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Abstract

Background Kaposiform hemangioendothelioma (KHE) is a rare intermediate vascular tumor with unclear patho-
genesis. Recently, three dimensional (3D) cell spheroids and organoids have played an indispensable role in the study
of many diseases, such as infantile hemangioma and non-involuting congenital hemangiomas. However, few research
on KHE are based on the 3D model. This study aims to evaluate the 3D superiority, the similarity with KHE and the abil-
ity of drug evaluation of EOMA spheroids as an in vitro 3D KHE model.

Results After two days, relatively uniform morphology and high viability of EOMA spheroids were generated

by the rotating cell culture system (RCCS). Through transcriptome analysis, compared with 2D EOMA cells, focal
adhesion-related genes such as ltgb4, Fit1, VEGFC, TNXB, LAMA3, VWF, and VEGFD were upregulated in EOMA sphe-
roids. Meanwhile, the EOMA spheroids injected into the subcutaneous showed more obvious KMP than 2D EOMA
cells. Furthermore, EOMA spheroids possessed the similar characteristics to the KHE tissues and subcutaneous tumors,
such as diagnostic markers (CD31 and LYVE-1), cell proliferation (Ki67), hypoxia (HIF-1a) and cell adhesion (E-cadherin
and N-cadherin). Based on the EOMA spheroid model, we discovered that sirolimus, the first-line drug for treat-

ing KHE, could inhibit EOMA cell proliferation and downregulate the VEGFC expression. Through the extra addition

of VEGFC, the effect of sirolimus on EOMA spheroid could be weakened.

Conclusion With a high degree of similarity of the KHE, 3D EOMA spheroids generated by the RCCS can be used
as a in vitro model for basic researches of KHE, generating subcutaneous tumors and drug screening.
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Reported mortality rates from 1991 to 2009 ranged from
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12 to 30%, largely due to factors such as compression
of vital structures, hemodynamic instability, and local
invasion [1, 4, 5]. The pathophysiology of KHE is not
yet completely known. Despite sharing a similar histol-
ogy with Kaposi’s sarcoma, KHE tissue does not positive
for human herpesvirus 8, and its pathophysiology and
behavior are distinct from that of Kaposi’'s sarcoma [6].
The structural attributes of KHE are distinct and serve to
increase turbulent blood flow and stimulate platelet acti-
vation, thereby contributing to its association with KMP
[6]. Although no recurrent cytogenetic anomalies have
been observed in KHE, Zhou et al. recently reported a
balanced translocation t (13;16) (q14; p13.3) in a 7-year-
old male patient with recurrent KHE [7].

Currently, many studies rely on traditional Two-dimen-
sional (2D) in vitro cell culture or animal models for drug
testing and exploring pathogenesis [8]. Both of these
models, however, have insurmountable flaws. The 2D
cell culture system differs significantly from in vivo tissue
structure. The 2D cell culture system lacks the complex
microenvironment of human tumors, including cell—cell,
cell-extracellular matrix interactions, hypoxia, central
necrosis and drug resistance, which are critical factors
influencing cell fate and can lead to drug failure in clini-
cal trials [9]. Three-dimensional (3D) tumor cell culture
can considerably improve in vitro tumor cell vitality, his-
tology, genotype stability, function, and drug metabolism
[10]. A microtumor model of infantile hemangioma was
effectively built, providing a more stable and efficient
experimental model for investigating the mechanism and
drug screening of infantile hemangioma [11]. Further-
more, animal models are unavoidably fraught with chal-
lenges such as high costs and ethical concerns.

