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The PLEKHA1-TACC2 fusion gene drives tumorigenesis via
vascular mimicry formation in esophageal squamous-cell

carcinoma
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Despite advancements of diagnosis and multimodality therapies in esophageal squamous-cell carcinoma (ESCC), the survival is still
unsatisfactory. Therefore, it is urgent to identify novel targets for efficient therapeutic strategies. Herein, we identify a fusion gene
between PLEKHAT and TACC2 generated by chromosomal rearrangement by performing RNA sequencing from ESCC tissues.
PLEKHAT-TACC2 transcripts are present in ESCC (66/404, 16.3%) and head and neck squamous cell carcinoma (58/402, 14.4%)
tissues, correlated with poor prognosis of patients. Mechanistically, the fusion proteins upregulate the EphA2/AKT/MMP2 signaling
pathway and promote vascular mimicry formation by reducing the ubiquitylation of EphA2. Moreover, EphA2 inhibitors dasatinib
and ALW 11-41-27 remarkably suppress the progression of tumors expressing PLEKHAT-TACC2 in vivo. Functionally, PLEKHA1-TACC2
fusion and Trp53 deletion significantly increases tumor incidence, tumor multiplicity, and mouse mortality in transgenic ESCC
mouse model, which could be suppressed by regorafenib, a EphA2 inhibitor approved by FDA in solid tumors. Together, our data
indicate that PLEKHA1-TACC2 fusion protein has oncogenic activities and serves as a promising prognosis marker and therapeutic

target.
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INTRODUCTION
Esophageal carcinoma is one of the leading causes of cancer-
related mortality worldwide. Esophageal squamous-cell carcinoma
(ESCQ), the predominant histological subtype of esophageal
carcinoma, accounts for approximately 90% of newly diagnosed
esophageal cancers in Asian countries [1]. For locally advanced
ESCC, esophagectomy is the current primary treatment approach.
Although chemotherapy and radiotherapy are commonly used for
treating metastatic and recurrent ESCC, the 5-year survival rates
are dismal. This is mainly because of the propensity of ESCC to
extensively disseminate and its low sensitivity to chemotherapy or
targeted therapy [2, 3]. The carcinogenesis of ESCC is generally a
multistep process, reflecting cumulative chromosomal and genetic
alterations. Currently, there are no molecule-targeted agents
specific for treating ESCC. The identification of early diagnostic
tumor markers and effective therapeutic targets is essential to
significantly improve the clinical management of ESCC.
Chromosomal rearrangement and chromosomal translocations
are the main causes of fusion genes, which can result in cancer as
well as other diseases [4]. Gene fusion brings unrelated genes
together, which can form new functions or enhance the function
of one of the fusion partner to enhance cellular proliferation and

survival [5, 6]. Fusion genes have been found to play important
roles in various tumors, such as leukemia [7], glioma [8], non-small
cell lung cancer [9], cholangiocarcinoma [10], and nasopharyngeal
carcinoma [11]. Many therapeutics targeting fusion proteins
encoded by these fusion genes are now standard of care. Tyrosine
kinase inhibitors (TKIs) such as imatinib, dasatinib, and nilotinib
have markedly improved outcomes of patients with chronic
myeloid leukemia, the majority of which is caused by the classical
oncogenic fusion gene BCR-ABL [12, 13]. ALK TKiIs have been
shown to be highly effective in lung adenocarcinomas with ALK-
fusions [14], leading to dramatically improved survival rate [15].
Selprcatinib has demonstrated marked efficacy in patients with
locally advanced or metastatic solid tumors with RET gene fusion
[16], and has been approved by FDA for the treatment of such
patients [17]. Therefore, it is crucial to identify novel fusion genes
for developing new targeted therapeutic strategies of ESCC.
Recent research has suggested that ESCC cells could form
vascular mimicry (VM), which was strongly correlated with poor
outcomes in patients [18]. VM is a novel tumor microcirculation
model in the tumor microenvironment, depending on tumor cells
rather than endothelial cells, which is characterized by tubular
structures formed by tumor cells expressing endothelial markers
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and can provide adequate blood supply for tumor progression [19].
At present, some molecular mechanisms of VM have been
reported, such as cancer stem cells [20], epithelial-mesenchymal
transition [21], and various signaling pathways [22, 23]. However,
there are few studies to elucidate the molecular mechanisms of VM
formation in ESCC. Tang et al. reported hypoxia-inducible factor-1
(HIF-1) might play a crucial role in VM formation and the key
signaling pathway needs to be further explored [24]. Many
inhibitors have been developed to restrain tumor VM specifically
via targeting some signaling pathways involving factors. For
instance, Galunisertib that is currently under clinical trials, was
reported to inhibit VM formation by downregulating the expres-
sion of transforming growth factor-beta (TGF-B) pathway in glioma
[25], while the therapeutic strategies via impairing VM formation
remain to be elucidated in ESCC. The approaches for targeting VM
have attracted considerable interest in ESCC treatments.

Herein, we report the identification of the PLEKHAT-TACC2 (PT)
fusion gene generated by chromosomal rearrangement in ESCC
using RNA sequencing and long-range PCR. Pleckstrin homology
domain containing family A member 1 (PLEKHA1) has been
demonstrated to specifically bind phosphatidylinositol 3,4-bispho-
sphate to regulate the formation of signalling complexes in the
plasma membrane. Polymorphisms of PLEKHA1 are associated with
various diseases, including age-related macular degeneration and
type 2 diabetes, while there was no study describing the role of
PLEKHA1 in tumors. Transforming acidic coiled-coil protein 2
(TACQ2) is critical in stabilizing mitosis spindles and chromosome
segregation process [26, 27]. Furthermore, we found that the
PLEKHA1-TACC2 fusion proteins could significantly promote tumor
growth by inducing VM formation, which is caused by stabilizing
EphA2 protein and upregulating the EphA2/AKT/MMP2 signaling
pathway. EphA2 inhibitors can significantly inhibit PT-positive
tumor growth, indicating that PT plays an important role in the
development of PT-positive ESCC, and suppression of EphA2 could
be a potent therapeutic strategy for patients with PT-positive ESCC.

RESULTS

Identification of the PLEKHA1-TACC2 fusion gene in ESCC

To identify oncogenic fusion genes in ESCC, we collected 6 ESCC
samples to perform RNA-seq. Based on RNA-seq reads that spanned
exon-exon junctions originated from 2 distinct genes (Fig. S1A), we
identified a fusion transcript of PLEKHAT and TACC2 on chromosome
10926 in one ESCC (ESCC 1), with the relatively high number of reads
among the fusion transcripts (Figs. S1B, 1A). The fullHlength transcript
(NM_021622.5) of PLEKHAT harboring 12 exons encodes a pleckstrin
homology (PH) domain-containing adapter protein localizing to
plasma membrane, and the full-length transcript (NM_206862.4) of
TACC2 harboring 23 exons encodes centrosomes/microtubules
interaction associated proteins containing a highly conserved
C-terminal coiled-coil (TACC domain). We performed RT-PCR using
primers for the exon 2 of PLEKHAT and the 3'- untranslated regions
(UTR) of TACC2 to detect the predicated PLEKHAT-TACC2 transcript in
tumor tissue of ESCC 1 (Fig. 1B), followed by Sanger sequencing. The
result showed that this fusion transcript included exon 1 and 2 of
PLEKHAT and exon 23 of TACC2. To explore whether the PLEKHAT-
TACC2 fusion resulted from a genomic DNA rearrangement, we
performed long-range PCR with a pair of primers specific to the
fusion-gene and genomic DNA of tumor tissue of ESCC 1 and
obtained a PCR product longer than 5 kb. The subsequent Sanger
sequencing of the PCR product revealed that PLEKHAT was disrupted
at 3.4 kb downstream of exon 2 and was connected 2.7 kb upstream
of exon 23 of TACC2 (Fig. 1C). These results confirm that the PLEKHAT-
TACC2 fusion gene resulted from a genomic rearrangement.

Detection of PLEKHA1-TACC2 transcripts in clinical specimens

To further determine the prevalence of the PLEKHAT-TACC2 fusion in
ESCC, we examined 404 tumor samples from ESCC patients using RT-
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PCR as described above and found the existence of PLEKHA1-TACC2
in 66 ESCC samples (16.3%) (Fig. 1D). According to the cancer cell
Lines Gene fusions portal (LiGeA), a comprehensive database of
human gene fusion events, the PLEKHAT-TACC2 fusion gene was
detected in GSU, NCIH1184 and NCIH1435 with different transcript
forms (Table 1). Therefore, to explore whether the fusion gene was
also present in other tumors, we detected PLEKHAT-TACC2 by RT-PCR,
combined with Sanger sequencing, in different types of tumors. The
PLEKHA1-TACC2 fusion gene was found in 58/402 head and neck
squamous cell carcinoma (HNSCC) biopsies (14.4%), 22/164 colorectal
cancer (CRC) biopsies (13.4%), 22/158 hepatocellular carcinoma (HCC)
biopsies (13.9%), 7/79 lung cancer (LC) biopsies (8.9%) and 12/80
gastric cancer (GC) biopsies (15%), but not in breast cancer (Table 2).
We detected a total of 28 different PLEKHA1-TACC2 fusion transcripts,
among which 17/28 transcripts were in-frame fusion, while others
could just encode truncated PLEKHAT protein without the TACC2
C-terminus because of a frame-shift mutation. The frequent isoforms
of PT fusion gene include a fusion between exon 2 of PLEKHAT and
exon 23 of TACC2 (Pe2Te23), a fusion between exon 11 of PLEKHAT
and exon 17 of TACC2 (Pe11Te17), a fusion between exon 10 of
PLEKHAT and exon 23 of TACC2 (Pe10Te23), a fusion between exon 5
of PLEKHAT and exon 17 of TACC2 (Pe5Te17), and a fusion between
exon 4 of PLEKHAT and exon 20 of TACC2 (Pe4Te20) (Fig. S1C). To
investigate the clinical importance of PLEKHA1-TACC2, we collected
the clinical characteristics of ESCC and HNSCC patients and divided
the patients into two groups based on PLEKHAT-TACC2 expression
(Tables S1-2). Multivariate Cox regression analyses confirmed that
PLEKHA1-TACC2 expression was significantly associated with unfavor-
able overall survival (OS) (Fig. S2). And Kaplan—-Meier analysis was
performed and found that the presence of PLEKHAT-TACC2 expres-
sion in ESCC and HNSCC was significantly associated with poorer OS
of patients (Fig. 1E).

