Rabbit [gG H&L (HRP)
(ab6721, 1:5000, Abcam, Cambridge, Cambridgeshire,
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UK), was applied to detect the primary antibodies, and color
development was carried out with DAB reagent (DAB-
0031, Maixin, Fuzhou, Fujian, China). The sections were
stained with hematoxylin for counterstaining. All images
were acquired with a Nikon microscope system, and the
relative protein expression levels were analyzed with Im-
agel software (National Institutes of Health, Bethesda, MD,
USA).

2.12 Transcriptome Data Analysis

The transcriptome sequencing dataset GSE130807,
comprising venous malformation tissues, was retrieved
from the Gene Expression Omnibus (GEO) database, in-
cluding 5 venous malformation samples and 6 normal ve-
nous samples. Differential expression analysis was con-
ducted using the DESeq2 package in RStudio, with the
criteria for identifying DEGs set as |log2FC| >1 and
adj.p.value < 0.05. The analysis revealed 310 DEGs, which
were annotated and visualized. Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis was per-
formed using the clusterProfiler package, and the results
were ranked by gene ratio. Additionally, Gene Set Enrich-
ment Analysis (GSEA) was carried out by ranking genes
based on log2FC in descending order to identify enriched
pathways, using the human hallmark gene sets from the
MSigDB database. GSEA was performed with default pa-
rameters (pvalueCutoff = 0.2), and the results were visu-
alized using the enrichplot package. Furthermore, tran-
scriptome sequencing was performed on TIE2-L914F cells
treated with drugs for 48 hours. The dataset was uploaded to
the GEO database under the accession number GSE291682,
which included 6 samples: 3 samples of TIE2-L914F cells
treated with a combination of Rapamycin and Alpelisib for
48 hours, and 3 samples treated with DMSO for 48 hours.
Differential expression analysis was performed using the
DESeq_2 package, with the criteria for identifying DEGs set
as |log2FC| >0.378 and adj.p.value < 0.05. The analysis
identified 439 DEGs, which were annotated and visualized.
KEGG pathway enrichment analysis was conducted using
the clusterProfiler package, and the results were ranked by
gene ratio. GSEA was also performed by ranking genes
based on log2FC in descending order, using the human hall-
mark gene sets from the MSigDB database. GSEA was per-
formed with default parameters (pvalueCutoff = 0.2), and
the results were visualized using the enrichplot package.

2.13 3D Tubule Formation Assay

The fibrin bead assay was previously described in de-
tail [23]. In this study, Cytodex® 3 microcarrier beads
(Sigma, Louis, Missouri, USA) were coated with TIE2-
L914F cells at 1500 cells per bead and embedded in fib-
rin gel. Fibroblasts (Cells are identified by surface marker
analysis by flow cytometry, Supplementary Fig. 1D) were
seeded onto the gel surface, and the ECM medium was re-
freshed every 2 days. On day 0, the designated drugs were

added to the wells. After 2 days of treatment, the drugs
were removed, and fresh medium was added. On day 7, the
fibroblast layer overlaying the fibrin gel was removed by
trypsin treatment. Images were acquired using a Nikon mi-
croscope, and the number of vascular sprouts per bead was
quantified by two independent blinded observers.

2.14 Venous Malformation Xenograft Model in Nude Mice

The nude mice (nu/nu, Kunming Medical Univer-
sity Animal Research Institute, China) used in this study
were purchased from the Kunming Medical University An-
imal Research Institute. First, TIE2-L914F cells were pre-
treated with drugs or DMSO for 48 hours. Then, 2.5 x
10° cells were collected and suspended in 200 pL of Ma-
trigel® (Corning, CLS356234, Corning, New York, USA).
The cell suspension was subcutaneously injected into both
sides of the dorsal region of 4- to 6-week-old male nude
mice. Drug-treated cells were injected on one side (experi-
mental group), while DMSO-treated cells were injected on
the other side (control group), with an equal number of cells
injected on each side. After 14 days, the nude mice were
anesthetized by intraperitoneal injection of sodium pento-
barbital (10 mg/mL) at a dose of 40-50 mg/kg, followed
by euthanasia via cervical dislocation under anesthesia.
Tumors at the injection sites were excised, weighed, and
fixed in 4% paraformaldehyde solution, followed by paraf-
fin embedding. Sections of 5 pm thickness were cut for
immunofluorescence (IF) and immunohistochemical (IHC)
staining. Images were captured using a Nikon microscope,
and the vascular area and target protein average optical den-
sity (AOD) values were quantitatively analyzed using Im-
ageJ software (National Institutes of Health, Bethesda, MD,
USA).

