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SYT7 accelerates nasopharyngeal carcinoma progression via
ALDH1A3-mediated STAT3 signaling activation
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Nasopharyngeal carcinoma (NPC) is a special histological and ethical type of head and neck cancer with unsatisfactory clinical
outcome. Thus, exploring effective molecular targets is critical for NPC treatment. We observed increased expression levels of
synaptotagmin-7 (SYT7) in NPC tissues, which correlated with unfavorable prognoses. Furthermore, knockdown of SYT7 in NPC cells
suppressed proliferation and migration rates, and enhanced apoptosis. In contrast, overexpression of SYT7 accelerated NPC tumor
growth. Using whole-genome gene arrays and immunoprecipitation-mass spectrometry assays, aldehyde dehydrogenase 1 family
member A3 (ALDH1A3), a regulator of glycolytic metabolism, was identified as a critical downstream target of SYT7. Mechanistically,
SYT7 binds and promotes ALDH1A3 deubiquitination, resulting in decreased ALDH1A3 degradation. Notably, we also observed an
increased expression of ALDH1A3 in NPC. More importantly, the knockdown of ALDH1A3 resulted in suppressed proliferation,
migration, glycolysis, and promoted apoptosis, all of which could be restored by the overexpression of SYT7 in NPC cells. Taken
together, we found that SYT7 increases ALDH1A3-mediated STAT3 activation and glycolysis, contributing to NPC progression,
which provides a possible molecular mechanism for the development of targeted therapeutics interventions.
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INTRODUCTION
Nasopharyngeal carcinoma (NPC) is a distinctive form of head and
neck cancer that highly prevalents in Southeast Asia and Southern
China [1, 2]. Locoregionally metastasis occurs in more than 70%
newly diagnosed NPC patients [3, 4]. Owing to significant
advancements in early diagnosis techniques, chemotherapy
strategies and surgery interventions, the prognosis of NPC has
significantly improved [2–9]. Despite these advancements, distant
metastases and recurrences continue to pose the most substantial
challenges in NPC treatment and remain the primary causes of
mortality [1, 5, 8]. Therefore, a deeper comprehension under-
standing of the pathogenesis and metastatic mechanism of NPC
on the molecular basis is crucial for the development of targeted
therapeutics.
Synaptotagmin-7 (SYT7) is a calcium sensor in the process of

cell exocytosis and synaptic transmission [10–13]. SYT7 also plays
a critical role in serials biological processes, such as cell apoptosis,
proliferation, cytokine production, and transcriptional regulation.
Accumulating evidence has revealed the significance of SYT7 in
the initiation and progression of cancer, indicating that targeting
SYT7 may be a potential strategy for cancer treatment [14–17].
Nevertheless, whether SYT7 takes part in the progression of NPC
remains unraveled.
In this study, we demonstrate the upregulation of SYT7

expression in NPC. We further observed that knockdown of SYT7
resulted in a decreased proliferation rate and enhanced apoptosis

in NPC cells. Additionally, we identify that aldehyde dehydrogen-
ase 1 family member A3 (ALDH1A3) as a key downstream target of
SYT7, which promotes NPC progression by modulating signal
transducer and activator of transcription 3 (STAT3) activation and
aerobic glycolysis. Our findings suggest that SYT7 promotes NPC
progression by modulating STAT3 activation and aerobic glyco-
lysis, thereby highlighting a potential molecular pathway for
targeted intervention.