Detection of PLEKHA1-TACC2 proteins in clinical-related
specimens

To examine whether these in-frame fusion PT transcripts could
encode proteins, we screened several established patient-derived
xenograft (PDX) models of gastric cancer for PLEKHAT-TACC2
fusion transcripts by RT-PCR. We detected a fusion transcript of
PLEKHAT exon 11 to TACC2 exon 17 in G5824 and a fusion
transcript PLEKHAT exon 10 to TACC2 exon 23 in G5826, but we did
not detect any PT transcript in G5820 or G5835 (Fig. 1F). According
to the sequence of Pel1Te17 and Pel10Te23 transcripts, the
predicted fusion protein contained major parts of the PLEKHA1
protein and part of the TACC2 conserved C-terminal transforming
acidic coiled-coil domain. To validate the presence of predicted
fusion proteins, we performed immunoprecipitation using an anti-
TACC2 C-terminal antibody and lysates from G5824 and G5826
tumor tissues. As shown in Fig. 1G, several specific TACC2-
interacted protein bands were visualized by sliver staining and
isolated. The subsequent mass spectrometry analysis showed that
N-terminal peptides of PLEKHA1 and C-terminal peptides of
TACC2 were identified. It was worth to note that we detected the
peptide RGPGRSASSRE containing the fusion site of predicted
Pe11Te17 protein and the peptide TFYVQNKEIEELTKI containing
the fusion site of predicted Pe10Te23 protein. Additionally, we
performed Duolink in situ proximity ligation assay (PLA), which
can detect interactions among different endogenous proteins in
fixed tissue, to further identify the fusion protein. We observed
strong positive fluorescence signals in the PDX G5824, but almost
no signal in the PDX G5835 (Fig. 1H), further convincing the
occurrence of endogenous PLEKHA1-TACC2 protein in human
tumor tissues. In addition, we used 31 ESCC tissues harboring PT
fusion mRNA that was predicated to encode protein to detect
endogenous protein expression. Strong positive fluorescence
signals were detected in 16/31 ESCC cancer tissues but not in
the 3 tissues without PT fusion mRNA (Fig. 11). Additionally,
Duolink PLA in 3 ESCC tissues with PT expression and the paired
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adjacent normal tissues further confirmed endogenous PLEKHA1-
TACC2 fusion proteins were specifically expressed in tumor
tissues (Fig. S3). Our results suggest that PT transcripts could
encode endogenous fusion proteins in tumor tissues from ESCC
patients.

Cell Death & Differentiation

PLEKHA1-TACC2 activated EphA2/AKT/MMP2 signalling
pathway

After confirming the expression of PT in tumor tissues, we
investigated the role and mechanism of PLEKHA1-TACC2 in ESCC.
We generated KYSE30 and KYSE150 cell lines stably expressing
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Fig. 1 Identification of PLEKHA1-TACC2 fusion gene. A Junction reads for the PLEKHAT-TACC2 fusion transcript. B, C Detection of
transcriptional (B) and genomic (C) fusion sties of PLEKHA1-TACC2 fusion in tumor tissue (T) and normal tissue (N) from ESCC 1. The
sequencing results (bottom) and scheme (top) of the PCR product of PLEKHA1-TACC2 are shown. UTR, untranslated region. D Detection of
PLEKHAT-TACC2 transcripts in specimens obtained from ESCC patients by RT-PCR. E Kaplan-Meier analysis of the OS in patients with ESCC (left)
or HNSCC (right) grouped according to the presence or absence of the expression of PLEKHAT-TACC2 fusion. The P values were calculated
using the log-rank test. F Detection of PLEKHAT-TACC2 transcripts in tumor tissues from PDX G5820, G5824, G5835, and G5826 by RT-PCR. The
sequencing results (bottom) and scheme (top) of the PCR products of PLEKHAT-TACC2 are shown. G SDS/PAGE and silver staining analysis of
proteins pulled down using C-terminal TACC2 antibody or IgG antibody (left) and the predicted endogenous PLEKHA1-TACC2 protein
sequences (right) in tumor tissues from PDX G5824 (top) and G5826 (bottom). The predicted fusion peptides were identified via mass
spectrometry peptide sequencing. The black indicates the part of predicated fusion protein sequencing. The blue indicates the amino acids
from the protein sequence of PLEKHA1, and the red indicates the amino acids from the protein sequence of TACC2. H Detection of the
endogenous PLEKHA1-TACC2 protein by Duolink PLA assay in specimens obtained from the indicated PDX. Red: positive Duolink PLA
fluorescence signals, blue: nuclei. Scale bars: 10 um. I Detection of the endogenous PLEKHA1-TACC2 protein by Duolink PLA assay in ESCC

specimens obtained from patients. Red: positive Duolink PLA fluorescence signals, blue: nuclei. Scale bars: 10 pm.

Table 1. The transcripts of PLEKHAT-TACC2 in cell lines.

Cell name Lineage Fusion type

GSU Esophagus/stomach Pe2Te7, Pe2Te8, Pe1Te8
NCIH1184 Lung Pe6Te8

NCIH1435 Lung Pe1Te20

Flag-tagged PLEKHA1, TACC2, different PT fusion isoforms
(Pe4Te20, Pel11Tel17, Pe10Te23, Pe5Tel17, and Pe2Te23) or an
empty vector via lentivirus infection. Since Pe11Te17 is one of the
most frequent PT fusions and its encoded protein is detected in
PDX G5824, we applied co-immunoprecipitation in combination
with mass spectrometry analysis to identify protein(s) interacting
with PLEKHA1-TACC2. EphA2 was identified as an interacting
protein with Pe11Te17 (Fig. 2A). Co-immunoprecipitation experi-
ments showed that the endogenous EphA2 interacted with
PLEKHA1-TACC2 but did not interact significantly with PLEKHA1
or TACC2 (Fig. 2B). Moreover, the interaction between other PT
isoforms (Pe4Te20, Pe11Tel17, Pe10Te23, Pe5Te17, and Pe2Te23)
and EphA2 were also detected (Fig. 2C). Considering that all the
five PT fusion isoforms harbor the N-terminal PH (PH1) domain (aa
7-112) of PLEKHA1, we performed co-IP assay to further confirm
the interaction between PH1 domain and EphA2 (Fig. S4A). The
results demonstrated that PH1 domain could interact efficiently
with EphA2, suggesting that PT fusions might activate EphA2/AKT/
MMP2 axis via interaction between PH1 domain and EphA2. To
investigate whether PT affects the stability of EphA2, we measured
the EphA2 protein level in cells treated with cycloheximide (CHX)
for different durations and found that overexpression of PLEKHA1-
TACC2 inhibited the degradation of EphA2 in both KYSE30 and
KYSE150 cells (Figs. 2D, S4B).

EphA2 is a receptor tyrosine kinase involved in cell proliferation,
migration, and differentiation [28]. C-cbl is a well-characterized E3
ubiquitin ligase that mediates ubiquitination of receptor tyrosine
kinases, and c-cbl-mediated ubiquitination represents a key
mechanism driving EphA2 proteasome degradation [29]. There-
fore, we speculated that PT might interfere with the interaction of
EphA2 and c-cbl and thus inhibit EphA2 degradation. Co-
immunoprecipitation experiments confirmed that overexpression
of different PLEKHA1-TACC2 isoforms significantly restrained the
interaction between EphA2 and c-cbl to different extents (Figs. 2E,
S4C). In addition, we demonstrated that overexpression of
PLEKHA1-TACC2 significantly reduced the level of EphA2 ubiqui-
tination in both KYSE30 and KYSE150 cells (Figs. 2F, S4D).
Moreover, IHC staining confirmed that the level of EphA2 was
increased in PT positive ESCC clinical samples and in the tumors of
PDX G5824 compared to that in PT negative ESCC clinical samples
and in the tumors of PDX G5835, confirming the finding that
PLEKHA1-TACC2 promoted EphA2 protein expression in vivo
(Fig. 2G, H). Taken together, these results showed that PLEKHA1-
TACC2 increased the protein level of EphA2 by interfering with the
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Table 2. Frequency and the number of fusion types of PLEKHAT-TACC2
identified in different types of cancers.

Cancer type Total samples Positive samples Frequency
ESCC 404 66 16.3%
HNSCC 402 58 14.4%
CRC 164 22 13.4%
HCC 158 22 13.9%

LC 79 7 8.9%

GC 80 12 15%

BC 132 0 0%

interaction between EphA2 and c-cbl, reducing the level of EphA2
ubiquitination, and stabilizing EphA2.