2.15 Data Analysis

Data are presented as mean =+ standard error of the
mean (SEM). Welch’s #-test or parametric one-way anal-
ysis of variance (ANOVA) was applied after confirming
normality and homogeneity of variance. Multiple compar-
isons were conducted with Tukey’s or Fisher’s post hoc tests
after one-way ANOVA. For repeated measures data, two-
way ANOVA was applied, followed by Bonferroni post
hoc tests. All calculations were conducted with GraphPad
Prism 10.0 software (GraphPad Software, San Diego, CA,
USA), and p < 0.05 was considered statistically significant.

3. Results

3.1 The Main Pathological Features of VMs Include
Abnormal Angiogenesis and Hyperactivation of the PI3K
Pathway

The heatmap revealed 310 significantly dysregu-
lated genes in VMs tissues compared to normal tissues
(Fig. 1A). KEGG pathway analysis demonstrated that the
PI3K-AKT signaling pathway was significantly enriched
in the disease group and ranked as the top enriched path-
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Fig. 1. Overactivation of the Phosphoinositide 3-Kinase/Protein Kinase B (PI3K-AKT) pathway and abnormal angiogenesis
in venous malformation (VM) tissues. (A) Heatmap depicting the expression profiles of 310 differentially expressed genes in VM
tissues (Disease, n = 5) and normal tissues (Control, n = 6). Red represents high expression, and blue represents low expression. (B)
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis reveals that the PI3K-AKT signaling pathway is significantly
enriched and ranked first in the disease group. (C) Gene Set Enrichment Analysis (GSEA) analysis demonstrates that the biological
process of angiogenesis (HALLMARK ANGIOGENESIS) is exhibit marked biological enrichment tendency in the disease group (p
= 0.02088, p.adjust = 0.1533). (D) H&E staining reveals significant dilation of vascular lumens in VM tissues, with clear differences
compared to normal skin and gingival tissues (VM tissues n = 41, normal tissues n = 21, Scale bar = 200 um). (E) Quantitative analysis
reveals that the vascular area in the disease group is significantly higher than in the normal group (mean £+ SEM, ****p < 0.0001). (F)
Immunofluorescence staining reveals significantly elevated p-AKT expression in the disease group. Green indicates p-AKT signal, and
blue indicates 4',6-Diamidino-2-phenylindole (DAPI)-stained nuclei (VM tissues n = 41, normal tissues n = 20, Scale bar = 200 um).
(G) Quantitative analysis reveals that the fluorescence intensity of p-AKT in the disease group is significantly higher than in the normal
group (mean = SEM, ****p < 0.0001).

way (Fig. 1B). Additionally, pathways associated with
cytoskeleton regulation and extracellular matrix interac-
tions were also significantly enriched in the disease group
(Fig. 1B). Further GSEA analysis indicated significant en-
richment of the angiogenesis biological process (HALL-
MARK ANGIOGENESIS, Fig. 1C), with a nominal p-
value of 0.02088. However, the adjusted p-value (p.adjust
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= 0.1533) did not reach statistical significance, potentially
due to the limited sample size or the gene ranking approach.