Vascular endothelial growth factor C (VEGFC) con-
tributes to tumor progression by affecting tumor cells
directly or by regulating lymphangiogenesis and immune
responses [12]. KHE is a consequence of a combina-
tion of angiogenesis and lymphangiogenesis imbalances,
and VEGFC in lymphatic endothelial cells is essential
throughout the lymphangiogenesis process [13]. Aside
from lymphangiogenesis, the VEGFC/VEGFR-3 signal-
ing pathway has been shown to be important for angio-
genesis, working in tandem with the VEGFA/VEGFR-2
and DIl4/Notch signals to control angiogenesis [14, 15].
Efforts to produce anti-lymphangiogenic therapy for can-
cer based on VEGFC/D signaling offer great potential,
and research into other targets is now underway [16].
In small animal models, such as zebrafish, the specific
anti-lymphangiogenic effects of mTOR inhibition with
rapamycin were observed, potentially mediated by the
antagonism of VEGFC signaling [16]. VEGFC expres-
sion is significantly increased in KHE tissues, suggesting
VEGFC may contribute to the development of KHE [17].
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VEGFC may also stimulate the proliferation and invasion
of tumor-associated immune cells like monocytes and
macrophages, promoting the growth of KHE [18]. Fur-
thermore, Flores et al. showed that sirolimus may exert
anti-lymphangiogenic effects by inhibiting VEGFC [16].
The effectiveness of sirolimus treatment for KHE has
been widely confirmed [19-21]. However, the precise
mechanism of sirolimus in the treatment of KHE is still
unknown.

In this study, with the benefits of 3D cell culture, we
exploited the EOMA spheroids, as the model of KHE
in vitro, generated by the dynamic 3D rotating cell cul-
ture system (RCCS). The generating process and func-
tions of EOMA spheroids were observed and analysed.
Changes in transcriptome were compared between 2D
EOMA cells and 3D EOMA spheroids. Furthermore, we
evaluated the ability of 2D EOMA cells and 3D EOMA
spheroids to generate tumors in mice. The similarity
of 3D EOMA spheroids, subcutaneous tumors and the
KHE tissue was contrasted by the immunohistochem-
istry. Based on 3D EOMA spheroids (the in vitro model
of KHE), the relationship between the effect of sirolimus
and VEGFC was explored and The possible mechanism
of sirolimus in treating KHE has also been analyzed.

Materials and methods

Cell culture

EOMA cells were cultured in the high-glucose Dulbec-
co’s modified Eagle’s medium (DMEM, HyClone, MA,
USA), supplemented 1% penicillin—streptomycin solu-
tion (HyClone) and 10% foetal bovine serum (Gibco, NY,
USA) in a 5% CO, incubator (Thermo) at 37 °C.

EOMA spheroids culture

Glass culture dishes (10 cmx7.35 cm X2 ¢cm) were steri-
lized by autoclave sterilization after being treated with
Sigmacote (Sigma, MO, USA) which was used for pre-
venting cells adhering at dishes. EOMA cells were sus-
pended in medium, then inoculated into a dish at cell
density of 3x10° cells/mL for 10 mL. The dishes were
incubated at 37 °C in a humidified atmosphere and
shaken at a rate of 10 times per minute for 3 days. On
day 1, 2 and 3, the morphology of EOMA spheroids was
observed and assessed by EVOS TM XL Core (Invitro-
gen). The diameter of EOMA spheroids was measured
and analyzed by the Image]. EOMA spheroids were col-
lected by the centrifugation for 5 min at the speed of
500 rpm. The cell number of EOMA spheroids was cal-
culated by the measurement of DNA content. Briefly,
collected EOMA spheroids and 1x10° EOMA cells
were used to extract DNA using the DNA extrac-
tion kit (Tiangen Biotech Corporation, Beijing, China).
The samples were then quantified using a NanoDrop
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spectrophotometer (ND-2000c, Thermo). According to
the total DNA content of 1x10° EOMA cells, the cell
number of EOMA spheroids was calculated. Their via-
bility was examined by the Calcein-acetoxymethyl ester
(Calcein AM)/propidium iodide (PI) cell live/dead assay
kit (Solarbio, CA1630), the fluorescence was observed
via the confocal microscopy. EOMA spheroids were fixed
with 4% formaldehyde for 20 min at room temperature,
stained with rhodamine phalloidin solution (100 nM)
(Cytoskeleton) for 45 min at room temperature and
counter-stained with DAPI working solution for 8 min,
then were observed by the confocal microscopy.