Phosphorylation of the intracellular domain of the EphA2 on
serine 897 (S897) has been demonstrated to mediate EphA2
oncogenic activity and activating its downstream pathway, such
as PI3K/AKT and MEK/ERK pathways [30]. Indeed, overexpression
of PLEKHA1-TACC2 significantly increased the level of both total
EphA2 and phospho-EphA2 (S897) (Figs.3A, S5A). Moreover, the
phosphorylated AKT (5473) was induced in KYSE30 and KYSE150
cells expressing PLEKHA1-TACC2. These results demonstrated that
PLEKHA1-TACC2 increased the level of phosphorylated EphA2 and
activated p-AKT, as an EphA2 downstream target.

Previous studies have revealed that high EphA2 expression
and signaling are frequently detected in many cancers and are
associated with poor patient outcomes [31]. However, CCK8
assay showed that overexpression of PLEKHA1-TACC2 did not
markedly promote cell proliferation in KYSE30 and KYSE150 cells
(Fig. S5B). Additionally, immunoblotting analysis of the expres-
sion of stemness markers [32-36], including Nanog, KLF4, and
SOX2, and sphere formation assay were performed in KYSE30
and KYSE150 cells. The results showed that PT expression did
not significantly affect the expression of Nanog, KLF4, and SOX2
and the sphere-forming ability (Fig. S5C-D). The data suggested
that PT might induce tumorigenesis through oncogenic func-
tions other than cellular proliferation. A series of studies show
that EphA2 is associated with VM in ESCC [37], gastric cancer
[38], and prostate cancer [39]. To investigate the effect of
PLEKHA1-TACC2 on VM formation, we performed 3D culture VM
formation assay. After being seeded on a matrigel-coated plate
for 16 h, KYSE30 and KYSE150 cells stably expressing PLEKHA1-
TACC2 presented typical tubular shapes (Figs. 3B, S6A). Matrix
metalloproteinase 2 (MMP2) is required for VM of tumor cells.
The cleavage of the laminin 5 g2-chain by MMP2 into laminin 5
g2’ and g2x pro-migratory fragments could induce a vasculo-
genic phenotype in poorly aggressive tumor cells, resulting in
the formation of VM. To assess whether PT affects the activity of
MMP2, we performed gelatin zymography using the conditioned
medium collected from KYSE30 and KYSE150 cells and found

Cell Death & Differentiation



IP: anti-Flag Vector +
Vector Pet1Tel7 F'a;'PL$::é; -
ag- -
180KD:
130KDa —EphA2 Flag-Pe11Te17 -

90KDa
70KDa IP: anti-FIagI EphA2 |
55KDa -

T. Yang et al.

- - - Vector + - - - - - - -
+ - - Flag-PLEKHA1 - + - - - - . .
-+ - Flag-TACC2 - - + - - - - -
- -+ Flag-Pe4Te20 - - - + - - - -
Flag-Pe11Te17 - - - - + - - -
Flag-Pe10Te23 - - - - - 4+ - -

Flag-Pe5Te17 - - - - - - 4+ -

40KDa EphA2 E Flag-Pe2Te23 - - - - - - - 4

Myc-EphA2

— - IP: anti-Flag Myc
Input L= T
Myc
Flag Y
B-Actin
Vector PLEKHA1 TACC2 Pe4Te20
CHX Oh 2h4h6h 8h Oh 2h4h6h 8h Oh 2h4h6h 8h Oh 2h4h 6h 8h Input
EphA2
Flag
(e | | w———] i
Pel1Tel? Pe10Te23 Pe5Te17 Pe2Te23
CHX 0Oh 2h4h6h 8h Oh 2h4h 6h 8h Oh 2h4h 6h 8h Oh 2h 4h 6h 8h
‘ e e Rl e
——
] .
E Vector + - - - - - - - F Vector + - =« - = - - = G
Flag-PLEKHA1 - + - - - - . - Flag-PLEKHA1 -+ - - - - - -
FIAGTACC2 = = + = = = = = Flag-TACC2 - - + - - - - -
Flag-PedTe20 - - - + - - - - Flag-Pe4Te20 - - - + - - - - ;
Flag-Pe11Te17 - - - - + - - - Flag-Pe11Te17 - - - - + - - - PT positive ESCC =
Flag-Pe10Te23 - - - - - + - Flag-Pe10Te23 - - - - - + - -
Flag-Pe5Te17 - - - - - - 4+ - Flag-Pe5Te17 - - - - - - 4+ -
Flag-Pe2Te23 - - - - - - - + FEGRSERG &« 2 & = = & 5 &
Myc-EphA2 + + + + + + + + MyC-EphAZ. & = + tor A o Se L)
HACbl + + + + + + + + HA-Ubiquiin + + + + + + + + P
”.. > . . PT negative ESCC *. :

IP: anti-Myc HA
Y pd -” IP: anti-Myc HA

HA

Myc
Mye CY X

Input Input

Flag

- -
L b

that overexpression of PLEKHA1-TACC2 upregulated the activity
of MMP2 (Figs. 3C, S6B). To further demonstrate the formation of
VM in vivo, we created a xenograft nude mice model by
subcutaneously injecting KYSE30 and KYSE150 cells with
Pe11Te17 overexpression alongside respective control cells.
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The results demonstrated that the volume and weight of
xenograft tumors from Pe11Te17 overexpressed groups were
significantly greater than those from the control group (Fig. S6C-
H). CD31/Periodic Acid-Schiff (PAS) staining combined with
Ter119 staining was utilized to analyse VM structure in tumor
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Fig. 2 PLEKHA1-TACC2 stabilizes EphA2 by inhibiting EphA2 ubiquitination. A SDS/PAGE and silver staining analysis of proteins affinity
purified by using anti-Flag beads from lysates of cells overexpressing Flag (vector) or Flag-Pe11Te17. EphA2 was one of the major interacting
proteins identified by mass spectrum. B Co-immunoprecipitation assay using KYSE30 cell lysates with anti-Flag followed by immunoblotting
with antibodies against the indicated proteins. C Results of co-immunoprecipitation assays and immunoblotting analyses of KYSE30 cells
stably expressing Flag-tagged PLEKHA1, TACC2, Pe4Te20, Pe11Te17, Pe10Te23, Pe5Te17, Pe2Te23, or an empty vector and transfected with
Myc-tagged EphA2 using the indicated antibodies. D The expression of EphA2 in KYSE30 cells stably expressing Flag-tagged PLEKHA1, TACC2,
Pe4Te20, Pel11Tel17, Pe10Te23, Pe5Te17, Pe2Te23, or an empty vector treated with CHX for indicated duration was determined by
immunoblotting analyses. E KYSE3O0 cells stably expressing Flag-tagged PLEKHA1, TACC2, Pe4Te20, Pe11Te17, Pe10Te23, Pe5Te17, Pe2Te23, or
an empty vector were transfected with Myc-tagged EphA2 and HA-cbl, and co-immunoprecipitation assays and immunoblotting analyses
with the indicated antibodies were performed. F KYSE30 cells stably expressing Flag-tagged PLEKHA1, TACC2, Pe4Te20, Pe11Te17, Pe10Te23,
Pe5Te17, Pe2Te23, or an empty vector were transfected with Myc-tagged EphA2 and HA-ubiquitin, and co-immunoprecipitation assays and
immunoblotting analyses with the indicated antibodies were performed. G, H The expression of EphA2 in tumor tissues obtained from the
ESCC patients (G) and PDX grown in mice (H). Scale bars were indicated in the images.

tissues, and the data showed that Pel1Tel7 overexpression
significantly increased the ability of VM formation in xenograft
tumors from KYSE30 and KYSE150 cells (Fig. 3D).

Furthermore, CD31/PAS staining combined with CD235a or
Ter119 staining was performed in the tumor tissues derived from
the ESCC patients and PDX. PLEKHA1-TACC2 positive clinical ESCC
tissues displayed increased VM channel formation compared to
PLEKHA1-TACC2 negative ESCC tissues (Fig. 3E). Consistently, the
VM channel formation in PDX G5824 tumor tissues was enhanced
compared to PDX G5835 tissues (Fig. 3F). MK2206, a pan-AKT
inhibitor, and doxycycline, an MMP2 inhibitor, significantly
suppressed the vascular mimicry formation induced by
PLEKHA1-TACC2 in KYSE30 and KYSE150 (Fig. S7). Together, these
results confirm that the oncogenic PLEKHA1-TACC2 fusion protein
activates the EphA2/AKT/MMP2 signaling pathway through
stabilizing EphA2 expression and plays a vital role in tumor VM
formation.

Implication of PLEKHA1-TACC2 in targeted therapy

Based on the above results, we investigated whether inhibiting
the EphA2 kinase activity would impact downstream signaling
responsible for tumor progression. Dasatinib is an oral dual Bcr/
Abl and Src family kinases inhibitor approved for treating patients
with chronic myelogenous leukaemia and has been shown to
have significant activity against EphA2 [40, 41]. Indeed, dasatinib
inhibited EphA2/AKT signaling pathway in a concentration
dependent manner and remarkably restrained VM formation
(Fig. 4A, B). These results indicated that dasatinib reversed the
activated effects of PLEKHA1-TACC2 on the EphA2/AKT/
MMP2 signaling pathway by affecting the phosphorylation of
EphA2.