HE and immunofluorescence staining of VMs tissue
sections demonstrated a significantly increased vascular
area in VMs tissues compared to normal skin or gingival
tissues (Fig. 1D,E), suggesting marked abnormal angiogen-
esis in the disease group. Furthermore, the expression of
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Fig. 2. The TIE2 p.Leu914Phe (TIE2-L914F) mutation alters the phenotype of normal cells and related signaling pathways. (A)
Western blot reveals that the expression of p-TIE2, p-AKT (Thr308 and Ser473), and p-mTOR in the TIE2-L914F mutation group (L914F)
is significantly higher than in the control group (NC) and wild-type group (WT) (n = 3). (B) Western blot reveals that the expression
of P53, Cleaved Caspase-3, and Bcl-2-associated X protein (BAX) is significantly reduced in the L914F mutation group (n = 3). (C-F)
Quantitative analysis reveals that p-TIE2/TIE2 (C), p-AKT (Thr308)/AKT (D), p-AKT (Ser473)/AKT (E), and p-mTOR/mTOR (F) in
the L914F mutation group are significantly higher than in the NC and WT groups (mean + SEM, ns indicates no significant statistical
difference, *p < 0.05, **p < 0.01, ***p < 0.001). (G-I) Quantitative analysis reveals that the expression of P53 (G), Cleaved Caspase-
3 (H), and Bcl-2-associated X protein(BAX) (I) in the L914F mutation group is significantly reduced (mean + SEM, ns indicates no
significant statistical difference, *p < 0.05, ***p < 0.001). (J) Under inverted microscopy, L914F cells exhibited elongated/spindle-like
morphology and reduced roundness (n = 3), Scale bar =200 pm. (K) Tubule formation assay reveals that the angiogenesis ability of the
L914F mutation group is significantly reduced, with fewer nodes and tubular structures (n = 3), Scale bar =200 pm. (L) Flow cytometry
reveals that the apoptosis rate in the L914F mutation group is significantly lower than in the NC and WT groups (n = 3). (M) EdU assay
reveals that the proliferation ability of the L914F mutation group is significantly enhanced, with a higher proportion of EdU-positive
cells compared to the NC and WT groups (red: EdU-positive cells, blue: Hoechst-stained nuclei, n = 3), Scale bar = 50 um. (N) Cell
proliferation curve reveals that the proliferation rate of the L914F mutation group is significantly higher than in the NC and WT groups
(mean + SEM, p < 0.001, n=3). (O-S) Quantitative analysis reveals that the L914F mutation group exhibits reduced cell roundness (O),
increased proportion of EdU-positive cells (P), decreased apoptosis rate (Q), and reduced numbers of vascular nodes (R) and network
structures (S) (mean + SEM, ns indicates no significant statistical difference, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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p-AKT protein was significantly elevated in VMs tissues
compared to normal tissues (Fig. 1F,G), further supporting
the hyperactivation of the PI3K pathway in VMs.

3.2 TIE2-L914F Mutant HUVECs: PI3K Activation, P53
Downregulation and Phenotypic Alterations

HUVECs were transduced via lentiviral-mediated
gene delivery with a TIE2-L914F mutant construct, suc-
cessfully establishing a TIE2-L914F mutant VM cell model
and providing a solid experimental foundation for subse-
quent mechanistic studies. Initially, Western blot analysis
was performed to assess the impact of the TIE2-L914F mu-
tation on the PI3K signaling pathway (Fig. 2A). Analysis
revealed that the expression of p-TIE2 was significantly el-
evated in the TIE2-L914F mutation group (L914F) com-
pared to the control (NC) and wild-type TIE2 (WT) groups
(Fig. 2C). Additionally, downstream signaling molecules,
including p-AKT (p-AKT Thr308 and Ser473, Fig. 2D,E)
and p-mTOR (Fig. 2F), were also significantly upregulated,
indicating hyperactivation of the PI3K pathway in cells with
the TIE2-L914F mutation. Analysis of apoptosis-related
markers (Fig. 2B) demonstrated that p53 expression was
significantly downregulated in the L914F group (Fig. 2G),
along with reduced levels of Cleaved Caspase-3 (Fig. 2H)
and the pro-apoptotic protein BAX (Fig. 2I), suggesting
that the TIE2-L914F mutation inhibits apoptosis through
p53 downregulation. Additionally, the L914F group ex-
hibited significant morphological changes, with cells dis-
playing elongated or spindle-shaped forms compared to the
NC and WT groups (Fig. 2J), accompanied by a reduction
in cellular roundness (Fig. 20). EdU staining revealed that
the TIE2-L914F mutation promoted cell proliferation, with
the L914F group showing a significantly higher prolifera-
tion rate than the NC and WT groups (Fig. 2M,P). The cell
proliferation curve further demonstrated accelerated prolif-
eration in the L914F group (Fig. 2N). In the tubule forma-
tion assay, the tubule formation capacity in the L914F group
was significantly impaired (Fig. 2K), with fewer vascular
nodes (Fig. 2R) and ring-like structures (Fig. 2S) compared
to controls. Flow cytometry revealed a significantly lower
apoptosis rate in the L914F group than in the NC and WT
groups (Fig. 2L,Q).

Collectively, the TIE2-L914F mutation upregulates p-
TIE2 expression, hyperactivates the PI3K signaling path-
way, and suppresses p53 in venous endothelial cells. These
findings suggest a pathological mechanism underlying ab-
normal cell morphology, enhanced proliferation, impaired
angiogenesis, and inhibited apoptosis.