EOMA spheroids xenotransplantation

To compare the ability of forming tumors of 2D EOMA
cells and 3D EOMA spheroids, 2D EOMA cells and 3D
EOMA spheroids (1x10° cells) resuspended in 100 pL
Matrigel were respectively injected into the right flank
of Balb/c nude mice (age: 6-8 weeks). Mice were sacri-
ficed to collect the subcutaneous tumor and blood after 1
week. The platelet was analysed and counted.

Histology and immunohistochemistry

The tumor markers, proliferative ability, hypoxic micro-
environment and cell adhesion and interactions of
EOMA spheroids and EOMA subcutaneous tumor tissue
and KHE tissue were measured and compared through
immunohistochemistry. EOMA spheroids, EOMA sub-
cutaneous tumor tissue and KHE tissue were fixed in
4% neutral formalin at room temperature for 24 h, then
were dehydrated by a graded ethanol series, immersed
in xylene and embedded in paraffin. Samples were fur-
ther cut into 4 pm sections and stained with hematoxy-
lin and eosin (H&E) and primary antibodies against
Ki-67 (ab16667, 1:100, Abcam), HIF-1a (ab51608, 1:100,
Abcam), N-cadherin (66,219-1-Ig, 1:100, Proteintech)
and E-cadherin (ab231303, 1:200, Abcam).

RNA sequencing

The total RNA was respectively extracted from 2D
EOMA cells and 3D EOMA spheroids and their integrity
and quality were assessed. The library products, rang-
ing from 200 to 500 bps, were enriched, quantified, and
sequenced using Illumina’s NovaSeq 6000 outfitted with
the PE150 model after RNA library preparation and DNA
cluster production were finished.

Quantitative real-time polymerase chain reaction (qRT-
PCR)

The total RNA was respectively extracted from after 2
days culture of 2D EOMA cells and 3D EOMA spheroids
by TRIzol (15,596-026, Invitrogen). Complementary
DNA (cDNA) was synthesised using the iScript cDNA
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Synthesis Kit (Bio-Rad). The glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was served as an endogenous
internal control. The PCR reactions were performed in
triplicate followed by gene expression analysis and quan-
tification using the Stratagene analysis software and the
2788C method, respectively (primer sequences were pro-
vided in Table S1).

RNA-seq data analysis

The raw sequencing data underwent initial filtration
using Trimmomatic (version 0.36) to discard low-quality
reads and trim sequences contaminated with adaptors.
Subsequently, clean reads underwent additional process-
ing with custom scripts to mitigate duplication bias stem-
ming from library preparation and sequencing. Initially,
clean reads were grouped based on unique molecular
identifier (UMI) sequences, clustering reads with identi-
cal UMIs together. Within each cluster, pairwise align-
ment was conducted to identify reads with sequence
identity exceeding 95%, which were then organized into
new sub-clusters. Following the generation of all sub-
clusters, multiple sequence alignment was performed to
derive a consensus sequence for each sub-cluster. These
procedures effectively minimized errors and biases aris-
ing from PCR amplification or sequencing.

The consensus sequences, after deduplication, were
employed for standard RNA-seq analysis. The sequences
were aligned to the mouse reference genome employ-
ing STAR software (version 2.5.3a) using default set-
tings. Subsequently, reads mapped to gene exon regions
underwent counting via featureCounts (Subread-1.5.1;
Bioconductor), followed by RPKM computation. Differ-
ential gene expression between experimental groups was
determined using the edgeR package (version 3.12.1),
applying a significance threshold of p-value<0.05 and
fold-change cutoff of 2. Enrichment analyses for differ-
entially expressed genes, involving Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG),
were performed using KOBAS software (version: 2.1.1),
with a significance cutoff of p-value <0.05. Detection of
alternative splicing events was executed utilizing rMATS
(version 3.2.5), with an FDR value cutoff of 0.05 and an
absolute value of Ay of 0.05.