RESULTS
The expression level of SYT7 is closely associated with cell
proliferation and migration, and unfavorable clinical
outcome in NPC
To investigate the role of SYT7 in nasopharyngeal carcinogenesis,
immunohistochemistry (IHC) staining for SYT7 was conducted on
both NPC and non-cancerous nasopharyngeal tissue microarray
(TMA). As shown in Fig. 1A and Table S1, SYT7 expression levels
were significantly higher in NPC tissue samples than those in non-
cancerous nasopharyngeal tissue samples (P < 0.001). Moreover,
SYT7 expression levels demonstrated significant associations with
several patient characteristics, such as clinical stage (P < 0.001),
tumor infiltration (P < 0.001), lymph node status (P < 0.001), distant
metastasis (P < 0.01), and recurrence status (P < 0.001) in the NPC
TMA (Tables S2 and S3). Elevated SYT7 expression was inversely
correlated with the overall survival rate of NPC patients (P < 0.001)
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(Fig. 1B), indicating that SYT7 may be considered a prognostic
marker for patients with NPC. SYT7 expression was appraised in
normal nasopharyngeal cell line NP-69 and various NPC cell lines.
NPC cells showed significant higher SYT7 mRNA levels than that in
NP-69 cells (Fig. S1A).

To further explore the biological function of SYT7 in NPC cells,
short hairpin (sh)RNA lentiviral particles targeting negative control
(shCtrl) and SYT7 (shSYT7) were constructed and added to C666-1
or HONE-1 cells. As shown in Figs. 1C and S1B, C, all three shSYT7
lentiviruses effectively depleted SYT7 mRNA in C666-1 and
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HONE-1 cells. Based on its efficacy, shSYT7-1 was selected for
subsequent experiments. Moreover, SYT7 protein levels were
significantly decreased in both C666-1 and HONE-1 stable cell
lines (Fig. 1D). It was shown that SYT7 knockdown led to a
significantly decrease in cell proliferation rates and colonies
numbers in NPC cells, as demonstrated by in 3-[4,5-dimethylthia-
zol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) and colony
formation assays (P < 0.001, Fig. 1E, F). Using wound-healing and
transwell assays, we also observed that the migration ability was
significantly inhibited after SYT7 knockdown in NPC cells (P < 0.01,
Fig. 1G, H). SYT7 depletion also resulted in increased cell apoptosis
in NPC cells (P < 0.001, Fig. 1I). These findings collectively show
that SYT7 functions as an oncogenic molecule, promoting NPC cell
proliferation and migration while suppressing apoptosis.

ALDH1A3 is a critical downstream target of SYT7-mediated
NPC carcinogenesis
To further investigate the downstream targets of SYT7 in NPC,
whole-genome gene expression assays were performed on stable
shCtrl and shSYT7 C666-1 cells to identify the differential
expressed genes (DEGs). Knockdown of SYT7 resulted in 503
upregulated DEGs and 608 downregulated DEGs (Fig. 2A, B). Using
ingenuity pathway analysis (IPA) assay, the DEGs showed
significant enrichment in “GNRH signaling” and “IL-1 signaling”
(Figs. 2C and S2). IPA further revealed that genes including ADCY7,
AK2, CAB39, CCND1, ALDH1A3, DUSP4, NRIP2, GNAI2, GNAI3, GNB5,
SPDEF, IL6ST, INSR, JUN, and HHIP, are potential downstream
interactors of SYT7 in NPC (Fig. 2D and Table S4). Among these
genes, SPDEF, NRIP2, ALDH1A3, and HHIP were identified as the
genes most likely to be co-expressed with SYT7 (Fig. 2E).
Consistent with the DEGs results, the shSYT7 C666-1 cells
exhibited significantly reduced protein expression of all four
genes (SPDEF, NRIP2, ALDH1A3, and HHIP) (Fig. 2F). Given its
established association with cancer progression and metastasis
[18–20], ALDH1A3 was selected as the primary candidate down-
stream target of SYT7 for further investigation.
To further investigate the interacting proteins associated with

SYT7, we conducted immunoprecipitation-mass spectrometry
assays (IP-MS) (Fig. 2G). The IP-MS results identified 311 proteins
as interacting proteins. Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis of Top 20 high-
confidence SYT7-interacting proteins revealed significant enrich-
ment in the “Proteasome pathway” (Fig. 2H). Notably, among the
top 20 most likely interacting proteins with SYT7, ALDH1A3 was
also identified (Table S5). These findings prompted us to further
explore the role of ALDH1A3 and the proteasome pathway in
SYT7-mediated NPC carcinogenesis.