We then examined the in vivo effect of dasatinib. PDX G5835
and G5824 were separately transplanted into 14 nude mice each.
When the tumors grew to about 5 mm in diameter, 7 PDX-bearing
mice from each group were randomized to receive either
dasatinib or the vehicle via intragastrical administration. Dasatinib
administration effectively inhibited the progression of tumors
derived from PDX G5824 but only slightly inhibited the progres-
sion of tumors derived from PDX G5835 (Fig. 4C-F), indicating that
overexpression of PLEKHA1-TACC2 sensitizes tumor cells to
dasatinib. We then examined levels of EphA2 and phospho-
EphA2 in these tumors. IHC staining and immunoblotting analysis
showed that the tumors derived from PDX G5824 had higher
levels of EphA2 and phospho-AKT than tumors derived from PDX
G5835 and that the PDX G5824-derived tumors from mice treated
with dasatinib had reduced levels of phospho-EphA2 and
phospho-Akt (Fig. 4G-J). CD31/PAS/Ter119 staining was utilized
to assess VM formation in the tumor tissues; dasatinib obviously
diminished the formation of VM channels (Fig. 4K, L). These results
suggested that dasatinib significantly suppressed VM formation
in vitro and in vivo, resulting in reduced tumor growth.

Considering that dasatinib is a multi-targeted kinase inhibitor,
we verified the sensitivity of PLEKHA1-TACC2 positive tumors to
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ALW 11-41-27, a small molecular EphA2 specific inhibitor that has
been shown to block the phosphorylation of EphA2 [42]. We
found that ALW 1-41-27 significantly inhibited EphA2/AKT
signaling pathway and VM formation induced by PLEKHA1-
TACC2 in KYSE30 and KYSE150 cells in vitro (Fig. S8A-B) and
suppressed the progression of PLEKHA1-TACC2 expressing
tumors in vivo (Fig. S8C-L). Together, these results may pave
the way for the development of the targeted therapy of
dasatinib or ALW 1I-41-27 in ESCC harboring PLEKHAT-TACC2
fusion gene.

Oncogenic potential of PLEKHA1-TACC2 in ESCC

Previous studies indicated that mutations in the tumor suppressor
TP53 are frequently detected in some of the ESCC and HNSCC
patients at the initial stage [43, 44] and are correlated with poor
survival and high metastatic rates [45, 46]. Thus, we assessed the
correlation of the presence of PLEKHAT-TACC2 transcripts and the
presence of TP53 mutations in ESCC and HNSCC. We found that
higher proportions of ESCC and HNSCC samples containing
PLEKHAT-TACC2 transcripts had TP53 mutations (Fig. 5A). Positive
PLA signals and TP53 expression were observed in ESCC tissues
performed by Duolink PLA and IHC staining of TP53 (Fig. S9).
Subsequently, we observed the types of TP53 mutations in ESCC
and HNSCC patients with TP53 mutations, including missense,
nonsense, and frame shift, among which the most patients
harbored TP53 missense mutation. Baseline characteristics of
these patients are shown in Tables S3-4. Importantly,
Kaplan-Meier analysis showed that PLEKHA1-TACC2 expression
combined with TP53 missense mutation in ESCC and HNSCC was
remarkably associated with poorer OS (Fig. 5B).

To better determine the oncogenic potential of PLEKHAT-TACC2
in vivo, we crossed the transgenic mice overexpressing Pe4Te20
transcript that was one of recurrent transcripts and Trp53 deletion
mice to generate mice harboring both PT and Trp53 deletion (PT*/
p53-K0), mice with PT fusion only (PT"/p53-WT), mice with Trp53
deletion only (PT/p53-KO) and the wild-type mice (PT/p53-WT)
(Fig. S10). After being treated with 4-nitroquilonine N-oxide (4-
NQO) for 16 weeks followed by normal drinking water for another
12 weeks, all animals were sacrificed. We observed atypical
hyperplasia lesions or squamous cell carcinoma of the tongue,
esophagus, and stomach, 8/10 PT*/p53-KO mice, 5/10 PT/p53-KO
mice, 3/10 PT*/p53-WT mice and 3/10 PT/p53-WT mice devel-
oped distinct squamous cell carcinoma of the tongue (Fig. 5C).
Interestingly both tumor number and tumor size of PT*/p53-KO
mice were larger than those of all other, including PT/p53-KO
mice (Fig. 5D), and PT*/p53-KO mice had worse prognosis (Fig. 5E).
Consistently, histopathological analysis showed that PT*/p53-KO
mice had the poorer differentiated tumor of the tongue,
esophagus, and stomach (Fig. 5F-I). Furthermore, IHC staining of
EphA2 and CD31/PAS/Ter119 staining showed that the EphA2
expression and the ability of VM formation were significantly
upregulated in tumors derived from PT*/p53-KO mice compared
to that derived from PT/p53-KO mice (Fig. 5J, K). Our data
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indicated a strong oncogenic potential of PLEKHA1-TACC2 via
promoting VM formation in ESCC.

In addition to dasatinib, regorafenib, a small molecular kinase
inhibitor approved by the FDA to treat advanced solid tumors [47],
has recently been reported to inhibit EphA2 Ser897
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phosphorylation [48]. Our results showed that regorafenib
strongly inhibited EphA2/AKT signaling and attenuated VM
formation induced by PLEKHA1-TACC2 (Fig. 6A, B). We further
investigated in vivo efficacy of regorafenib using transgenic mice
and 4-NQO treatment as described earlier. PT"/p53-KO and PT/
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Fig. 3 PLEKHA1-TACC2 promotes VM formation via activating the EphA2/AKT/MMP2 signalling pathway. A The lysates of KYSE30 cells
stably expressing Flag-tagged PLEKHA1, TACC2, Pe4Te20, Pe11Te17, Pe10Te23, Pe5Te17, Pe2Te23, or an empty vector were blotted for total
EphA2, p-EphA2 (5897), total AKT, and p-AKT (S473). B The VM ability of KYSE30 cells stably expressing Flag-tagged PLEKHA1, TACC2, Pe4Te20,
Pe11Te17, Pe10Te23, Pe5Te17, Pe2Te23, or an empty vector was measured by an in vitro tube formation assay. C The conditioned medium of
KYSE30 cells stably expressing Flag-tagged PLEKHA1, TACC2, Pe4Te20, Pe11Te17, Pe10Te23, Pe5Te17, Pe2Te23, or an empty vector was
collected for gelatin zymography (top), and the cell lysates were blotted for $-Actin (bottom). D-F Representative images of VM in tumor
tissues obtained from athymic nude mice bearing KYSE30 (left) or KYSE150 (right) tumors (D), ESCC patients (E), and PDX grown in mice (F).
Red arrows: the tubule-like VM channels. Blue arrows: the blood vessels lined by CD31-positive endothelial cells. Scale bars were indicated in

the images.

p53-KO mice after 4-NQO treatment were randomized to receive
either regorafenib or the vehicle via intragastrical administration
for 28 days, all animals were then sacrificed, and their tongue and
esophagus were examined for atypical hyperplasia lesions or
squamous cell carcinoma. The tumor number and size of the
tongue of PT*/p53-KO mice were larger than those of PT/p53-KO
mice and were significantly suppressed by regorafenib (Fig. 6C-E).
Histopathological analysis showed that regorafenib treatment
significantly improved the tumor differentiation grades of the
tongue and esophagus in PT"/p53-KO mice (Fig. 6F, G). IHC
staining showed that the tumors of tongue and esophagus of PT*/
p53-KO mice showed higher expression of EphA2 compared with
PT/p53-KO mice and that regorafenib administration reduced the
level of phospho-EphA2 in the tumors of tongue and esophagus
of PT"/p53-KO mice (Fig. 6H). CD31/PAS/Ter119 staining was
performed and showed obvious VM channels in the tumors of
tongue and esophagus derived from PT"/p53-KO mice, and that
regorafenib drastically inhibited VM formation (Fig. 6l). Our data
indicated a promising therapeutic potential of regorafenib in
PLEKHA1-TACC2 positive tumors.

To further evaluate the sensitivity of dasatinib, ALW-1I-41-27 and
regorafenib on ESCC cells by CCK8 assay, we found that the cell
proliferate rates of KYSE30 and KYSE150 cells with PT expression
upon the treatment of these inhibitors were similar to those of
KYSE30 and KYSE150 cells without PT expression (Fig. S11A-B),
suggesting that PLEKHA1-TACC2 didn't affect the sensitivity on
cell proliferation of these inhibitors. Growing evidence reported
tumor-derived organoids have shown a great potential as a tool
for precision medicine [49, 50]. To further explore the therapeutic
potential of dasatinib, ALW 1I-41-27, and regorafenib, we
established tumor organoids derived from PDX G5835 and
G5824 models and were treated with these three inhibitors for
96 h, and the results indicated that the size and number of
organoids derived from PDX G5824 models were significantly
diminished after the treatment with dasatinib, ALW 1-41-27, and
regorafenib compared to those of organoids derived from PDX
G5835 models (Fig. S11C), indicating organoids with PT expression
are more sensitive to dasatinib, ALW [I-41-27, and regorafenib
treatment. The data suggest a promising therapeutic strategy of
EphA2 inhibitors in ESCC patients with PLEKHA1-TACC2
expression.

DISCUSSION

In this study, we identified a fusion gene PLEKHAT-TACC2 in a
specimen of ESCC, which resulted from a genomic DNA
rearrangement. Our results revealed several different isoforms of
PT and PT was frequently detected in ESCC, HNSCC and various
malignancy. Mass spectrometry analysis and Duolink PLA were
performed to confirm that PT protein encoded by PT transcripts
were present in tumors from patients. Kaplan-Meier analysis
showed that the presence of PT transcripts in ESCC and HNSCC
was significantly associated with poorer OS of patients. Mechan-
istically, we indicated PT overexpression promoted the formation
of vascular mimicry by upregulating EphA2/AKT/MMP2 signalling
pathway, and PT interfered with the interaction between c-cbl and
EphA2, which inhibited the degradation of EphA2, by strongly
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interacting with EphA2. Additionally, we demonstrated that a
strong oncogenic potential of PT in vivo, suggesting PT is a
promising therapeutic marker in ESCC.