3.3 PI3K Targeting Reverses TIE2-L914F Mutant
Endothelial Cell Phenotypes: Rapamycin-Alpelisib

Synergy

The cell growth curve (Supplementary Fig. 1E)
revealed that cell proliferation was significantly inhibited
after 48 hours of drug treatment compared to controls,
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prompting the standardization of a 48-hour treatment period
for subsequent experiments. Western blot analysis demon-
strated that PI3K inhibitors, either alone or in combina-
tion, effectively suppressed the PI3K pathway (Fig. 3A).
Notably, the combination of Rapamycin and Alpelisib ex-
hibited the strongest inhibitory effect, characterized by sig-
nificantly reduced expression of p-TIE2 (Fig. 3C), p-AKT
(Thr308 and Ser473, Fig. 3D,E), and p-mTOR (Fig. 3F).
Compared to single-agent treatments or the recommended
combination (Rapamycin + Ponatinib), Rapamycin and
Alpelisib showed enhanced synergistic effects, suggest-
ing promising therapeutic potential against PI3K pathway
hyperactivation. Analysis of apoptosis-related markers
(Fig. 3B) revealed that the Rapamycin and Alpelisib com-
bination significantly upregulated p53 expression (Fig. 3G)
and increased levels of pro-apoptotic proteins Cleaved
Caspase-3 (Fig. 3H) and BAX (Fig. 3I), further support-
ing its potent pro-apoptotic effects compared to other treat-
ments. Functional assays confirmed the reversal of TIE2-
L914F pathological phenotypes upon PI3K pathway inhi-
bition. The Rapamycin and Alpelisib combination signifi-
cantly improved cell morphology (Fig. 3J), increased cellu-
lar roundness (Fig. 3N), suppressed abnormal proliferation
(Fig. 3K,0), and enhanced apoptosis (Fig. 3L,P). Tubule
formation assays demonstrated that this combination re-
stored normal angiogenesis (Fig. 3M), characterized by in-
creased vascular nodes (Fig. 3Q) and ring-like structures
(Fig. 3R), indicating superior therapeutic effects compared
to single agents or the recommended combination.

Collectively, the Rapamycin and Alpelisib combina-
tion synergistically inhibits the PI3K pathway, effectively
reversing pathological phenotypes in TIE2-L914F mutant
endothelial cells and demonstrating significant therapeutic
potential.