Evaluation of drug effects

After 2 days shacking culture, EOMA spheroids were
collected, then seeded into the 96-well culture plate
at a density of 1x10* cells per well. The cell number
of EOMA spheroids was calculated by the measure-
ment of DNA content. Furthermore, EOMA spheroids
were treated with sirolimus (5nM, 20nM, 50nM, and
100nM) and VEGEFC (5ng/mL, 20ng/mL, 50ng/mL, and
100ng/mL) for 48 h, respectively. For further studying
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the effect of VEGFC to intervention of EOMA sphe-
roids with sirolimus. EOMA spheroids were simultane-
ously treated with the combination of sirolimus (50nM)
and different concentrations of VEGFC (Ong/mL, 5ng/
mL, 20ng/mL, 50ng/mL) for 48 h. The cell viability was
assessed by the CCK-8. For explore the sprouting abil-
ity of EOMA spheroids, EOMA spheroids (5x 10* cells)
were transferred into 50 pL Matrigel, which then treated
with sirolimus (50nM), VEGEC (20ng/mL) and sirolimus
(50nM) + VEGFC (20ng/mL), respectively. The EOMA
spheroid sprouting was observed and analysed after 24
and 48 h of treatment.

Western blot analysis

Briefly, the protein concentration was determined using
the Bradford protein assay kit (Bio-Rad). Then the protein
samples were separated by sodium dodecyl sulphate—
polyacrylamide gel electrophoresis, followed by electro-
phoretically transferred onto a nitrocellulose membrane.
The membrane was incubated with primary antibody in
TBST at 4°C overnight. Next, the membrane was washed
three times and incubated with the appropriate second-
ary antibody. The protein bands were visualized using
enhanced ECL-associated fluorography. The following
antibodies were from Abcam: VEGFC (1:1000 dilution
for WB) and ACTB/B-actin (1:100,000 dilution for WB).

Statistical analysis

For statistical analysis, this study used SPSS 21.0 soft-
ware (SPSS, Inc., Chicago, USA). The mean and standard
deviation for all quantitative values was displayed. For a
quantitative analysis, the Dunnett’s test was applied. For
multiple statistical tests, ANOVA was used. Statistical
significance was defined as any p-value less than 0.05.
The analysis of the RNA-Seq data was performed using
the R software version 4.1.0.

Result

Rapid generation of 3D EOMA spheroid model using RCCS
The RCCS contained a shaker with multilayer and glass
culture dishes (Figure S1). We observed the formation of
spherical multicellular aggregates with an average diame-
ter of approximately 66.87 + 13.2 um after shaking EOMA
cells in RCCS for one day. After two days, reasonably
uniform 3D cell spheroids with an average diameter of
roughly 105.4+15.1 um formed. After three days, the cell
spheroids continued to grow in size, with some fusing
together, and an average diameter of around 110.5+24.8
pum formed (Fig. 1B and C). The FluoroQuench results
revealed that the cell viability was 92.2+0.5%, 91.6 +0.9%
and 87.6+0.6% at day 1, day 2 and day 3, respectively
(Fig. 1D and E). The expression of two endothelial-related
genes (ANG-2 and VWF) was detected by qRT-PCR.
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ANG-2 and VWF were expressed at significantly higher
levels in 3D spheroids than in after 2 days of culture 2D
cells. In addition, the expression levels of VWF and ANG-
2 were significantly higher in EOMA spheroids at day 2
and day 3 than in EOMA cell spheroids at day 1 (Fig. 1E
and G). After shaking and cultured for two days, EOMA
spheroids shown the spherical characteristic (Fig. 1F).