SYT7 knockdown promotes ALDH1A3 ubiquitination in NPC
The protein expression of ALDH1A3 was significantly reduced
following SYT7 knockdown in NPC cells (Figs. 3B and S3A).
However, ALDH1A3 mRNA levels remained relatively unaffected
(Fig. 3A), indicating that ALDH1A3 is regulated by SYT7 mainly
through post-translational modifications. Thus, we treated stable
shCtrl and shSYT7 NPC cells along with a protein synthesis
inhibitor, cycloheximide (CHX). SYT7 knockdown increased the

degradation rate of ALDH1A3 (Figs. 3C and S3C) without affecting
ALDH1A3 mRNA levels (Fig. S3B). Furthermore, MG-132, a
proteasome inhibitor, increased the ALDH1A3 protein levels in
both shCtrl and shSYT7 NPC cells. More importantly, the down-
regulation of ALDH1A3 protein after SYT7 depletion was partially
rescued by MG-132 (Figs. 3D and S3D), indicating that ALDH1A3 is
regulated via proteasome-mediated degradation. The lysosomal
protease inhibitor, Chloroquine (CQ), did not change the
expression level of ALDH1A3 both in shCtrl and shSYT7 NPC cells,
indicating the lysosomal-dependent proteolysis is not involved in
SYT7 mediated proteolysis in NPC (Figs. 3E and S3E). Previous
studies have reported that ALDH1A3 can be deubiquitinated in
cancer cells [20, 21]. Therefore, we examined the ubiquitination
status of ALDH1A3 following SYT7 knockdown. Co-IP assays
showed that SYT7 binds to ALDH1A3 (Fig. 3F), and SYT7
knockdown promoted ALDH1A3 ubiquitination (Fig. 3G). Taken
together, these data suggest that SYT7 functions by deubiquiti-
nating ALDH1A3 in NPC cells.

ALDH1A3 is a bona fide downstream target of SYT7 in NPC
To further determine the functional role of ALDH1A3 on SYT7-
mediated regulation of NPC, we established four groups of stable
C666-1 or HONE-1 cell lines were constructed: a negative control
group (Vector+shCtrl), a SYT7 overexpression group (SYT7+shCtrl),
an ALDH1A3 knockdown group (Vector+shALDH1A3), and a SYT7
overexpression plus ALDH1A3 knockdown group (SYT7+-
shALDH1A3). As illustrated in Figs. 4A, B and S4, effective infection
and knockdown were reached in four groups in NPC cells. SYT7
overexpression promoted cell proliferation in both the SYT7
overexpression (SYT7+shCtrl) and the simultaneous SYT7 over-
expression and ALDH1A3 knockdown (SYT7+shALDH1A3) groups
compared to their respective controls (Fig. 4C, D). Moreover, the
loss of ALDH1A3 dramatically attenuated and reversed the
upregulated proliferation induced by SYT7 overexpression,
indicating a downstream role of ALDH1A3 in the SYT7-mediated
regulation of NPC. Similar trends were also observed in the
wound-healing assay, where ALDH1A3 depletion restored cell
migration in both the control and SYT7 overexpression groups
(Fig. 4E, F). These results collectively highlight the critical
involvement of ALDH1A3 in mediating the oncogenic effects of
SYT7 in NPC.

