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Extracellular vesicles rich in HAX1 promote angiogenesis
by modulating ITGB6 translation
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1 | INTRODUCTION

Nasopharyngeal carcinoma (NPC), an epithelial carcinoma arising from the nasopharyngeal mucosal lining, is the most common
malignancy among head and neck squamous cell carcinomas (HNSCCs) and is highly invasive and metastatic (Zhu et al., 2021).
It is common in southern China and Southeast Asia (Chen et al., 2019). Early detection and timely therapy can help patients
achieve a better prognosis (Agulnik et al., 2017). However, tumour metastases typically occur in the terminal stage (Li et al., 2015;
Zhang et al.,, 2021), and the benefits of treatment for advanced patients are usually limited.

Angiogenesis, the process of new vessel formation, is an original hallmark of cancer (Hanahan & Weinberg, 2011). This pro-
cess requires ‘tip” cells and ‘stalk’ cells, which follow tip cells and proliferate to provide new ECs for growing sprouts (Kim et al.,
2019; Watson et al., 2016). Angiogenesis is regulated by a balance between angiogenic and angiostatic factors and is involved
in cancer (Carmeliet & Jain, 2000; Pralhad et al., 2003). In 1971, the late Dr. Judah Folkman first proposed the concept that
tumour growth and metastasis require pathological angiogenesis (Carmeliet & Jain, 2000). Subsequent studies have shown that
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tumour-associated vessels transport oxygen and nutrients and produce factors that can support the cancer microenvironment
thus promoting tumour growth, progression and metastasis (Stuelten et al., 2018). Currently, vascular endothelial growth factor
A (VEGFA) is considered the most predominant angiogenic factor, which initiates this process by engaging VEGF receptor 2
(VEGFR?2) (Stratman et al., 2020; Wu et al., 2017). Therefore, VEGF is the most important therapeutic target for cancer angio-
genesis (Lin et al., 2017). However, the currently available antiangiogenic therapies for malignant solid tumours are disappointing
(Zhou et al., 2020). Therefore, understanding a distinct mechanism is an urgent requirement.

HSI-related protein X-1 (HAX1) is a 35 kDa ubiquitously expressed protein that is mainly localised in the mitochondria, but
can also be found in the endoplasmic reticulum and nuclear membrane (Jeyaraju et al., 2009; Skokowa et al., 2012). HAXI is
involved in various important physiological processes including the regulation of apoptosis, migration, endocytosis and calcium
homeostasis (Fadeel & Grzybowska, 2009). HAXI1 plays complex biological roles by directly interacting with various proteins
as well as the 3'untranslated region (3’-UTR) of mRNA (Simmen, 2011). HAX-1 expression is significantly increased several
tumours including esophageal squamous cell carcinoma, colorectal cancer, oral squamous cell carcinoma, lung cancer, lym-
phoma, melanoma, leukaemia, myeloma, breast cancer and hepatoma (Farajifard et al., 2018; Karapinar et al., 2017; Liang et al.,
2020; Sheng & Ni, 2015; Trebinska-Stryjewska et al., 2019; Wu et al., 2017). HAXI1 overexpression is also implicated in the poor
prognosis of patients with tumours. Our previous studies revealed that EVs rich in HAX1 affect the prognosis of NPC by pro-
moting vessel formation (You et al., 2016). However, the molecular mechanism by which HAXI promotes angiogenesis in NPC
has not been elucidated. A study on the complex function of HAX has indicated that it can act as a post-transcriptional regulator
by interacting with the 3’ UTR of a specific mRNA (Simmen, 2011). However, the biological functions and effects of this binding
remain unclear. Therefore, it is necessary to explore the possibility that HAX1 promotes angiogenesis by interacting with the 3’
UTR of vasculogenic mRNA.

The 3'-UTR is considered to be involved in regulating RNA transcription (Zhao et al., 2017). However, Solomon et al. found
that the 3-UTR can also be a target for regulating protein translation (Backlund et al., 2009; Solomon et al., 2017). Translation
deregulation is an important hallmark of most cancers (Fagan et al., 2017; Howard et al., 2019). Regulation of translation is
largely dependent on the eukaryotic initiation factor 4F (eukaryotic initiation factor 4F, eIF4F) complex, which scans the 5 end
of mRNA to recognise the initiation codon (Ho & Lee, 2016). Many oncogenic signalling pathways are known to modulate protein
synthesis (Fagan et al., 2017; Howard et al., 2019). For example, the PI3K/AKT/mTOR pathway affects eIF4F complex assembly
to promote cap-dependent mRNA translation (Gandin et al., 2016; Guo et al., 2020; Thoreen, 2013). eIF4F is a heterotrimeric
complex comprising the 5 cap binding protein eIF4E, the scaffold protein eIF4G, and an ATP-dependent helicase eIF4A, and its
function is modulated by eIF4E-binding proteins (4E-BPs) (Boussemart et al., 2014). Previously, scientists studied the effect of
uncontrolled protein synthesis in the tumour itself. However, the effect of tumour exosomes on protein synthesis in ECs remains
to be elucidated.