Contrasting the functions of 3D EOMA spheroid and 2D
EOMA cells by transcriptome sequencing

Transcriptome sequencing was conducted on EOMA
spheroid and 2D cells to investigate gene changes dur-
ing EOMA spheroid formation, showing 327 significantly
upregulated genes and 120 significantly downregu-
lated genes (Fig. 2A). Angiogenesis, branching engaged
in blood vessel morphogenesis, positive regulation of
angiogenesis, positive regulation of cell migration, and
sprouting angiogenesis were all found to be signifi-
cantly enriched in GO enrichment analysis (Figure S2.
The ECM-receptor interaction pathway, the PI3K-Akt
signaling pathway, focal adhesion, and platelet activa-
tion were all significantly enriched in the KEGG pathway
enrichment study (Fig. 2B). The focal adhesion signal-
ing pathway serves as a crucial mechanism governing
cell adhesion, migration, proliferation, and differentia-
tion through intricate interactions with the extracellular
matrix (ECM) [22]. This signaling cascade plays a pivotal
role in orchestrating cellular responses to the external
environment, intricately influencing various aspects of
cell behavior and function. The focal adhesion signal-
ing pathway emerges as a pivotal player in angiogenesis,
exerting its influence on the adhesion and migration
dynamics of vascular endothelial cells [23]. The GSEA
analysis of ECM -receptor interaction and Focal adhesion
signaling pathway were shown in Fig. 2C and Fig. 2D.
qRT-PCR confirmed that focal adhesion-related genes
such as Itgh4, Fitl, VEGFC, TNXB, LAMA3, VWF, and
VEGFD were substantially upregulated (Figs. 1H and 2E).

The ability of EOMA spheroids contributing to generate
tumor in immunodeficient mice

To evaluate the ability of EOMA spheroids to gener-
ate tumors in mice, the 2D EOMA cells and 3D EOMA
spheroids were collected, then mixed with matrixgel,
and inoculated subcutaneously into the right abdomen
of nude mice. After one week, the 2D EOMA cells and
3D EOMA spheroids possessed the ability to form the
tumors in mice (Fig. 3A and B). Interestingly, the KMP
was more easily to occur in mice with injected with 3D
EOMA spheroids than 2D EOMA cells (Fig. 3A). Mean-
while, the routine analysis of blood manifested that the
platelets were more significantly reduced in the mice
injected with 3D EOMA spheroids than 2D EOMA cells
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Fig. 1 Fabrication of EOMA spheroids. A Schematic showing formation process and mechanism and applications of EOMA spheroids. B The
morphology of EOMA spheroids at day 1, 2 and 3. C The diameter of EOMA spheroids at day 1, 2 and 3. D Live/Dead staining of EOMA spheroids
atday 1, 2 and 3. E The viability of EOMA spheroids at day1, 2 and 3. F Phalloidine staining of EOMA spheroids at day 2. G The expression of ANG-2
in 2D EOMA cells at day 2 and EOMA spheroids at day 1, 2 and 3. H The expression of VWF in 2D EOMA cells at day 2 and EOMA spheroids at day 1, 2
and 3. *P<0.05, compared to the 2D culture. #P < 0.05, compared to 3D-day1. Scale bars=50 um

(Fig. 3E). the volume of tumors was further contrasted,
the experimental result shown that the average volume
of tumors were bigger in mice with injected with 3D
EOMA spheroids than 2D EOMA cells but there is no
significance (Fig. 3D). It’s worth noting that the uniform-
ity of tumors was better in in mice with injected with
3D EOMA spheroids than 2D EOMA cells (Fig. 3B and
D). HE staining confirmed that tumor cells were grew
actively and densely arrayed in mice with injected with
3D EOMA spheroids than 2D EOMA cells after subcuta-
neous tumor formation (Fig. 3C).