3.4 Rapamycin and Alpelisib Combination Exhibits High
Safety and Target Specificity

Regarding cell morphology, the Rapamycin and
Alpelisib combination significantly reversed morphologi-
cal abnormalities in TIE2-L914F mutant cells while exert-
ing minimal effects on control (NC) and wild-type (WT)
groups (Fig. 4A). Notably, cellular roundness was signif-
icantly increased in TIE2-L914F mutant cells (Fig. 4F),
with no significant changes in NC and WT groups. Re-
garding cell proliferation, the combination significantly in-
hibited abnormal proliferation in TIE2-L914F mutant cells
(Fig. 4B,C), showing significantly greater proliferation in-
hibition compared to NC and WT groups (Fig. 4G). Flow
cytometry revealed that the combination significantly pro-
moted apoptosis in TIE2-L914F mutant cells (Fig. 4D), ex-
hibiting a significantly increased apoptosis rate compared to
NC and WT groups (Fig. 4H). Regarding angiogenesis, the
combination restored normal angiogenesis in TIE2-L914F
mutant cells (Fig. 4E), significantly enhancing vascular
node (Fig. 4)) and network structure formation (Fig. 41),
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0.0001). (J) Under microscopy, the combination treatment of Rapamycin and Alpelisib significantly rescued the aberrant morphology
of TIE2-L914Fmutant cells and increased cellular roundness (n = 3), Scale bar = 200 um. (K) EdU assay reveals that the combination
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Hoechst-stained nuclei, n = 3), Scale bar =200 um. (L) Flow cytometry reveals that the combination significantly enhances apoptosis in
mutant cells, with an increased proportion of apoptotic cells (n=3). (M) Tubule formation assay reveals that the combination significantly
restores angiogenesis in mutant cells, increasing vascular nodes and network structures (n = 3), Scale bar = 50 um. (N-R) Quantitative
analysis reveals that the combination significantly improves cell roundness (N), reduces EdU-positive cells (O), increases apoptotic cells
(P), and enhances vascular nodes (Q) and network structures (R) (mean + SEM, ns indicates no significant statistical difference, **p <
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Fig. 4. Rapamycin and Alpelisib combination exhibits high safety and target specificity. (A) Inverted microscopy reveals that the
combination significantly improves the abnormal morphology of TIE2-L914F mutant cells but has no significant effect on the morphology
of normal control (NC) and wild-type (WT) cells (n = 3), Scale bar = 200 pm. (B) EdU assay reveals that the combination significantly
inhibits the proliferation of TIE2-L914F mutant cells but has minimal effects on NC and WT cells (red: EdU-positive cells, blue: Hoechst-
stained nuclei, n = 3), Scale bar =200 um. (C) Cell proliferation curve reveals that the combination significantly inhibits the proliferation
of mutant cells but has minimal effects on NC and WT groups (mean + SEM, p < 0.001, n = 3). (D) Flow cytometry reveals that the
combination significantly enhances the apoptosis rate of mutant cells but has minimal effects on NC and WT groups (n = 3). (E) Tubule
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(), with no significant effects on NC and WT groups (mean + SEM, ns indicates no significant statistical difference, **p < 0.01, ***p
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the combination significantly suppresses the mTORCI signaling pathway (L, HALLMARK MTORCI1_ SIGNALING) and angiogenesis
(M, HALLMARK ANGIOGENESIS), further validating its target specificity.
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while exerting no significant effects on NC and WT groups.
These results demonstrate that the Rapamycin and Alpelisib
combination exhibits high selectivity and safety, exerting
minimal effects on normal cells but significant therapeutic
effects on TIE2-L914F mutant cells. Subsequently, tran-
scriptome sequencing was performed on TIE2-L914F mu-
tant cells treated with the Rapamycin and Alpelisib com-
bination to further explore the underlying mechanisms.
KEGG pathway analysis revealed that the PI3K-AKT sig-
naling pathway was significantly enriched and ranked first
(Fig. 4K), indicating that the combination primarily targets
this pathway. GSEA further confirmed that the combina-
tion significantly inhibited the MTORCI signaling pathway
(HALLMARK MTORCI1_SIGNALING, Fig. 4L) and an-
giogenesis (HALLMARK ANGIOGENESIS, Fig. 4M),
validating the target specificity of this combination therapy
against disease mechanisms and phenotypes.

Collectively, within 48 hours, the low-concentration
combination of Rapamycin and Alpelisib exhibits high se-
lectivity and target specificity against the TIE2-mutated
venous malformation cell model, while exerting mini-
mal effects on normal endothelial cells. By targeting the
PI3K pathway, it effectively inhibits proliferation, pro-
motes apoptosis, and restores normal angiogenesis in TIE2-
L914F mutant cells.

3.5 Rapamycin and Alpelisib Combination Suppresses
Angiogenesis in 3D Tubule Formation and Lesion
Development in Nude Mice

The efficacy of the Rapamycin and Alpelisib combi-
nation was further assessed using a 3D angiogenesis assay,
as illustrated in Fig. 5A. In the 3D tubule formation assay,
the combination significantly suppressed angiogenesis in
TIE2-L914F mutant venous endothelial cells. Compared
with the control (DMSO) and other treatment groups (Ra-
pamycin, Alpelisib, and Rapamycin + Ponatinib), the Ra-
pamycin and Alpelisib combination significantly decreased
vascular branching (Fig. 5B), with quantitative analysis re-
vealing a significant reduction in vascular sprout numbers
(Fig. 5C). These results demonstrate that the combination
exerts significant anti-angiogenic effects. Next, the effi-
cacy of the combination was evaluated in nude mice, as il-
lustrated in Fig. 5D. Lesions formed by TIE2-L914F mutant
venous endothelial cells mixed with Matrigel were signif-
icantly suppressed in the Rapamycin and Alpelisib group
(Fig. 5E), with lesion weight significantly reduced com-
pared to controls (Fig. 5F). Immunofluorescence and im-
munohistochemical analysis further demonstrated that the
combination significantly reduced the vascular area in le-
sion tissues (Fig. 5G,M), indicating effective suppression
of lesion formation. Additionally, the combination signif-
icantly decreased the expression of p-TIE2 (Fig. 5H,N),
p-AKT (Thr308 and Ser473, Fig. 5L,J,0,P), and p-mTOR
(Fig. 5K,Q) in lesion tissues, while significantly increas-
ing p53 expression (Fig. 5L,R). These findings indicate that
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the combination effectively suppresses lesion progression
by targeting the PI3K/AKT/mTOR pathway and regulating
p53 signaling.