EVs are membrane-enclosed vesicles that are released by prokaryotic and eukaryotic cells, including exosomes, ectosomes,
microvesicles, microparticles, apoptotic bodies and other EV subsets (Adamiak et al., 2018). Currently, EV's play an indispens-
able role in intercellular communication by carrying a rich cargo, including packaged proteins, DNA, RNA and lipids (Madeo
et al,, 2018). Increasing evidence indicates that EVs are involved in the progression of various human disorders through several
mechanisms, including tumour metastasis, recurrence and drug resistance (Geng et al., 2020; Simeoli et al., 2017). In tumour
microenvironment studies, EV's derived from cancer cells have been implicated in premetastatic niche formation by accelerating
angiogenesis (Geng et al., 2020; Wu et al., 2019). In our previous study, we found that EV's secreted by NPC promote angiogenesis
and tumour metastasis (You et al., 2016). However, many important details of this mechanism are yet unclear.

In the present study, we explored the molecular mechanisms by which EVs HAX1 affects angiogenesis in NPC. We confirmed
the role of HAXI playing in angiogenesis by animal and cell models. Furthermore, using ribosome profiling, we identified the
downstream protein modulated though translation by HAX], and test it by rescue experiments.

2 | MATERIALS AND METHODS
2.1 | Human NPC specimens

With approval from the ethics committee, serum samples and tumour tissues were collected from 51 patients with pathologically
confirmed NPC at the Affiliated Hospital of Nantong University. Blood samples were collected in 10 ml Vacutech Vacuum Blood
Collection Tubes K2 EDTA purchased from Zhejiang Kangshi Medical Equipment Co., Ltd. (Zhejiang, China) and stored at 4°C.
And the volume of serum samples collected is 5 ml per person. Tumour tissues samples were stored at —80°C prior to use. All
included patients provided informed consent and did not receive any cancer treatment before the biopsy. Immunohistochemistry
was performed to detect HAX1 and CD3I expression. Kaplan—Meier analysis was used to evaluate the prognostic significance of
HAXI.



m— é ISEV L=

2.2 | Cell culture

The human NPC cell lines cells were cultured in RPMI 1640 (Biological Industries Israel Beit-Haemek, 01-100-1ACS) containing
10% FBS (Biological Industries Israel Beit-Haemek, 1304-001-1ACS), and HUVEC: cells were cultured in DMEM/F-12(HAM)1:1
(Biological Industries Israel Beit-Haemek, 01-19 72-1ACS) containing 10% FBS. Cells were grown at 37°C with 5% CO,.

2.3 | Immunohistochemistry (IHC)

IHC for HAX1 and CD31 were performed as previously described. The staining intensity score was divided into four grades: 1
(negative), 2 (weakly positive), 3 (moderately positive) and 4 (strongly positive) and the staining area score was divided into :1
(0%-25%), 2 (26%-50%), 3 (51%-75%) and 4 (>75%). the final staining score was defined as the product of the two scores, with
scores of 0-8 defined as HAXI low expression and scores of 9-16 defined as HAX1 high expression.

2.4 | Transfection with plasmids and lentiviral vectors

All transfection experiments were performed as described previously. Plasmids, lentiviral vectors and their negative controls
were constructed and produced by GeneChem (Shanghai, China). The short hairpin RNA (shRNA) sequences are listed below:
shHAX1: ccAGAGGCCATTTCATAGGTT
shITGB6: gcCTCCAAACATTCCCATGAT
HUVECs and CNE2 cells were transfected with LV-HAX1-GFP or LV-ITGB6 (GV218; GeneChem) for 12 h.

2.5 | Zebrafish experiments

Zebrafish were kept at 26.5°C and bred under standard conditions. Tg(fli:egfp) and Tg(LR57:GFP) transgenic zebrafish lines were
used as previously described (Krueger et al., 2011). Morpholino antisense oligomers (MOs; Gene Tools) were prepared at a stock
concentration of 1 mM according to the manufacturer’s protocol. The MOs or EV's were injected into the yolk of one-cell-stage
embryos. After 24 h, zebrafish were anesthetised with 0.16 mg/ml tricaine and embedded in 1% agarose. Using a 25X objective,
confocal stack images of the trunk and head region were obtained in time intervals of 20 min. For zebrafish tumour models, 300
tumour cells in 5 nl RPMI 1640 medium stained with 2 g/ml Dil (Beyotime, C1036) were injected into the common cardinal of
zebrafish embryos at 48 h post fertilisation.