Characteristics of the cell spheroid model

EOMA spheroids after shaking and cultured for two days
and tumors in mice with injected with 3D EOMA sphe-
roids were respectively collected for further study. The
similarity of EOMA spheroids to subcutaneous tumors
and KHE tissue was assessed by immunohistochemistry.
The tumor markers of KHE, such as platelet endothelial

cell adhesion molecule-1 (CD31) and LYVE-1, were
evaluated. The CD31 was expressed similarly in all three
groups (Fig. 4A). However, the LYVE-1 was found to be
strongly expressed in EOMA spheroids and KHE tis-
sues, but not in subcutaneous tumors (Fig. 2B). The pro-
liferative marker Ki67 and the hypoxia marker hypoxia
inducible factor 1a(HIF-1a) were all expressed similarly
in all three groups (Fig. 2C and D). Furthermore, neither
E-cadherin nor N-cadherin were substantially expressed
in any of the three groups (Fig. 2E and F). In general,
EOMA spheroids possessed the similar characteristics to
the KHE tissues and subcutaneous tumors.

The effect of sirolimus on EOMA spheroids

After shaking and cultured for two days, EOMA sphe-
roids were collected, then treated with sirolimus (5nM,
20nM, 50nM, and 100nM). The CCK-8 result shown
that compared with DMSO group, the sirolimus (5nM,
20nM, 50nM, and 100nM) could inhibit the EOMA cell
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proliferation, especially in the concentration of sirolimus
over 20nM (Fig. 5A). Therefore, the 50nM sirolimus was
selected for further study. EOMA spheroids treated with
EOMA spheroids or DMSO were used to extract protein
for WB. Flores et al. showed that sirolimus may exert
anti-lymphangiogenic effects by inhibiting VEGFC [16].
We founded that the VEGFC expression was higher in
DMSO group than 50nM sirolimus group (Fig. 5B and C).
Furthermore, immunohistochemistry demonstrated that
VEGFC was considerably more abundant in KHE than in
adjacent tissues. VEGFC was highly expressed in EOMA
spheroids, subcutaneous tumors and KHE than normal
human skin tissue (Fig. 5D). These results indicated that
the VEGEC could be likely very important to KHE devel-
opment and sirolimus inhibited the EOMA cell prolifera-
tion probably via reducing the VEGFC expression. To test
these ideas, EOMA spheroids were treated with VEGFC
(5ng/mL, 20ng/mL, 50ng/mL, and 100ng/mL). The
CCK-8 result shown that compared with the control, the
VEGEC (5ng/mL, 20ng/mL, 50ng/mL, and 100ng/mL)
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could promote the EOMA cell proliferation, especially
in the concentration of VEGFC over 20ng/mL (Fig. 5E).
For studying the intervention of EOMA spheroids treated
with 50nM sirolimus by adding different concentrations
of VEGFC (5ng/mL, 20ng/mL, 50ng/mL), 20ng/mL
VEGEC could significantly reverse the inhibitory effect
of sirolimus on EOMA spheroids (Fig. 5F). The sprout-
ing of EOMA spheroids could be greatly inhibited by
50nM sirolimus. Inhibitory effect of sirolimus on EOMA
sprouting can be slightly reversed by VEGFC (20ng/mL)
(Fig. 5G and H).

Discussion

Obtaining a suitable model to summarize the complex
tumor-host interactions is essential for comprehending
tumor biology and devising effective therapeutic strate-
gies [24]. 3D cell culture can provide cells with a physi-
ological environment that is closer to nature, allowing
cells to better simulate their functions and interactions
in vivo and forecast their behavior in vivo with higher
precision [25]. In order to improve the modeling of KHE,
an ailment for which our understanding of the pathologi-
cal and therapeutic mechanisms is presently restricted,
we generated a 3D EOMA spheroid model utilizing the
RCCS. We successfully constructed a 3D-EOMA cell
spheroids model and found 327 significantly upregulated
genes and 120 significantly downregulated genes during
spheroid formation by transcriptome sequencing. Com-
pared to 2D Culture, A number of pro-tumoral genes
were substantially upregulated. By immunohistochem-
istry, we found that the 3D EOMA spheroid model and
the EOMA subcutaneous xenograft tumor model of nude
mice shared some similarity with the KHE tissue.