Collectively, the Rapamycin and Alpelisib combina-
tion significantly inhibits angiogenesis in 3D assays and
suppresses lesion formation in nude mice. Through pre-
cise targeting of the PI3K/AKT/mTOR pathway and regu-
lation of p53 expression, this combination therapy provides
critical experimental evidence for treating TIE2-L914F
mutation-related VMs.

4. Discussion

4.1 Preliminary Investigation into the Role and
Pathological Mechanisms of the PI3K Pathway in
TIE2-Mutant Venous Malformations

Dysfunction of the PI3K pathway is prevalent in vari-
ous VMs and represents one of the key molecular pathologi-
cal mechanisms [12]. Although the PI3K pathway has been
extensively studied in VMs associated with PIK3CA acti-
vating mutations [13,15,16], its role in VMs caused by TIE2
activating mutations remains poorly understood [24]. This
study provides important experimental data on the role of
the PI3K pathway in VMs with TIE2 activating mutations
and provides a theoretical foundation for further targeted
therapeutic strategies.

Initially, we compared the gene expression profiles of
VM tissues and normal venous tissues through transcrip-
tome sequencing analysis. The significant enrichment of
the PI3K-AKT signaling pathway further supported the crit-
ical role of this pathway in the pathogenesis of VMs. The
significant enrichment of pathways related to cytoskeleton
regulation and extracellular matrix interactions further sug-
gested that VMs may be associated with abnormal cell mor-
phology and structure. Additionally, the significant acti-
vation of angiogenesis highlighted its critical role in the
pathological process of VMs, consistent with the clinically
observed characteristics of abnormal vascular proliferation
[25]. To validate these findings, we performed HE and im-
munofluorescence staining on VM tissue sections, further
supporting that the main pathological features of the discase
are abnormal angiogenesis and overactivation of the PI3K
pathway, providing important clues for further research into
its pathogenic mechanisms.

4.2 Regulatory Effects of TIE2-L914F Mutation on the
PI3K Pathway and Venous Malformation Cell Phenotypes

The TIE2-L914F mutation represents the most fre-
quent pathogenic mutation in sporadic VMs [18]. Although
the PI3K pathway has been extensively studied in VMs as-
sociated with PIK3CA activating mutations, its specific role
in VMs caused by TIE2-L914F mutations remains elusive.
Therefore, we constructed a VM cell model with the TIE2-
L914F mutation using lentiviral technology and demon-
strated that the TIE2-L914F mutation hyperactivates the
PI3K pathway by activating p-TIE2. This led to elongated
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or spindle-shaped changes in endothelial cell morphology,
promoted cell proliferation, downregulated p53 to inhibit
apoptosis, and impaired normal angiogenesis, driving le-
sion development. This cellular phenotype further supports
the fundamental nature of venous malformations as con-
genital developmental vascular anomalies, which are non-
neoplastic lesions, and in which abnormal endothelial cell
proliferation constitutes one of their core histopathological
features [26,27]. The genetic basis of VMs involves ac-
quired pathogenic mutations that lead to overactivation of
the PI3K pathway, thereby triggering the disease. There-
fore, therapeutic strategies targeting the PI3K pathway hold
significant promise in the treatment of VMs [28-30].