2.6 | EVsisolation and uptake

EVs were collected essentially as previously described (Théry et al., 2018). To isolate EVs from cell culture supernatants, the cul-
ture supernatant of CNE2 cells was subjected to differential centrifugation at 500 X g for 10 min, 3000 X g for 60 min, and 10,000
X g for 60 min at 4°C. After filtering through a 0.22 m filter, the supernatant was transferred to an ultracentrifuge tube. Next, the
supernatant was centrifuged at 100,000 X g (XPN-100, Beckman Coulter) for 90 min at 4°C. CNE2 cells were cultured in RPMI
1640 (Biological Industries Israel Beit-Haemek, 01-100-1ACS) without FBS for 24 h prior to collect the culture supernatant. The
isolated EV's were resuspended in phosphate-buffered saline (PBS). To detect the uptake of EVs by recipient cells, we used a
PKH-26 labeling kit (Sigma-Aldrich, MINI26-1KT) to label EVs and then cocultured them with HUVECs for 2 h. Finally, the
HUVECs -nuclei were stained with Hoechst. Images were acquired using a confocal microscope (Axio Observer, Zeiss, Gottin-
gen, Germany,). Further, to detect the uptake of HAXI1 of EVs by HUVECs, we used an upper and lower chamber cocultivation
system. After 48 h, the HUVECs in the lower cavity were stained with Hoechst stain and imaged.

2.7 | BALB/c nude mice models

To assess the role of HAX1 in NPC lung metastasis in vivo, CNE2 cells were transfected with lentivirus. Next, 2 x 10° luciferase-
labeled CNE2 cells in 200 ul RPMI 1640 medium were injected into the tail veins of 5-to 6-week-old male nude mice. To confirm
successful injection, the photon flux from the whole body of mice was measured weekly using IVIS Lumina Series IIT (Caliper
Life Sciences, Mountain View, CA, USA). Over the course of 6 weeks, bioluminescence imaging (BLI) analysis of each mouse was
performed to monitor lung metastasis. To identify the mechanism by which HAX1 is involved in metastasis, HAX1-overexpressing
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CNE2 cells were transfected with or without lentiviral shITGB6 or were treated with PF573228. The resultant cells were then
injected into the tail veins of nude mice at 2 X 10° cancer cells per mouse. BLI was then performed after 6 weeks. All BALB/c
mice were obtained from the Laboratory Animal Center of Nantong University

2.8 | Transmission electron microscopy

First, 20 pl of fresh EVs were dried on a copper grid for 15 min. The samples were then fixed in 2.5% glutaraldehyde for 1 h
and stained with 3% phosphotungstic acid for 1 min. The EVs were then immediately observed using a transmission electron
microscope (JEOL Ltd., Tokyo, Japan, JEM-1230).

2.9 | Western blot assays

Immunoblotting was performed using whole-cell lysates. Protein content was quantified using a BCA kit (Thermo Fisher Sci-
entific, 23327). Protein samples were separated using polyacrylamide gel electrophoresis and transferred to nitrocellulose mem-
branes. After blocking with blocking buffer for 1 h, the cells were incubated with the appropriate antibodies (indicated in the
table below) at 4°C overnight.

2.10 | Transwell assay

Migration assays were performed using Transwell inserts (Corning, 3422) with a pore size of 8 um. In total, 5 X 10* cells suspended
in serum-free medium were added to the upper chambers, and medium containing 10% fetal bovine serum was added to the lower
chambers. After 16 h of incubation, the cells attached to the upper side were removed, and the cells attached to the underside of
the membrane were fixed and stained with crystal violet. Digital images were obtained from the membranes, and five random
fields were counted per chamber. Furthermore, we measured the number of cell by Image].

2.11 | Tube formation assay

Tube formation assays were performed according to a published protocol. Fifty microlitres BD Matrigel (Corning, 354234) was
coated onto each well of a 96-well plate. Then, the plate was incubated at 37°C for 30 min. Next, HUVECs (2 x 10* cells) were
seeded into the wells of the plate and incubated for 6 h. Images were taken with a microscope (Zeiss, Gottingen, German, Axio
Obse) at X100 magnification. The tube formation ability was quantified using Image ] (Wayne Rasband, National Institute of
Health, USA) and Angiogenesis Analyzer plugin (Gilles Carpentier, Universite Paris Est Creteil Val de Marne, France). Each
experiment was performed in triplicate.

2.12 | Chorioallantoic membrane assay

Chicken chorioallantoic membrane (CAM) assays were performed according to a published protocol with slight modifications.
Fertilised chicken eggs were cleaned with 70% ethanol and incubated at 37-38°C under 50%-60% humidity. After 3 days, a
window (10 X 10 mm) was cut in the shell and a sterilised gelatin sponge treated with EVs was placed on the chorioallantoic
membrane. After 10 days, the vessels surrounding each sponge were counted using a microscope.

2.13 | Immunoprecipitation and mass spectrometry

Preparation of cell extracts followed by coimmunoprecipitation (coIP) was performed using the Co-Immunoprecipitation Kit
(Thermo Scientific, 14321D), according to manufacturer’s instructions. Briefly, for each IP reaction, 1-1.5 mg of cell extracts and
15 ug of rabbit HAXI antibody or 15 pug of mouse eIF4E antibody were combined in a final volume of 500 pl of the IP buffer and
incubated overnight at 4°C, followed by four rapid washes with coIP buffer. Finally, proteins were eluted using elution buffer.
The IP samples are used to perform Western blot ting and LC-MS/MS experiments

LC-MS/MS experiments were performed on a Q Exactive mass spectrometer that was coupled to Easy nLC (Thermo Scien-
tific). The MS data was analysed using MaxQuant software version 1.6.0.16. MS data was searched against the UniProtKB Rattus
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norvegicus database. The database search results were filtered and exported with <1% false discovery rate (FDR) at peptide-
spectrum-matched level, and protein level, respectively. Finally, KEGG analysis was performed using KEGG Mapper.