PLEKHA1 harbors two pleckstrin homology domains, including
N-terminal and C-terminal PH domain. The PT transcripts encoding
the fusion proteins were predicted to harbor the N-terminal PH
domain found in PLEKHA1, locating upstream of the TACC domain
[51]. Accumulating evidence suggests that the C-terminal PH
domain of PLEKHA1 is highly selective for phosphatidylinositol 3,4-
bisphosphate (PI(3,4)P2) and not phosphatidylinositol 3,4,5-trispho-
sphate (PI(3,4,5)P3), suggesting that PLEKHA1 participated in PI(3,4)
P2-mediated signaling [52]. However, there have been few reports
on the function of the N-terminal PH domain of PLEKHA1. Our study
demonstrates that the fusion protein PLEKHA1-TACC2 interacts with
EphA2, likely owing to the interaction between the N-terminal PH
domain of PLEKHA1 and EphA2. While we have demonstrated that
some of in-frame fusion transcripts of PLEKHA1-TACC2 could
activate the EphA2/AKT/MMP2 signaling pathway, other transcripts
were predictably able to encode PT fusion protein or truncated
PLEKHA1 protein, the function of which might be in consistency with
the transcripts that have been verified and requires additional
investigation.

In addition to the important functions in the process of mitosis,
TACC2, one of fusion partners, has been identified as a tumor
suppressor gene in breast cancer [53] and hepatocellular
carcinoma [54], the downregulation of which is an important step
to drive tumorigenesis. Our previous study revealed inactivation of
TACC2 significantly enhance tumor growth in ESCC [55]. Lack of
TACC2 expression caused by PT fusion might have a potential role
in PT positive tumor progression. In addition, TACC family genes
have been demonstrated to fuse with a variety of genes to drive
tumorigenesis. For example, FGFR-TACCs fusion proteins could
result in the activation of the PI3K/AKT/mTOR signalling pathway,
resulting leading in to abnormal expression of the cell cycle
related genes CDK4, CDK2 and CCNE1 [56]. However, there was
few studies to explore the role of 3'-UTR of TACC2 within fusion
genes in tumor progression. All PT transcripts harbor 3-UTR of
TACC2, the role of the noncoding sequence needs to be further
examined.

This study has demonstrated the role of the novel fusion gene
PLEKHAT-TACC2 in VM formation and its potential as a biomarker
for effective ESCC treatment, but it nonetheless has certain
limitations. Although this study has successfully identified the
genomic breakpoint of PLEKHAT-TACC2 in ESCC 1, genomic
breakpoints in other tumors harboring PLEKHA1-TACC2 transcripts
could not be assessed owing to technical limitations of long-range
PCR. Deep whole genome sequencing (WGS) needs to be
conducted to survey entire DNA sequencing in tumors, which is
cost-prohibitive in both research and clinical settings. Further-
more, we could not detect the endogenous fusion protein in ESCC
clinical samples through mass spectrum owing to the limited
protein content and the accessibility of patients’ specimens, which
brings challenges in clinical investigation. We have demonstrated
that DuoLink PLA could be a convenient and accurate technology
to assess the endogenous protein in patients’ tissues. Further
investigation of more patients’ specimens needs to be performed.
Moreover, our data showed that PT promoted tumor progression,

Cell Death & Differentiation



A

KYSE30 KYSE150

_4—4_4—4

Dasatinib 0 12.5 25 50 100 200 0 12.5 25 50 100 200

T. Yang et al.

KYSE30

Pe4Te20 Pel1Te17 Pel0Te23 PeSTel7

Pe2Te23

Mock

nM . ] -
& % Dasatinib
|‘.--. H----.'<—-|pEphA2(8897) b
KYSE150
- - —— lm AKT PedTe20  PefiTel7 Pe10Te23 PesTet7 Pe2Te23
i may
- Mock
Iﬁ- - - I |- - - |p—AKT(S473)
| l | ..“|B—Actin Dasatinib
C 65835 D 65835 65824 E  csess 5824
E 8004 o Vehicle 2 15007 o= Venicle 15 —
£ 400 = Dasatinib £ = Dasatinib 2 s c
g g 1000 510{ . 51
g 3 : .8
5 500 505 .
g 20( ‘g— g o1 |z E
| Dasatinib 2 3 2 00 g =
) ) 3 f© 15 2 25 00 3 o 15 20 25 .c\,?: -{@'
Treatment(day) Treatment(day) NS
N
)
F * G5835 G5824
00 1
%o G5835 G5824 Vehicle Dasatinib Vehicle Dasatinib
€ o 0 ¢ e D —— T
2
[id
g ; % | -m|p-EphA2 (5897) |~.--- p-EphA2 (S897)
: ) F———"""W b-—-—--—-l M
=
£
5 s,
g -AKT (S473 o [— ]
g [ e AKT(07) [ | PAKT (8473)
= oo
A0 ————— - - i
coes covze | Lo [ [qp——p] - cin
| 65835 G5824 J ® Vehicle ® Vehicle
Vehicle Dasatinib Vehlcle Dasatinib ® Dasatinib . ° Dasatl:lf)
(5o}
@
2 g
& 5
L &
2 s
8 ®
: :
© T
B 3)
= G5835 G5824
G5824
Vehicle Vehicle Dasatinib
® \ehicle
@ Dasatinib
E
£
)
[0}
{ =1
s
©
& =
5}
=
=

—> CD31-PAS* vessel

—> CD31* vessel

at least in part, via increased ability of vascular mimicry formation.
However, the role of PT on other tumor intrinsic phenotype needs
further investigation in future study.

A variety of fusion genes have been identified as biomarkers
and therapeutic targets in multiple cancer types. The best
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examples of these are fusions involving kinases, which often
result in enhanced or dysregulated kinase activity. Many kinase
inhibitors successfully target these kinase fusions and provide
better disease management options [14, 57]. For instance, FGFR-
TACC fusions are frequently found in glioblastoma multiforme
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Fig. 4 Dasatinib inhibits PLEKHA1-TACC2 activity and suppresses tumor growth. A The expression of total EphA2, p-EphA2 (5897), total
AKT, and p-AKT (473) in KYSE30 and KYSE150 cells stably expressing Flag-tagged Pe4Te20 treated with indicated concentrations dasatinib for
48 h was determined by immunoblotting analyses. B The VM ability of KYSE30 and KYSE150 cells stably expressing Flag-tagged Pe4Te20,
Pe11Te17, Pe10Te23, Pe5Te17, Pe2Te23, without or with dasatinib (50 nM) treatment was performed using an in vitro tube formation assay.
C The images of PDX G5824 and G5835 tumors from mice treated with dasatinib or vehicle for 22 days (n = 7, each subgroup). D Growth curve
of PDX G5835 (left) and G5824 (right) in mice treated with dasatinib or vehicle was plotted by measuring the relative tumor volume at
indicated day. Data are presented as meanzts.e.m. The P values were calculated using the unpaired t-test. E Tumor weight of PDX G5835 (left)
and G5824 (right) in mice treated with dasatinib or vehicle were measured at the endpoint of the experiment. Data are presented as mean
+s.e.m. The P values were calculated using the unpaired t-test. F Tumor growth inhibition rates of dasatinib treatment on PDX G5835 and
G5824. G The expression of total EphA2, p-EphA2 (5897), total AKT, and p-AKT (S473) in PDX G5835 and G5824 from mice with vehicle
treatment was determined by immunoblotting analyses. H The expression of total EphA2 and p-EphA2 (S897), total AKT and p-AKT (S473) in
PDX G5835 and G5824 from mice with dasatinib or vehicle treatment was determined by immunoblotting analyses. | The expression of total
EphA2 and p-EphA2 (S897) in PDX G5835 and G5824 from mice with dasatinib or vehicle treatment was determined by IHC. Scale bars were
indicated in the images. J H-score of EphA2 and p-EphA2 (5897) signal intensity in PDX G5835 and G5824 from mice with dasatinib or vehicle
treatment as calculated by HALO analysis. The P values were calculated using one-way analysis of variance (ANOVA). K Representative images
of CD31/PAS/Ter119 staining in tumor tissues of PDX G5835 and G5824 from mice with dasatinib or vehicle treatment. Red arrows: the tubule-
like VM channels. Blue arrows: the blood vessels lined by CD31-positive endothelial cells. Scale bars were indicated in the images. L The
number of VM channels in PDX G5835 and G5824 from mice with dasatinib or vehicle treatment as calculated by HALO analysis. The P values

were calculated using one-way ANOVA. **P < 0.01, ***P < 0.001, ****P < 0.0001, ns indicates no significance.