4.3 The Synergistic Therapeutic Effects of
Rapamycin-Alpelisib Combination In Vitro and In Vivo

Current research has shown that Rapamycin has been
used in clinical trials, but as a monotherapy, it has cer-
tain limitations in therapeutic efficacy [31,32]. Alpelisib
is a selective PI3K« (p110«) inhibitor, which has demon-
strated significant efficacy in the treatment of PIK3CA-
related overgrowth spectrum (PROS) and vascular malfor-
mations (VMs). It has emerged as a new targeted thera-
peutic strategy, attracting widespread attention in the clini-
cal community. Compared with Rapamycin, Alpelisib can
act directly on the upstream of the PI3K signaling path-
way, with more precise targeting specificity, thus poten-
tially achieving more prominent clinical effects [33]. In
2022, the US Food and Drug Administration (FDA) ap-
proved Alpelisib for the treatment of pulmonary arterial hy-
pertension in patients aged 2 years and older. Ongoing clin-
ical trials, including EPIK-P2, are actively evaluating its ap-
plication potential in a broader range of vascular abnormal-
ities. Although adverse events, including hyperglycemia
and diarrhea, have been observed in some patients, the treat-
ment was overall well-tolerated, suggesting that Alpelisib
holds great potential as a precision therapeutic approach for
severe VMs and related vascular anomalies [34]. To eluci-
date the role of the PI3K pathway in TIE2-L914F mutations
and evaluate the effects of targeted therapy, this study se-
lected several commonly used PI3K inhibitors for investi-
gation. The inhibitor concentrations were determined based
on previous literature and preliminary screening [21,22].
To evaluate potential synergy and the therapeutic effects of
the combination, the dose of the combination therapy was
set to half of the experimental concentration of each single
drug. This experimental design is based on the hypothe-
sis that the two drugs may exhibit synergistic effects at low
doses, which can not only achieve significant therapeutic
effects but also potentially reduce toxicity to endothelial
cells within 48 hours. Additionally, this dose setting allows
for a better evaluation of whether the combination has syn-
ergistic or additive effects, providing a basis for subsequent
dose optimization and clinical application.
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Unexpectedly, we observed that the combination of
Rapamycin and Alpelisib significantly inhibited the abnor-
mal activation of the PI3K/AKT/mTOR pathway. This
combination restored p53 signaling, significantly inhibited
the proliferation of mutant cells, promoted apoptosis, and
restored angiogenesis. Previous studies have shown that
Rapamycin in combination with ponatinib, an ABL kinase
inhibitor, can induce regression of venous malformations
in mice and suppress AKT phosphorylation [22]. Com-
pared with monotherapy or the previously reported com-
bination regimen (Rapamycin + ponatinib), the combined
treatment of Rapamycin and Alpelisib exerted significantly
stronger synergistic inhibitory effects on cell apoptosis, the
PI3K pathway, and the p53 pathway. These findings sug-
gest that this dual-drug combination holds promising ther-
apeutic potential for targeting hyperactivation of the PI3K
pathway and inhibition of the p53 pathway, providing an
important experimental basis for the clinical translation
of this strategy. In our preliminary experiments, we also
tested the triple combination of Rapamycin, Alpelisib, and
ponatinib in HUVEC-TIE2-L914F cells. However, even
at lower drug concentrations, extensive cell death occurred
within 24 h of treatment. We hypothesize that this out-
come may result from drug—drug interactions among the
three agents, leading to enhanced cytotoxicity. Although
traditional tubule formation assays provide some insights
into angiogenesis, they are limited in simulating the real
disease environment in vivo. Therefore, we further as-
sessed the efficacy of the Rapamycin and Alpelisib combi-
nation using 3D tubule formation assays and a nude mouse
xenograft model. The results demonstrated that the com-
bination significantly inhibited 3D angiogenesis and effec-
tively slowed the formation and progression of lesions in
nude mice. Mechanistic studies demonstrated that the com-
bination exhibited multi-target synergistic potential by effi-
ciently inhibiting the PI3K/AKT/mTOR pathway and acti-
vating p53 signaling.

4.4 Crosstalk Between the PI3K-AKT/mTOR and p53
Pathways and Their Potential Therapeutic Mechanisms

The PI3K-AKT signaling pathway and p53 signal-
ing pathway are key intracellular signal transduction path-
ways that play a central role in regulating fundamental cel-
lular processes including cell growth, proliferation, apop-
tosis, and metabolism. In recent years, studies have con-
firmed that aberrant activation or dysfunction of these two
pathways is closely associated with the initiation and pro-
gression of various diseases, and there exists intricate sub-
cellular crosstalk between them. Genotoxic stress can in-
duce nuclear AKT activation, a process dependent on p53-
mediated regulatory mechanisms, which is significantly
distinct from the canonical membrane-localized activation
mode of the PI3K-AKT pathway. Specifically, upon geno-
toxic stress, nuclear PI3K can bind to p53 in the non-
membranous nucleoplasm to form a complex of p53 and
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phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P3).
This complex recruits AKT, Pyruvate Dehydrogenase Ki-
nase 1 (PDK1), and mechanistic target of Rapamycin com-
plex 2 (mTORC?2), thereby activating AKT and phospho-
rylating Forkhead box O1 (FOXO) proteins, ultimately in-
hibiting DNA damage-induced cell apoptosis [35] (A p53-
phosphoinositide signalosome regulates nuclear AKT ac-
tivation). In the context of venous malformations, re-
searchers have demonstrated that Rapamycin ameliorates
the physiological functions of TIE2-mutant endothelial
cells by inhibiting the AKT-mTOR pathway; meanwhile,
it promotes the nuclear translocation of FOXO1 and the ex-
pression of PDGFB in cells, further improving the paracrine
interaction between endothelial cells and smooth muscle
cells (SMCs). Based on these findings, the AKT-FOXO1
axis has been proposed as a potential therapeutic target for
TIE2-mutated venous malformations [36].