2.14 | Immunofluorescence assay

Cells were seeded in 15-mm glass bottom cell culture dishes (Corning, 354469) at a density of 5 X 10* cells. After a day, the cells
were washed three times with PBS and fixed with 4% paraformaldehyde for 20 min. The cells were then washed three times
with PBS, and permeabilised with 0.2% Triton X-100 (Beyotime, ST795) at room temperature for 10 min. After washing three
times with PBS, the cells were incubated overnight at 4°C with the primary antibodies antieIF4E and antieIF4G antibodies.
After washing three times with PBS, and incubating with a fluorescent dye-labelled secondary antibody for 1 h in the dark, an
antifluorescence attenuator containing Hoechst stain (Thermo Fisher Scientific, 62249) was then added followed by imaging.

2.15 | Polysomal fractionation experiment

Sucrose density gradient centrifugation was performed to separate the subpolysomal and polysomal ribosome fractions. Fifteen
minutes before collection, the cells were incubated with 100 pg/ml cycloheximide at 37°C. Next, the cells were washed, scraped
into ice-cold PBS supplemented with 100 pg/ml cycloheximide, and centrifuged at 3000 rpm for 5 min; next, 400 ul of LSB buffer
(20 mM Tris, pH 7.4,100 mM NaCl, 3 mM MgCl,, 0.5 M sucrose, 2% Triton X-100,1 mM DTT, 100 U/ml RNAsin, and 100 pg/ml
cycloheximide) was added after homogenisation, and was supplemented with 0.2% Triton X-100 and 0.25 M sucrose. The sample
was centrifuged at 12,000 X g for 10 min at 4°C. The resulting supernatant was adjusted with 5 M NaCl and 1 M MgCl,. The lysate
was then loaded onto a 10%-45% sucrose density gradient and centrifuged using an SW41 rotor at 38,000 rpm at 4°C for 2 h. A
gradient grading system (Isco) was used to monitor and collect the polysomal fractions.

2.16 | Translation efficiency analysis

HUVECs in the NC and shHAXI groups were lysed following the vendor’s recommended protocol (lc-bio). Ribosome profiling,
RNA sequencing, and preliminary data analysis were performed by lc-bio Co. Translation efficiency was calculated by comparing
transcriptome and ribosome profiling data. Genes with a log2(FC) greater than 1 (p < 0.05) were considered significant, allowing
us to identify the groups of genes regulated only at the translational or transcriptional levels. Genes that were downregulated at
the translational level under HAX1 knockdown conditions were further studied in subsequent experiments.

2.17 | Statistical analysis

Calculations were performed using GraphPad Prism Software. Results are presented as means + S.D. of at least three independent
experiments unless otherwise specified. Analysis of correlation was performed in R using the Pearson correlation test. Kaplan—
Meier curves were used to analyse survival. Datasets with Gaussian distributions were compared using One-way ANOVA and
two-tailed Student’s t-tests. p < 0.05 was considered statistically significant.

Antibodies used for Western blot and immunohistochemistry

Antibodies Manufacturer Catalogue numbers Dilution (WB) Dilution (IHC) Dilution (IF)
HAX1 Abclonal A5551 1:500 1:200

ACTB Proteintech 20536-1-AP 1:1000

elF4Al Abcam Ab31217 1:1000

elF4E Sangon Biotech sc-271480 1:500 1:100
4EBP1 Abclonal A19045 1:500

p- 4EBP1(T70) Proteintech A0031 1:500

p- 4EBP1 (S65) Proteintech AP0032 1:500

elF4G Proteintech 15704-1-AP 1:100
ITGB6 Abclonal A16904 1:500

FAK Abclonal Al11195 1:1000

p-FAK (Tyr397) Cell Signaling Technology 8556 1:1000
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3 | RESULTS

3.1 | HAXI1 upregulation promotes NPC metastasis and angiogenesis

To examine the role of HAXI on NPC progression, we analysed the expression of HAXI in 51 NPC tissues by immunohisto-
chemistry (IHC) (Figure la). High expression of HAXI was associated with the late clinical stage (Figure 1b). Further, data from
521 patients with HNSCC from The Cancer Genome Atlas (TCGA) showed that patients with high HAXI expression had a sig-
nificantly poorer prognosis (Figure 1c, p = 0.011). Next, we calculated the microvessel densities (MVDs) in NPC tissues using
CD31IHC. Patients in the late clinical stage showed high MVD in the NPC tissues (Figure 1d,e). Furthermore, MVDs and HAX1
expression were positively correlated (Figure 1f,g).