(GBM) and have been demonstrated to be transforming and
oncogenic [58, 59]. Clinical data have shown promising ther-
apeutic effects of FGFR inhibitors in GBM patients whose tumors
harbor FGFR-TACC fusions [60]. ROS1 fusions have been examined
in a variety of human malignancies, including NSCLC, cholangio-
carcinoma and GBM. Crizotinib and entrectinib have shown
marked activity against ROS1-positive advanced NSCLC [61, 62].
NTRK fusion oncoprotein has been shown to activate aberrant TRK
signalling and acted as oncogenic drivers of various adult and
paediatric tumor types [63]. Entrectinib and larotrectinib are
effective in patients with tumors harboring NTRK fusions [64, 65].
Apart from kinases activated by gene fusions, MAML3 fusion gene
could upregulate the Wnt signalling pathway and may be
associated with an increased growth rate in pheochromocytomas
and paragangliomas. WNT inhibitors may be clinically active in
malignant tumors [66]. Our data show that PLEKHA1-TACC2 fusion
protein could activate EphA2 signalling. In addition, various EphA2
inhibitors, including dasatinib, ALW 1I-41-27 and regorafenib could
significantly inhibit vascular mimicry formation and the progres-
sion of PLEKHA1-TACC2 positive tumors in vitro and in vivo.
Moreover, our data suggest PLEKHA1-TACC2 did not modulate the
impact of dasatinib, ALW [I-41-27, and regorafenib on cell
proliferation.  This indicates that the primary role of these
inhibitors on PLEKHA1-TACC2 positive tumor progression likely
involves the inhibition of vascular mimicry, which might be
independent of the inhibition of cell proliferation. Among these
inhibitors, regorafenib has been approved by FDA for the
treatment of multiple solid tumors with favorable safety and
tolerability. Our results provide a strong rationale for clinical
investigation of EphA2 inhibitor or its downstream inhibitor in
patients having ESCC with PT fusions, which might also be useful
in other types of cancers exhibiting PT fusions, besides ESCC.

MATERIALS AND METHODS
Cell lines, tumor xenografts, and patient samples
KYSE30 cell lines were gifted from Professor Yan Li. KYSE150 cell lines were
gifted from Professor Dongxin Lin. HEK293T cells were purchased from ATCC
(https://www.atcc.org/). All cells were grown in DMEM (Gibco-BRL Life
Technologies, Carlsbad, USA) supplemented with 10% (vol/vol) fetal bovine
serum (FBS; Gibco-BRL Life Technologies). All cell lines were maintained at
37°C in a humidified incubator with 5% CO2. For experiments involving
stable overexpression genes, cells were infected with the viral particles for
24 h and selected with 1 ug/mL puromycin for 72 h before being used for
further experiments. All cell lines were authenticated with short tandem
repeat DNA profiling and checked Mycoplasma free.

PDX models of human gastric cancer (G5820, G5824, G5826, and G5835)
were gifted from Professor Yongzhan Nie [67]. The tumor xenografts were
grafted in athymic nude mice.

SPRINGER NATURE

Fresh frozen tissues for PCR analysis were surgically resected from
histopathologically and clinically diagnosed patients with ESCC, HNSCC,
colorectal cancer, hepatocellular carcinoma lung cancer, gastric cancer or
breast cancer by Department of Pathology at Sun Yat-Sen University
Cancer Center (SYSUCQ). All formalin-fixed, paraffin-embedded (FFPE) ESCC
samples were acquired from Department of Pathology of SYSUCC. 404
ESCC patients and 402 HNSCC patients with detailed long-term follow-up
clinical data were used for analysis the association between PLEKHAT-
TACC2 expression and overall survival, among which 146 ESCC patients
and 78 HNSCC patients were tested TP53 status and used to survival
analysis based on PLEKHA1-TACC2 expression and TP53 status.

Library construction and sequencing

Poly(A) RNA was isolated from total RNA using oligo d(T) magnetic beads
(New England Biolabs; S14195S). Purified poly(A) RNA was treated with DNase |
(ThermoFisher; EN0521) and then randomly fragmented via fragmentation
buffer (New England Biolabs; E6150S). The first and second cDNA strand were
synthesized with random hexamer primers by using Superscript Il Transcrip-
tion Kit (ThermoFisher; 18064014) and RNase H (New England Biolabs;
MO0297S) plus DNA polymerase, respectively. The end of the cDNA fragments
was repaired by Klenow polymerase (New England Biolabs; M0210), T4 DNA
polymerase (New England Biolabs; M0203), and T4 polynucleotide kinase
(New England Biolabs; M0201) to create blunt-ended DNA. A single 3'
adenosine moiety was added to the DNA, and Illumina PE adapters were
ligated to the ‘A’ base on the repaired DNA ends. Size selection (200 base pair)
of the DNA fragments on agarose gels was performed by cutting the target
fragments to recover ligation products. The libraries were then amplified by
PCR with Phusion DNA polymerase and primers containing barcode
sequence to distinguish different libraries. Paired-end sequencing was
performed using lllumina HiSeq™ 2000 platform.

Sequence data processing and alignment

The human reference genome assembly hg18 and annotated transcript
set were obtained from UCSC and NCBI RefSeq database, respectively.
The raw reads generated by the sequencer were firstly processed by
removing reads containing sequencing adaptors and reads with low
quality to get clean reads. The clean reads were then aligned to the
human reference genome (hg18) and reference transcripts from NCBI
Refseq database using SOAP2. A maximal of four mismatches were
allowed for each hit.

Detection of gene fusions

Gene fusions were identified using in-house software. Two types of
sequencing reads were used to identify fusion genes: the fusion-spanning
reads, which span the fusion junction, and the fusion-encompassing
reads, which are mate pair reads aligned to two different genes. Firstly, all
sequencing reads were aligned to the human reference genome and
human reference transcripts from NCBI RefSeq database. Mate pairs
aligning to multiple positions of the genome were discarded. Potential
fusion gene partners were reported if mate pairs aligned to two different
genes. We next enumerated all possible fusion junctions between the
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two fusion pairs and reads that cannot be mapped to the human Detection of PLEKHA1-TACC2

genome, Refseq transcripts were aligned to fusion junctions to detect The fusion transcripts derived from PLEKHAT and TACC2 were detected by
fusion-spanning reads. Fusion-spanning reads were required to span the RT-PCR combined with Sanger sequencing. Total RNA was isolated from
fusion junction site no less than 8bp. At least one fusion-spanning the clinical biopsies by an E.Z.N.A. Total DNA/RNA Isolation Kit according to
read and one fusion-encompassing read are required to identify a the manufacturer’s instructions (OMEGA Bio-Tek; R6731). The RNA was
fusion gene.

eluted with 50 pL nuclease-free water. The concentration and quantity of
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Fig. 5 Oncogenic potential of the PLEKHA1-TACC2 fusion gene in vivo. A The prevalence of TP53 mutations in human ESCC and HNSCC
tissues harboring PLEKHAT-TACC2 fusion. %2 test was used for analysis. B Kaplan-Meier analysis of the OS in patients with ESCC or HNSCC
grouped according to the expression of PLEKHAT-TACC2 fusion and TP53 missense mutations. The P values were calculated using the log-rank
test. C The image of the tongue obtained from the indicated transgenic mice after 4-NQO treatment. Black arrow: the resulting tumors. D The
number (left) and the size (right) of tumors from the indicated transgenic mice after 4-NQO treatment. The P values were calculated using one-
way ANOVA (left) or contingency table analysis (right). E Kaplan-Meier analysis of the OS in the indicated transgenic mice after 4-NQO
induction. The P values were calculated using the log-rank test. F Representative images of hematoxylin-eosin staining of esophagus and
tongue obtained from the indicated transgenic mice after 4-NQO treatment. Scale bars were indicated in the images. G- Tumor
differentiation stages by histopathological analysis of the tongue (G), esophagus (H), and forestomach (I) from the indicated transgenic mice
after 4-NQO treatment. J The expression of EphA2 in tumor tissues obtained from the indicated transgenic mice. Scale bars were indicated in
the images. K Representative images of VM in tumor tissues obtained from the indicated transgenic mice. Red arrows: the tubule-like VM
channels. Blue arrows: the blood vessels lined by CD31-positive endothelial cells. Scale bars were indicated in the images. *P < 0.05, **P < 0.01,

***P < 0.001, ns indicates no significance.

RNA were determined with a NanoDrop spectrophotometer (Thermo-
Fisher; ND-1000). We performed reverse transcription (RT) with an oligo
(dT) primer and the total RNA followed by PCR with the primers PT-RT-
Sense (5-TCGTCAGAATCGCATTTGTGG-3') and PT-RT-Antisense (5'-
GCTGCTCACCCTGGGAACTT-3'). The PLEKHA1-TACC2 fusion gene was
detected by PCR, using genomic DNA of the clinical specimen from ESCC
1 extracted from the clinical biopsies by an E.Z.N.A. Total DNA/RNA
Isolation Kit as the template. Amplification was performed with LA Taq Hot
Start Version (Takara; RR042Q) and the primers PT-genome-Sense (5'-
TCGTCAGAATCGCATTTGTGG-3') and PT-genome-Antisense (5'-
GCTGCTCACCCTGGGAACTT-3). All the PCR products were subjected to
sequencing.

DNA constructs, virus production, and establishment of stable
cell lines

PCR-amplified CDS region of human TACC2 and human PLEKHA1 was
cloned into pHAGE vector (#118692; Addgene) (Notl/Xhol) with Flag-
epitope-tag. The DNA fragments of fusion transcripts were obtained from
the two plasmids DNA templates mentioned above. The expression
plasmids for Flag-epitope tagged PLEKHAT-TACC2 fusion transcripts were
generated with pHAGE vector using multi-fragment homologous recom-
bination. PCR-amplified CDS region of human EPHA2 and Ubiquitin were
cloned into pHAGE with Myc-tag or HA-tag. All the primers sequences
were provided in Table S5.