In the present study, we found that hyperactiva-
tion of the AKT-mTOR signaling pathway and sup-
pression of p53 signaling occurred in TIE2-mutant HU-
VECs. Notably, combined treatment with Rapamycin and
Alpelisib significantly inhibited the aberrant activation of
the PI3K/AKT/mTOR pathway and restored p53 signaling
expression in these mutant cells. Therefore, we hypothesize
that the intricate subcellular crosstalk between the PI3K-
AKT and p53 pathways may ameliorate the phenotypic ab-
normalities of venous malformation endothelial cells and
exert potential therapeutic effects via the mechanism of
nuclear PI3K binding to p53 to form a complex, which
in turn recruits AKT/PDK1/mTORC2, activates AKT, and
phosphorylates FOXO proteins. This feedback regulatory
mechanism reveals the complex interactive pattern of the
two pathways at the level of gene transcription in TIE2-
mutated venous malformations. In fact, the PI3K-AKT
and p53 signaling pathways exhibit multi-dimensional and
tight mutual regulatory relationships: they not only achieve
direct molecular crosstalk through mechanisms such as
p53-dependent nuclear AKT activation and PI3K-AKT-
mediated p53 degradation, but also display widespread co-
enrichment characteristics and synergistic regulatory ef-
fects in various disease states. We thus speculate that
the close association between these two pathways in ve-
nous malformations may lead to compensatory activation
of one pathway when the other is targeted alone, thereby
compromising the therapeutic efficacy. Future studies are
warranted to clarify the specific interactive mechanisms of
these two pathways in venous malformations through ad-
ditional experiments, which will provide a theoretical ba-
sis for the development of novel targeted therapeutic agents
and combination treatment strategies.

5. Limitations

However, this study is subject to several specific lim-
itations that may affect the interpretation of the results,
which are described objectively as follows. First, the in
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vivo experiments were restricted to two groups: a negative
control group (DMSO group) and a combination therapy
group (Rapamycin + Alpelisib group), with the absence of
a positive control group (e.g., Rapamycin + Ponatinib com-
bination). This experimental design inherently limits the
ability to directly compare the therapeutic efficacy of dif-
ferent combination regimens, as there is no reference pos-
itive treatment to benchmark the performance of the Ra-
pamycin + Alpelisib combination. Nevertheless, the results
clearly demonstrated that, compared with the negative con-
trol group, the Rapamycin + Alpelisib combination signifi-
cantly inhibited lesion progression, which was mediated by
the regulation of the PI3K/AKT/mTOR signaling pathway
and p53 expression. To address this limitation, future stud-
ies should refine the experimental design by incorporating
a positive control group, thereby enabling a more compre-
hensive evaluation of the therapeutic advantages of the Ra-
pamycin + Alpelisib combination relative to other potential
treatment strategies.

Additionally, to initially explore the synergistic effects
of Rapamycin and Alpelisib and evaluate the therapeutic
efficacy of their combination, the dose of the combination
therapy was set to half of the experimental concentration
used for each single drug. This approach was based on the
hypothesis that the two drugs might exert synergistic effects
at low doses, allowing for significant therapeutic efficacy
while reducing potential toxic side effects. However, this
dose selection lacks precise optimization, which may affect
the accuracy of assessing the true synergistic potential and
optimal therapeutic effect of the combination. Although
the current results confirmed the presence of synergistic ef-
fects between the two drugs, future studies should further
optimize the combination dose by calculating the combi-
nation index (CI), which will help to accurately determine
the optimal ratio of the two drugs and further improve the
therapeutic efficacy and safety of the combination therapy.
Furthermore, future studies should conduct more system-
atic and large-scale in vivo animal experiments to further
validate the long-term therapeutic efficacy, biosafety, and
in vivo pharmacodynamic mechanisms of this combination
regimen, so as to provide more solid experimental evidence
for its potential clinical transformation.

6. Conclusions

The overactivation of the PI3K pathway drives ve-
nous malformations. This study reveals that Rapamycin
and Alpelisib synergistically inhibit PI3K and activate P53,
offering significant therapeutic potential for venous malfor-
mations.
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