To further investigate the correlation of HAX1 and NPC metastasis, we examined the expression of HAXI in six NPC cell
lines and a normal nasopharyngeal epithelial cell line. The highest expressing cells (CNE2) and a cell line with low to moderate
expression levels (6-10B) were selected for further study (Data not shown). Zebrafish and BALB/c mouse models were used to
further determine the relationship between HAXI1 expression and NPC metastasis. First, CNE2 cells and 6-10B cells expressing
shHAX1 or GFP-HAXI1 were generated using lentiviral transduction (Figure 1h). We then injected luciferase-labelled transduced
CNE2 cells and 6-10B cells into nude mice via tail vein injection, and monitored their tumour growth by measuring the resulting
bioluminescence (BLI). We found that HAX1 knockdown significantly inhibited the metastatic ability of CNE2 cells and 6-10B
cells (Figure 1i,j).

We then established a zebrafish tumour model for NPC metastasis research. We stained CNE2 cells with DIL and injected
them into the common cardinal vein of zebrafish (Figure 1k). On the third day after the injection, we found that the number of
metastatic tumour cells in the zebrafish tail was lower in the shHAX1 group compared to those in the NC group (Figure 11,m).
Opverall, HAXI expression in NPC was found to affect NPC progression and angiogenesis.

3.2 | EVsrichin HAXI1 promote angiogenesis in NPC

To determine the role of HAXI1 in promoting angiogenesis, we transfected NPC cells with shHAXI lentivirus or the vector virus,
cocultured them with HUVECs, and then proceeded to subsequent experiments in vitro (Figure 2a). Compared with the NC
group, formation of vessel structures and migration capacity of HUVECs cocultured with CNE2-shHAX1 and 6-10B-shHAX1
was substantially attenuated (Figure 2b—g). Tumours can promote angiogenesis by secreting proangiogenic factors directly or
by transferring proteins via EVs. To identify the mode of angiogenesis induced by NPC, GW4869, an inhibitor of neutral sph-
ingomyelinase that effectively reduces EVs release (Catalano & Odriscoll, 2020), was used in the coculture system. GW4869
treatment significantly inhibited the ability of CNE2-NC to promote angiogenesis (Figure 2h-j). These findings, we investi-
gated whether HAX1 could be taken up by HUVECsS in the form of EVs. We thus transduced CNE2 cells with GFP-HAX1 and
separated the EVs from CNE2 cell culture medium. These EVs were characterised by electron microscopy and marker expres-
sion (Figure 2k,1). We cocultured HUVECs with isolated EV's for 24 h, and found green fluorescence in HUVECs by confocal
microscopy, indicating that HAX1 could be taken up by HUVECs from CNE2 cells (Figure 2m).

Therefore, we investigated whether HAX1 of EVs affected angiogenesis and metastasis in subsequent studies. We collected the
cell culture supernatants of CNE2-NC and CNE2-shHAXI cells at 48 h and isolated the respective EVs. Compared to the coculture
with NC-EVs, HUVECs cocultured with shHAX1-EVs showed inhibition of tubule formation (Figure 2i). Next, we injected these
two groups of EVs into zebrafish embryos or placed them on a chick chorioallantoic membrane (CAM). As observed in the
in vitro experiments, shHAXI1-EVs significantly inhibited the sprouting of CAM and zebrafish embryonic vessels (Figure 3a-c).
Angiogenic sprouting behaviour was not affected initially (Figure 3c, 30 and 35 hpf). However, at later stages, compared with
PBS and shHAXI-EVs, the intersegmental vessels of zebrafish embryos treated with NC-EVs formed more vascular sprouts.
(Figure 3c, 40 hpf). Notably, that new vessels may provide ducts for tumour metastasis. Therefore, to determine whether HAXI
of EVs can promote metastasis, we injected luciferase-labelled CNE2 cells and 6-10B cells into the tail vein of nude mice, and
then injected NC-EVs, shHAXI-EVs or GFP-HAX1-EVs into the mice, once every 3 days. We found that compared with the
NC-EVs group, the shHAX1-EVs group had fewer distant metastases, whereas the GFP-HAXI-EVs group had more distant
metastases (Figure 3d-f). To determine whether the function of EVs depends on the number of EV's or the HAX1 content in EVs,
we determined the abundance of EVs in the serum of patients with NPC (n = 170). We found no significant statistical correlation
between the density of serum EV's and disease progression and patient prognosis (Table 1, Figure SIA-F).