SYT7 promotes NPC cell glycolysis and xenograft growth
through ALDH1A3
ALDH1A3 is a critical enzyme involved in glucose metabolism
[22–24]. Thus, we examined glycolytic activity in stable shCtrl and
shSYT7 C666-1 cells. As shown in Fig. 5A–C, SYT7 knockdown
resulted in a significant reduction in glucose consumption, lactic acid
production and ATP levels. As expected, SYT7 overexpression
increased glucose consumption, lactic acid and ATP levels compared
to the negative control cells (Fig. 5D–F). In addition, ALDH1A3
knockdown resulted in a significant decrease in glucose consump-
tion, lactic acid and ATP production compared with negative control
cells. More importantly, ALDH1A3 knockdown reversed the
increased glycolytic activities in SYT7 overexpression groups,
indicating that SYT7 promotes glycolysis via ALDH1A3 in NPC cells.

Fig. 1 SYT7 expression level is correlated with cell proliferation and migration, and unfavorable clinical outcome in NPC.
A Representative images of immunohistochemistry staining for SYT7 in NPC tissue samples and adjacent non-cancerous tissue samples.
B Kaplan–Meier curves depicting the overall survival rate of NPC patients with high or low levels of SYT7 expression (N= 105). C The mRNA
level of SYT7 in C666-1 cells treated with all three shSYT7 constructs. D The protein level of SYT7 was detected by immunoblot in C666-1 and
HONE-1 cell lines after infection with shCtrl and shSYT7 lentivirus. E The MTT assay was used for indicated stable cell lines to generate cell
growth curves. F Images of colony formation in stable shCtrl and shSYT7 C666-1 or HONE-1 cell lines. G Wound-healing assays revealed the
migration rates of stable shCtrl and shSYT7 C666-1 or HONE-1 cells at indicated time points after infection. H Transwell assays assessing the
migration rates of shCtrl and shSYT stable C666-1 or HONE-1 cells. Magnification: ×200. I Flow cytometry assay showed the effect of SYT7
knockdown on cell apoptosis. The experiments were repeated at least thrice. Data are expressed as mean ± SD, *P < 0.05, **P < 0.01 and
***P < 0.001.
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To explore the impact of SYT7 to ALDH1A3 in vivo, we used a
subcutaneous xenograft tumor mouse model (n= 5/group). As
shown in Fig. 5G, H SYT7 overexpression significantly promoted
NPC growth in both the SYT7 overexpression (SYT7+shCtrl) group
and the simultaneous SYT7 overexpression and ALDH1A3

knockdown (SYT7+shALDH1A3) group compared to their respec-
tive counterparts. Moreover, loss of ALDH1A3 dramatically
reduced NPC growth and rescued the tumor-promoting effects
induced by SYT7 overexpression (Fig. 5G, H). Consistently, the
results of tumor weight measurements (Fig. 5I), hematoxylin and

Fig. 2 ALDH1A3 is a critical downstream target of SYT7-mediated NPC carcinogenesis. A Heatmap of DEGs in stable shCtrl and shSYT7
C666-1 cells generated using RNA-sequencing (n= 3). B Volcano plot of DEGs between shCtrl and shSYT7 C666-1 cells. C Classic pathway
enrichment analysis based on IPA. D An IPA-based interaction network for SYT7 and the DEGs. E Co-expression of SYT7 with various genes.
F The protein expression levels of SPDEF, NRIP2, ALDH1A3 and HHIP were detected by immunoblot in shCtrl and shSYT7 C666-1 cells.
G Schematic diagram illustration of the IP-MS procedure. Created in BioRender. H KEGG pathway enrichment analysis of Top 20 interacting
proteins revealed that significant enrichment of interacting proteins in the “Proteasome pathway”.
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eosin (H&E) staining (Fig. 5J), and Ki-67 (a proliferation marker) IHC
staining (Fig. 5K) further validated the results of the tumor growth
analysis. These results are consistent with in vitro experimental
results and support the hypothesis that SYT7 promotes NPC
growth by upregulating ALDH1A3 expression in vivo.