For generation of lentivirus particles, the lentiviral vectors along with
psPAX2 (#12260; Addgene) and pMD2G (#12259; Addgene) (1:1:2 molar
ratio) were transfected into HEK-293T cells using PEl. The supernatant
containing virus particles was filtered through a 0.45-um syringe filter after
48 h. KYSE30 and KYSE150 cell lines were infected by lentiviruses for 24 h,
and cells were selected by 1 ug/mL puromycin for 3 days.

In vitro vasculogenic mimicry tube formation assay

To assess the vascular mimicry ability of ESCC cells, a matrigel-based in vitro
tube formation assay was applied. Briefly, 40 puL/well of matrigel (Corning;
354234) was plated in 96-well culture plate, and the culture plate was
incubated at 37°C for 30 min. Then 1x10° cells/well were seeded on
matrigel pre-coated wells. The cells were incubated in 5% CO2 incubator at
37°Cfor 16 h and the VM structure could be seen. For drugs sensitivity test,
ESCC cells were pre-treated separately with MK2206 (500 nM; Selleck; S1078),
doxycycline (125 ng/mL; MCE; HY-N0565), dasatinib (50 nM; Selleck; $1021),
ALW 11-41-27 (125 nM; Selleck; S6515) or regorafenib (4 uM; Selleck; S11784)
for 48 h and then the cells were seeded on matrigel pre-coated wells and
incubated for 16 h, with each group comprising five independent biological
replicates. VM structures were captured with a phase contrast microscope
(Zeiss Axiovert 40c) at 10x field.

IHC analysis and VM staining

The tumor tissues from clinical ESCC patients or mice were fixed in
formalin and embedded in paraffin. Briefly, the tissue samples were cut
into 4-um sections and heated at 65 °C for 2 h. Next, the FFPE sections
were deparaffinized in xylene and rehydrated in graded alcohol solutions
ending with distilled water. The sections were treated with high
temperature antigen retrieval in ethylenediaminetetraacetic acid (EDTA)
solution (pH 8.0) for 2.5 min after blocking endogenous peroxidase activity
using 3% hydrogen peroxide. After the retrieval solution had cooled to
room temperature, sections were blocked with 5% BSA and incubated with
diluted anti-EphA2 antibody (rabbit monoclonal, 1:200; Cell Signaling
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Technology; 6997S), anti-phospho EphA2 antibody (rabbit monoclonal,
1:100; Cell Signaling Technology; 6437S) or anti-TP53 antibody (rabbit
monoclonal, 1:200; Cell Signaling Technology; 2527) overnight at 4 °C. The
sections were washed and incubated with secondary antibody at 37 °C for
30 min. After washing, the sections were stained with 3,3’-diaminobenzi-
dine (DAB) until the desired intensity was achieved. Sections were
subsequently counterstained with haematoxylin to visualize nuclei and
preserved in neutral balsam (ZSGB-BIO). For VM staining, the sections were
incubated with CD235a (1:1000; ZSGB-BIO; ZA-0620) or Ter119 (1:500;
Biolegend; 116201) antibody at 37 °C for 30 min followed CD31 (1:5000;
Abcam; ab281583) IHC staining. After the sections were washed three
times for 5 min each time, the sections were incubated with AP-labeled
secondary antibodies at 37 °C for 30 min, signal detection was performed
using fast red dye reagent. The PAS staining was performed followed
CD235a or Ter119 staining. CD31-negative, PAS-positive vascular-like
patterns containing red blood cells formed by tumor cells were identified
as positive for VM.

The histopathological investigation was determined by two pathologists
independently based on the World Health Organization criteria. The tumor
differentiation status from mice tissues was graded as well-differentiation,
moderate-differentiation,  poor-differentiation, CIS, severe-dysplasia,
moderate-dysplasia or mild-dysplasia.

Polyclonal antibodies preparation

An anti-PLEKHAT (N-terminal) mouse polyclonal antibody and an anti-
TACC2 (C-terminal) rabbit polyclonal antibody are performed as previously
described [68], with minor modifications. In brief, PLEKHA1 (N-terminal)
peptide (specific targeting of exon1-2 of PLEKHA1) and TACC2 (C-terminal)
peptide (specific targeting of exon23 of TACC2) as specific antigens were
separately injected into mice or rabbits. After the priming immunization
4-8 weeks, booster immunizations are performed at 2-to-3-week intervals.
The serum of the animals was collected and detected antibody titer. When
the antibody titer reached an acceptable level, the specific polyclonal
antibodies were isolated from serum. The purity of polyclonal antibody is
checked using immunoblotting.

Duolink in situ proximity ligation assay

Duolink PLA kit was used to detect endogenous protein PT expression
(Sigma-Aldrich; DU092008). PLA was conducted in accordance with the
manufacturer’s instructions. In short, the FFPE sections were deparaffi-
nized in xylene and rehydrated in graded alcohol solutions. Antigen
retrieval was performed in a pressure-boiling container with EDTA buffer
(pH 8.0) for 2.5min. After incubation with a blocking solution for
60 minutes at 37 °C, the sections were then incubated overnight with an
anti-PLEKHAT (N-terminal) mouse polyclonal antibody (1:200 dilution)
and an anti-TACC2 (C-ternimal) rabbit polyclonal antibody (1:200
dilution) at 4°C. Anti-rabbit MINUS and anti-mouse PLUS PLA probes
(1:5 dilution) were used to incubate the slides for 60 min at 37 °C. After
washing twice for 5min each time in wash buffer A, the slides were
incubated with 5X Ligation Stock (1:5 dilution, Duolink, Sigma-Aldrich)
and Ligase (1:40 dilution, Duolink, Sigma-Aldrich) for 30 min at 37°C,
washed again in wash buffer A, and incubated in Amplification Stock 5X
(1:5 dilution, Duolink, Sigma-Aldrich) and Polymerase (1:80 dilution,
Duolink, Sigma-Aldrich) for 100 min at 37°C, and washed twice for
10 min each time in wash buffer B. Finally, mounting medium with 4,6-
diamidino-2-phenyl-indole (DAPI) was used to detect tissue nuclei. The
slides were imaged using a confocal laser scanning microscope (LSM880
with fast airyscan).

Cell Death & Differentiation
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Co-immunoprecipitation and mass spectrometry analysis

Protein lysates from cells or tissues extracted from IP lysis buffer (50 mM
Tris-HCI (pH 7.4), 150 mM NaCl, 0.6% NP-40, 5 mM EDTA) supplemented
with complete protease (MedChem Express; HY-K0011) and phospha-
tase inhibitor cocktail (MedChem Express; HY-K0021) were incubated
with Flag Labelled-Beads (Sigma-Aldrich; M8823), Myc Labelled-Beads
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(Biolegend; 658502) or anti-TACC2 antibody-conjugated protein A/G
agarose beads (Thermo Fisher) overnight at 4°C. After washing with IP
wash buffer (50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 0.6% NP40, 5 mM
EDTA), the complexes were eluted to further western blotting or
silver staining. The indicated bands were analysed by mass
spectrometry.
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Fig. 6 Regorafenib inhibits PLEKHA1-TACC2 activity and tumor progression. A The expression of total EphA2, p-EphA2 (5897), total AKT,
and p-AKT (S473) in KYSE30 and KYSE150 cells stably expressing Flag-tagged Pe4Te20 treated with indicated concentration of regorafenib for
48 h was determined by immunoblotting analyses. B The VM ability of KYSE30 and KYSE150 cells stably expressing Flag-tagged Pe4Te20,
Pe11Te17, Pe10Te23, Pe5Te17, Pe2Te23, without or with regorafenib (4 uM) treatment was performed using an in vitro tube formation assay.
C The images of the tumors from the indicated transgenic mice following 4-NQO treatment first then 28 days of regorafenib or vehicle
treatment (n = 8, each subgroup). D The number of tumors from the indicated transgenic mice following 4-NQO treatment first then 28 days
of regorafenib or vehicle treatment. One-way ANOVA was used for analysis. E The size of tumors from the indicated transgenic mice following
4-NQO treatment first then 28 days of regorafenib or vehicle treatment. The P values were calculated using contingency table analysis.
F Tumor differentiation stages by histopathological analysis of the tongue and esophagus from the indicated transgenic mice following
4-NQO treatment first then 28 days of regorafenib or vehicle treatment. G Representative images of hematoxylin-eosin staining of tongue and
esophagus obtained from the indicated transgenic mice following 4-NQO treatment first then 28 days of regorafenib or vehicle treatment.
Scale bars were indicated in the images. H The expression of total EphA2 and p-EphA2 (S897) in tongue (top) and esophagus (bottom)
obtained from the indicated transgenic mice following 4-NQO treatment first then 28 days of regorafenib or vehicle treatment. Scale bars
were indicated in the images. | Representative images of CD31/PAS/Ter119 staining of tongue and esophagus obtained from the indicated
transgenic mice following 4-NQO treatment first then 28 days of regorafenib or vehicle treatment. Red arrows: the tubule-like VM channels.
Blue arrows: the blood vessels lined by CD31-positive endothelial cells. Scale bars were indicated in the images. *P <0.05, **P < 0.01, ns

indicates no signifance.