3.3 | HAX]I affects angiogenesis both in vitro and vivo

To further identify the effect of HAX1 on angiogenesis, we knocked down HAXI1 in HUVECs using lentiviral transduction
(Figure 4a). In vitro experiments showed that HAX1 knockdown inhibited the migration and tube formation capability of
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FIGURE 1 HAXI overexpression is related to NPC metastasis and angiogenesis. (a) Representative immunohistochemical analysis (IHC) images of HAX1
staining in tumour tissues of different clinical grades from patients with NPC, bar: 100 um. (b) Statistical comparison of HAXI1 scores in different clinical
grades. (*p < 0.05, **p < 0.01, one-way ANOVA). (c) Kaplan-Meier curves showing the correlation between HAXI1 expression and overall survival by the
log-rank test (Data from TCGA-HNSCC). (d) Tumours were analysed by IHC for microvessel densities (MVDs), bar: 100 pm. (e) Statistical comparison of
number of MVDs in different clinical grades (**p < 0.01, ***p < 0.001, one-way ANOVA). (f) Representative IHC images of MVDs and HAXI staining. (g)
Spearman correlation between HAX1 score and MVDs in NPC. Pearson correlation coefficient (r?) and p-values are shown. (h) Up: the HAX1 levels of
CNE2-NC, CNE2-shHAXI and CNE2-GFP-HAXI were measured by Western blotting. Down: The HAXI levels of 6-10B-NC, 6-10B-shHAX1 and
6-10B-GFP-HAXI were measured by Western blotting. (i) Visualisation of lung metastasis after intravenous injection of transfected NPC cells in BALB/c mice.
(j) Mean fluorescence intensity (*p < 0.05, one-way ANOVA). (k) Schematic diagram of common cardinal vein injection in zebrafish. (I) NPC cells (red) were
injected into the common cardinal vein of zebrafish at 48 hpf, and photographed using a confocal microscope (representative of three embryos per group, bar:
200 um (m) Quantification of migratory cell numbers. (****p < 0.0001, Student’s t-test)
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HUVECs (Figure 4b-d). Next, we injected HUVECs mixed with Matrigel into the skin of nude mice. Compared with the NC
group, Matrigel plugs in the shHAX1 group exhibited decreased angiogenesis (Figure 4e-g).

To study whether HAXI expression is vessel-specific, we analysed its expression in various tissues and cell lines using the
Human Protein Atlas (HPA) database. Although HAXI expression in the cardiovascular system and ECs was not prominent
(Figure S2), HAX1 was highly expressed in some tissues and cells with strong regenerative abilities, such as the liver, rectum and
spermatocytes (Figure S2). As the expression of HAXI1 provided by the database was for the mature cardiovascular system, we
conjecture that HAXI expression in immature vessels may be high.

As zebrafish embryos are transparent, they provide a great advantage in studying vessel formation. In toto in situ hybridisation
of zebrafish embryos showed that HAXI was expressed in the brain, cardinal vein and developing vessels before 24 hpf. As the
zebrafish matured, HAX1 expression in the vessels of zebrafish gradually decreased (Figure 5a). This result suggests that HAX1
may play an important role in angiogenesis.

To verify the role of HAXI in vascular development in vivo, we performed experiments by injecting HAX1 mRNA or HAX1
ATG-targeting morphants (Figure 5b-d). Compared with the Ctrl group, the HAX1 group showed excessive branching of subin-
testinal vessels (Figure 5b). For ATG-blocking morphants, we observed a striking absence in the intersegmental and head vessel
branching of HAX1 morphants (Figure 5¢,d). Furthermore, as previously described (Torraca & Mostowy, 2018), we knocked out
HAXI in zebrafish using CRISPR/Cas9 (Figure 5e). Consistent with the effect of HAX1 morphants, vessel development was
delayed after HAX1 knockout, and the intersegmental vessel diameter was significantly smaller than that in the wild type
(Figure 5e).
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TABLE 1 Correlation of the serum EVs density with and disease progression and prognosis

Factors Density of EVs P

Low High
Survival Overall survival 0.377
T stage
T1-T2 24 30 0.2429
T3-T4 28 36
N stage
NO-N1 35 39 0.4207
N2-N3 17 27
M stage
MO 50 64 0.5034
M1 2 2
Grade
I-1I 18 16 0.0937
III-1vV 42 42

3.4 | HAXI promotes protein translation in HUVECs

The cancer angiogenesis-promoting role of HAX1 has been studied extensively, but the underlying mechanism has not been elu-
cidated yet. Therefore, we performed whole-transcriptome sequencing of wild-type and HAX1-KO zebrafish. HAX1 knockout
resulted in 11,703 differentially expressed genes (Figure S3A). We then performed a pathway enrichment analysis of these differen-
tially expressed genes (Figure S3B). Unfortunately, it was difficult to identify a molecular mechanism to explain the angiogenesis
promotion. Next, we examined the correlation between HAX1 mRNA expression and that of angiogenesis-related molecules in
TCGA database (Figure S3C). The results showed no significant correlation between HAX1 and the expression of CD34, VEGFA,
PDGFA, CD3l, LYVEI and PROXI1, while HAXI1 was negatively correlated with VEGFC and PDPN (Figure S3C). These results
are inconsistent with the effects of HAX1 on angiogenesis.