STAT3 signaling is involved in the SYT7-ALDH1A3-mediated
NPC tumorigenesis
SYT7 mRNA levels from GEO datasets showed a positive
correlation with ALDH1A3 expression, IL-6 and STAT3 mRNA
levels, respectively (Fig. 6A). Considering the importance of IL-6/

K. Xu et al.

5

Oncogenesis           (2025) 14:16 



JAK/STAT3 signaling in NPC [25–27], we examined whether
STAT3 signaling is involved in SYT7-ALDH1A3 axis-mediated
regulation of NPC. We observed that both SYT7 and ALDH1A3
depletion led to significant suppressed STAT3 activity in NPC cells
(Figs. 6B, C and S5). Furthermore, SYT7 overexpression led to a
significant upregulation of p-STAT3, indicating enhanced STAT3
activity (Fig. 6D). Moreover, SYT7 overexpression led to an
increased cell proliferation rate (Fig. 6E) and decreased apoptosis
percents (Fig. 6F, G) in NPC cells, all of which could be reversed by
a STAT3 activation inhibitor, S31-201. Since S31-201 did not

change the protein levels of either SYT7 or ALDH1A3, we can
conclude that STAT3 signaling acts as a downstream regulator in
the SYT7-ALDH1A3 axis-mediated progression of NPC.

DISCUSSION
Accumulating evidence has shown that SYT7 is overexpressed in
various malignancies, including glioblastoma, gastric cancer, and
lung cancer [14, 16, 28]. Previous studies also mentioned the
involvement of SYT7 in head and neck squamous cell carcinoma

Fig. 3 SYT7 knockdown promotes ALDH1A3 ubiquitination in NPC. A, B The expression levels of ALDH1A3 associated with SYT7 were
determined using A RT-qPCR, and B WB in C666-1 and HONE-1 cells. C At 0, 6, 12, and 24 h after CHX treatment, immunoblot was conducted
to detect ALDH1A3 protein levels in C666-1 cells and HONE-1 cells subjected to SYT7 knockdown, with DMSO used as a negative control.
D Indicated NPC cells with or without SYT7 knockdown were treated with 20 μM MG-132 for 6 h, and then indicated protein levels were
determined via immunoblot. E shCtrl and shSYT7 stable C666-1 and HONE-1 cells were treated with DMSO or 30 μM Chloroquine for 2 h.
F endogenous immunoprecipitation was performed by using ALDH1A3 antibody or IgG in C666-1 and HONE-1 cells, and then immunoblotted
with SYT7 antibody. G C666-1 cells infected with shSYT7 or shCtrl lentivirus were treated with MG-132, and the ubiquitination of ALDH1A3
was detected via immunoblotted with an anti-Ubiquitin (Ub) antibody. The data are expressed as the mean ± SD, *P < 0.05 and **P <0.01; the
experiments were repeated at least thrice.

Fig. 4 ALDH1A3 is a bona fide downstream target of SYT7 in NPC. A, B Relative protein levels of SYT7 and ALDH1A3, along with their
quantifications in stable cell lines of C666-1 or HONE-1, as detected by immunoblot. C, D Effects of SYT7 overexpression, ALDH1A3
knockdown, and simultaneous SYT7 overexpression and ALDH1A3 knockdown on proliferation in C666-1 C and HONE-1 cells D, as analyzed
by a Celigo-based cell counting assay. E, F Effects of SYT7 overexpression, ALDH1A3 knockdown, and simultaneous SYT7 overexpression and
ALDH1A3 knockdown on the migration of C666-1 cells E and HONE-1 cells F, as analyzed via wound-healing assays 24 h or 48 h after
scratching. The data are expressed as the mean ± SD, from three independent biological replicates. P values determined by two-tailed t test,
*P < 0.05 and **P < 0.01.
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Fig. 5 SYT7 promotes NPC cell glycolysis and xenograft growth through ALDH1A3. A–C Glucose consumption, lactic acid production and
ATP content were measured in C666-1 cells before and after SYT7 knockdown. D–F The production of glucose, lactic acid and ATP were
assessed in four stable cell lines before and after overexpressing SYT7 or/and knockdown ALDH1A3. G Photographs and H volumes of tumors
from the SYT7+shALDH1A3, SYT7+shCtrl, Vector+shALDH1A3, and Vector+shCtrl groups. Tumor volumes were calculated on the indicated
days after post-inoculation. I Tumor weights from the SYT7+shALDH1A3, SYT7+shCtrl, Vector+shALDH1A3, and Vector+shCtrl groups. J H&E
staining and K a proliferation marker, Ki-67, IHC staining of xenograft tumors from all four groups. Magnification: ×200 or ×400. Error bars
indicate Mean ± SD. P values determined by two-tailed t test, *P < 0.05, **P < 0.01 and ***P < 0.001.
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[17] and thyroid cancer [17, 29]. However, the functional role and
clinical significance of SYT7 in NPC, another independent type of
head and neck cancer, remains unexplored. To the best of
our knowledge, this is the first study to define the role of SYT7
in NPC.