Several methods have been developed to generate 3D
cell spheroids, such as scaffold-based methods (matrix
encapsulation and spinner flasks) and scaffold-free meth-
ods (hanging drop and microwell method) [26]. Gener-
ally, all of these methods can be used to culture tumor
spheroid with multicellular structure and cell-cell inter-
actions and regulations of various substrates make tumor
spheroids more similar to the drug response in vivo,
but have their respective characteristics and advantages
[26, 27]. Hydrogel is mainly used to supply the scaffold
and ECM for supporting organization of tumor cells in
the matrix encapsulation method. Although hydrogel
can supply external cues which boost cell-cell and cell-
ECM interaction but tumor spheroids with heterogene-
ous shape and size are difficult to observe and analyze
in hydrogel. The operation and cost of matrix encap-
sulation are tedious and expensive and culture time is
often very long, over 4-5 days [26]. The hanging drop
takes advantage of the gravitational force to induce
organization of tumor cells and the microwell method
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Fig. 3 EOMA spheroids xenotransplantation. A The image of subcutaneous tumor model in nude mice with injected with 3D EOMA spheroids
than 2D EOMA cells. B The image of subcutaneous tumors. C The H&E of subcutaneous tumors. D The tumor volume of subcutaneous tumors.

E The platelet count. *P<0.05, compared to 2D

uses low attachment plates to reduce the cell —sub-
strate interaction for generating tumor spheroids. These
methods are low-cost and broad-spectrum and need
short period of time (1-3 days). However, the operation is
tedious, tumor spheroids is hard to collect and it is diffi-
cult to achieve on a large scale [25, 28]. Spinner flasks and
RCCS are based on the same type of generating spheroids
(shaking system). Through rotating and rocking, cell-cell
contact and interaction are promoted to accelerate the
self-aggregation of tumor cells. The shaking culture pro-
vides the dynamic microenvironment which improves
the exchange efficiency of substances and is conducive to

cell survival and large-scale culture. Moreover, the col-
lection of tumor spheroids is simple and culture time is
short period of time (1-3 days), which is favorable for the
application of tumor spheroids. The RCCS has been used
to culture large-scale hepatocyte spheroids (10' cells)
[29]. Consequently, each method has its advantages and
disadvantages. The RCCS can efficiently generate tumor
spheroids for drug screening and basic research.
Approximately 44% to 71% of cases of KHE are accom-
panied by life-threatening consumptive coagulopathy
and severe thrombocytopenia [30]. Platelet trapping can
be seen histologically in KHE with or without KMP [31].
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Platelet activation can result in the release of growth fac-
tors such as transforming growth factor (TGF) and VEGF,
both of which can increase the growth and proliferation
of endothelial and tumor cells [32]. Platelet activation
in KHE patients may result in platelet aggregation and
thrombus development, resulting in vascular inflamma-
tion and tumor progression [18]. In our study, we found
that after EOMA formed spheroids, the platelet activa-
tion signaling pathway was significantly enriched. The
Focal adhesion signal pathway is a signaling mechanism
that regulates cell adhesion, migration, proliferation,
and differentiation by interacting with the extracellular
matrix (ECM) [22]. The Focal adhesion signal pathway
can play a role in angiogenesis by influencing the adhe-
sion and migration of vascular endothelial cells [23]. The
Focal adhesion signal pathway can regulate cell survival,
proliferation and differentiation by activating various
downstream signaling pathways, such as Rho GTPases,