Immunoblotting, protein degradation, and ubiquitylation
Protein lysates from cells or tissues were extracted using RIPA buffer
(50mM Tris HCI pH 7.4, 150mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, and 1 mM phenylmethyl sulfonyl fluoride) with
complete protease (MedChem Express; HY-K0011) and phosphatase
inhibitor cocktail (MedChem Express; HY-K0021) and quantified with a
BCA kit (Thermo Fisher; 23225). The protein lysates were mixed with
loading buffer and then separated by SDS-PAGE gel electrophoresis.
Next, proteins were transferred onto PVDF membranes (Millipore). The
membrane blocked with 5% BSA for 60 min at room temperature was
incubated with primary antibody overnight at 4°C and a HRP-
conjugated secondary antibody for 45min at RT. Membranes were
detected using an ECL detection kit (Advansta, 141104-03). To examine
protein degradation, cells were treated with CHX (100 ug/mL, Med-
ChemExpress; hy-12320) for several time points, followed by western
blotting. To examine the ubiquitylation level of EphA2, cells were
transfected with Myc-tagged EphA2 and HA-tagged Ubiquitin before
harvested. Protein lysates extracted by IP lysis buffer were incubated
with Myc-beads (Biolegend; 658502) overnight at 4°C. After washing,
proteins were eluted and followed by western blotting detection using
an anti-HA antibody.

The antibodies utilized include the following: anti-EphA2 (1:1000; Cell
Signaling Technology; 6997S); anti-B-Actin (1:4000; Cell Signaling
Technology; 4970S); anti-Flag (1:1000; Proteintech; 20543-1-AP-100ul);
anti-Myc (1:1000; Cell Signaling Technology; 2278S); anti-HA (1:500;

Santa Cruz; sc-7392); anti-p-EphA2 (S897) (1:1000; Cell Signaling
Technology; 6437S); anti-AKT (1:1000; Cell Signaling Technology;
9272S), anti-p-AKT  (S473) (1:1000; Cell Signaling Technology;

4060S), anti-Nanog (1:500; Cell Signaling Technology; 4903P), anti-KLF4
(1:500; Cell Signaling Technology; 4038T), anti-SOX2 (1:500; Proteintech;
11064-1-AP-50ul) and anti-a-Tubulin (1:4000; Cell Signaling Technology;
2125S). All the uncropped images of gels and blots were provided in the
Supplementary Materials.

Gelatin zymography assay

Gelatin zymography was used to measure MMP2 and MMP9 activity.
Briefly, cells were incubated in DMEM without FBS for 24 h. The cell
supernatants were collected and mixed with 5x zymography sample buffer
and then loaded into each lane of a SDS-PAGE (10%) gel containing 1 mg/
mL gelatin. After electrophoresis, the gel was washed for 30 min in
zymogram renaturing buffer (2.5% Triton X-100) with gentle agitation at
room temperature to remove SDS and incubated in reaction buffer (50 mM
Tris—-HCI pH 7.4, 200 mM NaCl, and 5 mM CaCl2) at 37 °C overnight. After
staining with Coomassie brilliant blue, MMP activity was visualized as clear
zones against blue background.

PDX-derived organoids culture and EphA2 inhibitors tests

PDX-G5835 and G5824 tissues were separated and rinsed three times with
cold PBS. Following washing, the tissues were minced into small cubes,
approximately 1 mm? in size, and transferred into a fresh 50 mL centrifuge
tube. 15 mL of 0.25% trypsin-EDTA (Gibco, Cat# 25200072) was added and
used to digest the tissues at 37 °C for 1 h. The digestion process was halted
using 15 mL of DMEM supplemented with 10% FBS. Single-cell suspension
was obtained by filtering the digested mixture through a 70 pm cell
strainer and then centrifuging at 400 x g for 10 min. After centrifuging, the
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cell pellet was resuspended with Matrigel, and 30 pL of this mixture were
plated at the bottom of 48-well plates to form a hemispherical shape upon
incubation at 37 °C for 15 min. Once solidified, the organoids were cultured
in 500 pL of the Gastric Cancer Organoid Kit (bioGenous, K2179-GC). After
3-4 days, PDX-derived organoids would be seen. For the sensitivity
detection of EphA2 inhibitors, PDX-derived organoids were digested with
0.25% trypsin-EDTA at 37 °C for 15 min, and DMEM with 10% FBS was used
to stop the digestion reaction. Single-cell suspension was obtained as
above mentioned, and 4000 single cells were cultured in a 48-well plate
embedded in 30 uL Matrigel. After 1 day, the organoids were treated with
dasatinib (50 nM), ALW 1I-41-27 (125 nM), or regorafenib (4 uM) separately
for 96h, with each group comprising five independent biological
replicates. The organoids structures were captured with a phase contrast
microscope (Zeiss Axiovert 40c) at 10x field.

Animal experiments
Female nude mice (4-5 weeks old) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. and housed in microisolator cages.

To generate subcutaneous ESCC tumors in nude mice, 1 x 10° KYSE30 or
KYSE150 cells stably expressing Flag-tagged Pe11Te17 or an empty vector
were inoculated subcutaneously into 4 to 5-week-old nude mice. For
in vivo studies involving dasatinib, PDX G5835 and G5824 were separately
transplanted into nude mice. When the tumors had grown to 50-100 mm?,
dasatinib (30 mg/kg/i.g.) or vehicle (0.5% Carboxymethylcellulose sodium
in sterile water) was injected once daily for 22 days. For in vivo studies
involving ALW 11-41-27, treatment (10 mg/kg/i.p., twice daily for 14 days)
started when the tumors had grown to 50-100 mm?>. The vehicle for ALW
1-41-27 was 5% DMSO, 40% PEG300, 5%Tween 80 in sterile water. Tumor
dimensions were measured using a Vernier calliper, and tumor volume was
calculated according to the formula V= 0.52 x (a®x b), where a and b are
the minimal and maximal diameters, respectively, in millimetres. The tumor
growth inhibition rate (%) was calculated using the following formula: [1 —
(Ti — TO)/(Vi — V0)] x 100%. (Ti: Mean tumor volume of the treatment
group at time of tumor extraction, TO: Mean tumor volume of the
treatment group at the start of administration; Vi: Mean tumor volume of
the vehicle group at time of tumor extraction, VO: Mean tumor volume of
the vehicle group at the start of administration). In accordance with
institutional guidelines, mice bearing subcutaneous xenografts smaller
than 2000 mm?® were sacrificed. Explanted tumors were weighed and
photographed.

We used the ED-L2 promoter of Epstein-Barr virus, which drives
epithelial-specific expression in the tongue, esophagus, and squamous
forestomach [69], to overexpress the Pe4Te20 transcript in oral-esophageal
epithelia of C57BL/6J mice (PT" mice). The p53 deletion mice (B6.12952-
Trp53'™'™/J) were developed in the laboratory of Dr. Tyler Jacks at the
Center for Cancer Research, Massachusetts Institute of Technology [70].
PT" mice were crossed to p53 deletion mice to obtain PT*/p53-KO, PT*/
p53-WT, PT/p53-KO, and PT/p53-WT mice. For genotyping, genomic DNA
was extracted and purified from mouse tails as templates. Amplification
was performed using 2 X SuperNova PCR Mix (GenStar; A065). Cycling
conditions were as follows: initial denaturation at 94 °C for 5 min followed
by 35 cycles of 94 °C for 1 min, 58 °C for 30's, and 72 °C for 40's, and finally
1 cycle at 72°C for 5min. All the primer sequences were provided in
Table S6. The PCR product size of the wild-type p53 is 288 bp, whereas that
of the p53-KO is 319 bp. The PCR product size of PT fusion is 1032 bp. For
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4-NQO-induced ESCC animal model, 6-week-old PT*/p53-KO, PT*/p53-WT,
PT/p53-KO, and PT/p53-WT BALB/c nude mice were fed with water
containing 4-NQO (100 pg/mL; Meilunbio; MB6089) for 16 weeks then with
normal drinking water for another 12 weeks. Mice were then sacrificed,
and their tongue, esophagus, and stomach were obtained for further
histopathological analysis. For 4-NQO-induced ESCC animal model
involving regorafenib, 6-week-old PT*/p53-KO and PT/p53-KO C57BL/6J
mice were exposed to water containing 4-NQO (100 ug/mL) for 16 weeks
followed by normal drinking water for another 4 weeks. Then the mice
were divided into two groups randomly and treated with regorafenib
(80 mg/kg/i.g. once daily) or vehicle for 28 days separately. The vehicle for
regorafenib was 0.5% CMC-Na in sterile water. The tongue and esophagus
were collected for further histopathological analysis.

Statistical analysis
All experiments for quantitative analysis and representative images were
repeated at least three times. Data sets with normal distribution were
analyzed with unpaired Student’s two-sided t-tests to compare two
groups. Two-sided log-rank (Mentel-Cox) test was used to evaluate the
Kaplan-Meier survival analyses. Multivariate Cox regression model was
performed to analyse the baseline variables for prognostic significance.
Associations between the prevalence of TP53 mutations and PLEKHA1-
TACC2 expression in ESCC and HNSCC patients were analysed using the x2
test. Contingency table analysis was performed to evaluate the significance
of tumor size in different groups in transgenic mice model. One-way
ANOVA was performed to evaluate the difference among three or more
groups. P<0.05 was considered statistically significant (*P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001, ns indicates no significance). All
statistical analyses were performed by GraphPad Prism 9.3.1 software.
The sample size was not predetermined through statistical tests but was
based on previously published findings that identified significant
differences. All collected samples were included in the analyses without
exclusion. And the investigators were not blinded during the experimental
procedures or outcome assessments.

DATA AVAILABILITY

The raw sequence data for the study have been deposited in the Genome Sequence
Archive of the BIG Data Center at the Beijing Institute of Genomics, Chinese Academy
of Science, under accession number HRA010205 (http://bigd.big.ac.cn/gsa-human).
The raw data of all the functional experiments of the main figures in this work have
been deposited onto the Research Data Deposit public platform
(www.researchdata.org.cn) with the approval number RDDB2025850433.
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