Our current study demonstrates that SYT7 promotes NPC cell
proliferation and migration while suppresses apoptosis in vitro,
and facilitates the growth of NPC xenograft tumors in vivo. In
addition, increased expression of SYT7 was significantly associated
with unfavorable overall survival rates in NPC patients. These
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results indicate that SYT7 is a potential prognostic biomarker
for NPC.
Though the function of SYT7 has been documented in the

aforementioned malignancies, the downstream signal regulation
of SYT7 remain relatively unexplored. Dong et al. reported that
SYT7 is account for increased proliferation and decreased
apoptosis in thyroid cancer cells, which are attributed to the
inhibition of HMGB3 ubiquitination and degradation [29]. To
clarify the specific mechanisms underlying SYT7’s function in NPC,
a comprehensive whole-genome analysis and IP-MS were
performed, both indicating ALDH1A3 is a potential downstream
target of SYT7 in NPC cells. In addition, endogenous Co-IP analysis
revealed that SYT7 interacts with ALDH1A3 in NPC cells.
Mechanistically, SYT7 knockdown promoted the ubiquitination
and degradation of ALDH1A3, an effect that was mitigated by the
proteasome inhibitor MG132. Previous studies have shown that
the deubiquitinating of ALDH1A3 by deubiquitinating enzymes
(DUBs), such as ubiquitin-specific protease 22 (USP22) or USP9X,
plays a critical role in promoting tumorigenicity and maintaining
chemoresistance in various malignancies [20, 21]. The present
study indicates that SYT7 functions as a DUB of ALDH1A3 in NPC,
thereby stabilizing ALDH1A3 and contributing to tumor
progression.
ALDH1A3, a member of the aldehyde dehydrogenase super-

family, is a functional marker of pancreas β-cell dedifferentiation
and cancer stem cells [20, 30–36]. Its upregulation has been
reported in many malignancies, including colorectal cancer,

pancreatic cancer, and glioblastoma [20, 22, 33–35, 37, 38]. How-
ever, the role of ALDH1A3 in NPC has not been explored. Here, we
demonstrated that ALDH1A3 knockdown significantly inhibited
cell proliferation and migration. Furthermore, the tumor-
promoting effects of SYT7 overexpression, including amplified
cell growth, enhanced migration ability, and resistance to cell
apoptosis, were effectively reversed by ALDH1A3 depletion. In
summary, these data collectively suggest that ALDH1A3 is a
downstream target of SYT7 in NPC.
ALDH1A3 is also recognized as a key enzyme involved in

glucose metabolism in cancer cells [22, 23]. Thus, we examined
the effects of SYT7 and ALDH1A3 on the glycolytic activity in NPC
cells. Consistent with previous studies, ALDH1A3 knockdown
suppressed glucose uptake and decreased lactic acid and ATP
levels in NPC cells. Similarly, SYT7 knockdown inhibited glycolytic
activity, whereas SYT7 overexpression had the opposite effect.
Moreover, increased glycolytic activity in SYT7 overexpression cells
was rescued by ALDH1A3 knockdown, indicating that ALDH1A3-
mediated glycolysis is a critical downstream mechanism under-
lying the oncogenic effects of SYT7 in NPC.
As a cytoplasmic transcription factor, STAT3 transmit signals