MAPK and PI3K/AKT [23]. In our research, we found
that after EOMA spherogenesis, focal adhesion-related
genes, including ITGB4, FLT1, VEGFC, TNXB, LAMAS3,
VWF and VEGFED, were significantly upregulated. The
genes FLT1, VEGFC, VWF, and VEGFD are closely linked
to angiogenesis and vascular function, playing important
roles in tumor angiogenesis. Their positive expression in
KHE indicates their potential contribution to the angio-
genesis and tumor progression of this condition [33, 34].
Related signaling pathways, including ECM-receptor
interaction pathway, PI3K-Akt signaling pathway, and
MAPK signaling pathway, were highly enriched. The
Focal adhesion signaling pathway may play an important
role in the development of KHE.

The overexpression of VEGFR-3 in KHE may cause
aberrant endotheslial cell proliferation, and thereby,
accelerating the development of tumors [17, 35, 36].
VEGEFR-3 is the main receptor for VEGFC and VEGFD
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and is involved in regulating endothelial cell prolifera-
tion, migration, and angiogenesis [37]. In our research,
we discovered that in EOMA cell spheroids, both VEGFC
and VEGFD were substantially upregulated. Additional
immunohistochemical testing supported the finding that
VEGEFC was markedly elevated in KHE tissues. VEGFC
has been shown to stimulate tumor cell growth and
migration, as well as enhance neovascularization [38].
High VEGFC expression is associated with poor progno-
sis and metastasis in some kinds of tumors [39]. In our
research, we discovered that VEGFC can substantially
promote EOMA proliferation.

The Food and Drug Administration of the United States
has not yet approved any pharmaceuticals to treat KHE
[21]. Consensus treatment protocols recommend the
administration of corticosteroids and/or vincristine [40].
However, many patients did not respond to corticoster-
oid monotherapy [41]. Furthermore, vincristine has been
demonstrated to be ineffective in some severe KHE cases
[42]. Since 2010, an increasing number of studies have
documented sirolimus’s unique therapeutic effects in the
treatment of KHE [30, 43, 44]. In our previous studies, the
effectiveness and safety of sirolimus in treating KHE were
confirmed through short-term and long-term follow-up
[19, 20]. We showed in a clinical randomized controlled
trial that the combination of sirolimus and prednisolone
is extremely effective in treating KHE combined with
KMP [21]. Sirolimus is a drug that inhibits the mam-
malian target of rapamycin protein, which is important
in cell development and survival. However, the mecha-
nism of sirolimus in treating KHE is largely unknown. In
the present study, we demonstrated that sirolimus can
inhibit the proliferation of EOMA by downregulating the
expression of VEGFC, and the addition of VEGFC can
effectively rescue the inhibition of sirolimus on EOMA.
Sirolimus may exert its effects in the treatment of KHE by
inhibiting the expression of VEGFC.

Conclusion

The RCCS could be used to rapidly generate 3D EOMA
spheroids as the in vitro KHE model. Compared to the
2D EOMA cells, focal adhesion-related genes were
upregulated in 3D EOMA spheroids. Furthermore,
EOMA spheroids injected into the subcutaneous showed
more obvious KMP than 2D EOMA cells. Characteris-
tics of EOMA spheroids were highly similar to subcuta-
neous tumors and the KHE tissue. Based on the EOMA
spheroid model, we discovered that sirolimus, the first-
line drug for treating KHE, could inhibit EOMA cell
proliferation and be downregulated the VEGFC expres-
sion. Through the extra addition of VEGFC, the effect of
sirolimus on EOMA spheroid could be weakened. In con-
clusion, with a high degree of similarity of the KHE, 3D
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EOMA spheroids generated by the RCCS can be used as
a in vitro model for basic researches of KHE, generating
subcutaneous tumors and drug screening. VEGFC may
play an important role in the development of KHE, and
sirolimus may inhibit the progression of KHE by reduc-
ing the expression of VEGFC.
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