We speculate that there may be other mechanisms that regulate angiogenesis, such as regulation of protein translation. There-
fore, we measured the nascent protein synthesis levels. Compared to the NC group, these levels were significantly decreased in
shHAX1 HUVECs (Figure 6a). Likewise, polysome analysis showed that HAX1 downregulation is not conducive to polysome
formation (Figure 6b). The activity of eIF4F is considered a key determinant of translational efficiency. Thus, we examined the
expression of e][F4F components, 4EBP1, and the phosphorylation level of 4EBP1. HAX1 knockdown did not change the expres-
sion of eIlF4Al and 4EBPI1, whereas the expression of eIF4E and 4EBP1 phosphorylation level decreased significantly (Figure 6¢,d).
In our previous study, we confirmed that HAX1 can regulate the PI3K pathway, and the PI3K pathway can affect the phospho-
rylation of 4EBPL. This is consistent with our phosphorylation change of 4EBP1. However, as transcriptome sequencing shown
in Figure S3A, HAXI unable to affect the transcription level of eIF4E. Previous studies have shown that HAXI can bind to many
proteins to produce a variety of effects. We speculated that HAX1 may affect protein translation in the way of protein interaction.
To test this conjecture, immunoprecipitation-mass spectrometry (IP-MS) was performed. Enrichment analysis of the identified
proteins revealed that HAXI is highly correlated with ribosome formation (Figure 6e). Mass spectrometry data revealed that
HAXI1 binds to various components of eIF4F. Among them eIF4E is predicted domains are present in combination with HAX1
(Figure 6f). The result of co-IP between HAXI and eIF4E is consistent with IP-MS. (Figure 6g). Using immunofluorescence,
we found that the binding between eIF4E and eIF4 decreased with HAX1 knockdown, indicating that the formation of eIF4F
is reduced. (Figure 6h). 4EGI can suppress the formation of the 4F initiation complex by destroying the eIF4E/eIF4G interac-
tion. To verify that the vascular phenotype was due to the reduction in translation, 4EGI was used in HAX1 overexpressing cell
(Figure S4). Under the treatment of 4EGI, the ability of HAX1 to promote HUVEC migration and tube formation is significantly
inhibited (Figure S4A-F).

3.5 | HAXI regulates the translation of ITGB6 mRNA in HUVECs

Based on the results above, we hypothesised that HAX1 might first improve the translation of mRNAs encoding proteins pro-
moting angiogenesis. To obtain a global view of the HAXI-dependent translational effects of HUVECs, we performed ribosome
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profiling on HUVECs that knockdown HAX1 or control. By comparing transcriptional and translational landscapes, we found
that 6035 mRNAs are transcriptionally significantly regulated by HAXI, while their translation is regulated oppositely, there-
fore there may be no difference in protein expression, and 4872 mRNAs are only translationally regulated (Figure 7a-c). By
comparing control cells, we observed 2497 down- and 2375 up-regulated transcripts in ribosome footprints under knockdown
HAXI (Figure 7b, d). Of note, a subset of eukaryotic translation initiation factors can be regulated in their translational efficiency
(Figure 7e). Furthermore, we observed that the TE of eIF4E was dramatically decreasing (Figure 7).
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To further investigate possible translational regulation by HAXI, pathway enrichment analyses were performed on the 2497
transcripts that significantly down-regulated ribosome footprints in knockdown HAX1 HUVECs compared with control. This
revealed several significant KEGG pathways, the most significant among them including PI3K signalling pathway, focal adhesion
and ECM-receptor interaction, etc. (Figure 7g). Further research on genes enriched in these three pathways revealed that Integrin
family is enriched in all those pathways (Figure 7h). Integrins can mediate cell migration and are thought to play a key role in
EC function and angiogenesis. Among these integrins, ITGB6 was the most differentially regulated, and was seemed particularly
relevant to cell migration and angiogenesis because of its well-known role as an activator of FAK. We confirmed that HAX1
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knockdown inhibited the expression of ITGB6 in HUVECs and inhibited FAK phosphorylation without affecting the total level
of FAK (Figure 8a).

Next, we treated HUVECs with cycloheximide (CHX), a protein synthesis inhibitor, and determined that HAX1 could not reg-
ulate ITGB6 expression by affecting its half-life (Figure 8b,d). Moreover, treatment with MGI32, a proteasome inhibitor, further
confirmed that HAXI affected the translational efficiency of ITGB6 (Figure 8c).
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3.6 | HAXI1 promotes the angiogenesis and metastasis of NPC via the FAK pathway

To verify the contribution of the FAK pathway to HAX1-mediated angiogenesis and NPC metastasis, we performed rescue exper-
iments and found that PF573228 (a kinase inhibitor of FAK) treatment and ITGB6 knockdown blocked the FAK phosphorylation
induced by HAX1 (Figure 9a,b). Further, ITGB6 overexpression rescued cellular migration and angiogenesis in vitro, which was
suppressed by HAX1 knockdown; in contrast, PF573228 treatment and ITGB6 knockdown blocked the phenotype induced by
HAXI overexpression (Figure 9c—f). The results of the in vivo experiments were consistent with those of the in vitro experiments
as PF573228 treatment and ITGB6 knockdown significantly inhibited the NPC metastasis promoted by HAXI, whereas ITGB6
overexpression rescued the phenotype that was suppressed by HAX1 knockdown (Figure 9g).

4 | DISCUSSION

Over the past decade, angiogenesis has been established to play a key role in tumour growth and metastasis by providing tumour
cells with sufficient oxygen and nutrients (Zhang et al., 2021). Therefore, antiangiogenic drugs are considered an effective antitu-
mour treatment and are a widely accepted clinical treatment (Jayson et al., 2018). Tumours can enhance angiogenesis by secreting
proteins and EVs, generating a hypoxic environment, and through the infiltration of other cells (Carmeliet & Jain, 2000; Pralhad
etal.,2003). In response to these processes, various antiangiogenic drugs have been developed. Currently, many protein molecules
are considered therapeutic antiangiogenic targets including VEGE, VEGFRI1, VEGFR2 and PDGF. Many antiangiogenic small-
molecule compounds including aflibercept, sorafenib, vanucizumab, cabozantinib and bevacizumab have been approved by the
FDA (Fukumura et al., 2018). However, these drugs may only be effective against some tumour types. Most antiangiogenic
drugs offer a limited survival benefit only in the early stages, but hardly alter tumour progression towing to incomplete inhi-
bition of angiogenesis (Fukumura et al., 2018). Furthermore, VEGF-targeted therapies have multiple adverse effects, including
hypertension, proteinuria, impaired wound healing, gastrointestinal perforation, haemorrhage, thrombosis, reversible posterior
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FIGURE 9 HAXI promotes angiogenesis and metastasis of NPC via the FAK pathway. (a) Western blot analysis of HAX1, ITGB6, FAK and p-FAK. (b-f)
Tube forming and migration ability of HUVECs measured using the (c, ) Transwell assay and (d, f) tube formation assay, bar: 100 um. (n.s. p > 0.05, *p < 0.05,
**p < 0.001, one-way ANOVA). (g, h) Visualisation of lung metastasis in BALB/c mice. (n.s. p > 0.05, ***p < 0.001, ****p < 0.05 by one-way ANOVA)

leukoencephalopathy, cardiac toxicity and endocrine dysfunction (Vasudev & Reynolds, 2014). Therefore, new antiangiogenesis
treatment targets are urgently needed to improve patient prognosis. HAXI is known to be associated with the progression and
recurrence of various tumours. Qur previous research also found that HAXI expression accelerates NPC tumour growth and
angiogenesis. Based on histological and bioinformatics analyses, we confirmed that HAXI expression was significantly higher in
patients with late-stage disease and that HAXI1 levels were significantly correlated with patient prognosis. Notably, in NPC tissue
samples, MVD and HAXI levels were found to be positively correlated. These findings suggest HAX1 upregulation affect NPC
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prognosis by promoting angiogenesis. Subsequently, in a nude mouse/zebrafish xenograft model, an increase in HAXI expres-
sion was found to enhance NPC metastasis. Similar tendencies were observed in nude mice treated with HAX1-enriched EVs.
Data from the Human Protein Atlas Database suggest that HAX1 is only highly expressed in tissues with active proliferation, but
not in general tissues. Our results of in situ hybridisation in zebrafish suggest a stage of high HAX1 expression during vascular
development. Thus, we concluded that HAXI plays a key role in tumour angiogenesis. Overall, we report that HAX1 mediates
angiogenesis by promoting ITGB6 expression to activate the FAK pathway, as ITGB6 knockdown or inhibition of FAK pathway
activation completely blocked this effect.

The role of translation initiation factors and protein translation in tumourigenesis and immune escape has been examined in
melanoma (Boussemart et al., 2014; Guo et al., 2020; Oblinger et al., 2018). Currently, owing to advances in ribosome profiling
(Alexander et al., 2021; Zlotorynski, 2016) technology, scientists have again focused on the regulation of translation. However,
the effect of translational control on angiogenesis remains largely unknown. Based on our ribosome-profiling data, we found
that HAX1 is involved in regulating angiogenesis, by promoting the translation of ITGB6. Importantly, ITGB6 has been shown
to activate the FAK pathway to affect cell migration. Consistently, using cell models and various animal models, we found that
HAXI1 mainly affects angiogenesis by enhancing the migration ability of ECs. Considering the current lack of effective translation
inhibitors, we only used FAK inhibitors for our in vivo experiments and obtained positive results. Our ribosome profiling data
suggest that besides HAXI, several other proteins involved in angiogenesis are regulated by HAX1 overexpression. Considering
the role of protein translation in the tumour, we believe that the combination of translation inhibitors and FAK inhibitors may
have the potential to achieve beneficial outcomes.

Currently, the efficacy of treatments in patients with metastasis or on NPC recurrence remains unclear. Our data provide an
important advance in understanding the importance and mechanism of HAXI in regulating angiogenesis in NPC. Thus, our
results provide a new prognostic indicator for patients with NPC and open novel avenues for therapeutic intervention.
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