from the plasma membrane into nucleus [39]. STAT3 is involved in
various oncogenic cellular processes, including promoting of
tumor cell proliferation, angiogenesis, and suppressing of
antitumor immunity [40]. STAT3 phosphorylation induces its
dimerization, nuclear translocation and activation [41]. Elevated
STAT3 activity is common in most malignancies [41]. Moreover,

Fig. 6 STAT3 signaling is involved in the SYT7-ALDH1A3-mediated NPC tumorigenesis. A SYT7, ALDH1A3, IL-6 and STAT3 mRNA levels in
NPC were extracted from GEO datasets (GSE13597, GSE34573 and GSE61218). Correlations between SYT7 and each gene’s mRNA levels were
analyzed by Spearman’s rank correlation analysis and visualized by using the ggplot2 package in R. B Immunoblot showing STAT3 and
p-STAT3 in C666-1 (left) and HONE-1 (right) cells with or without SYT7 knockdown. C STAT3 and p-STAT3 were detected via western blotting in
C666-1 (left) and HONE-1 (right) cells with or without ALDH1A3 knockdown. D Protein levels or E Cell proliferation of C666-1 (left) and HONE-1
(right) cells with stable SYT7 overexpression treated with a STAT3 inhibitor, S31-201 (100 μM), for 24 h were observed by immunoblot or MTT
assays. F, G Flow cytometry was employed to determine the apoptotic percentages of C666-1 (left) and HONE-1 (right) cells that stably
overexpressed SYT7 and were treated with S31-201. The data are expressed as the mean ± SD, from three independent experiments. *P < 0.05,
**P < 0.01, and ***P < 0.001.

Fig. 7 Schematic diagram for the mechanism of SYT7-ALDH1A3 axis mediated carcinogenesis in NPC. SYT7 stabilizes ALDH1A3 by
inhibiting its ubiquitin-mediated proteolysis. ALDH1A3 enhances STAT3 phosphorylation, indicating activation of the IL-6/STAT3 signaling
pathway. Additionally, ALDH1A3 promotes glycolysis in NPC. The synergistic effects of STAT3 activation and enhanced glycolysis drive NPC
progression. Created in BioRender.
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STAT3 targeting as a cancer treatment strategy has been widely
investigated in preclinical and clinical trials [39–42]. Studies have
also confirmed the activation of STAT3 signaling in NPC
[25, 43–46]. Using STAT3 inhibitors in cancers, including NPC,
have shown promising results in preclinical trials [40, 47, 48]. Our
results showed that the STAT3 inhibitor S3I-201 did not change
the expression levels of either SYT7 or ALDH1A3. However, S3I-201
treatment reversed the oncogenic effects of SYT7 upregulation,
indicating a new interpretation of STAT3 targeting strategy in NPC.
Emerging evidence has demonstrated the critical involvement

of both ALDH1A3 and STAT3 in tumorigenesis across various
cancer types. Studies demonstrated that regulation of ALDH1A3
activity and expression by STAT3 pathway in breast cancer and
ovarian cancer [49, 50]. Our data demonstrate that ALDH1A3
determines the phosphorylation of STAT3 in NPC. These collective
findings indicate the existence of a reciprocal regulatory relation-
ship between ALDH1A3 and STAT3 in a cancer-type dependent
manner. Moreover, accumulating studies also indicated synergistic
effects between glycolysis and STAT3 activation in cancer cells
[51]. Thus, both of STAT3 signaling and glycolysis are considered
as downstream pathways underlying SYT7-ALDH1A3 axis-
mediated carcinogenesis in NPC (Fig. 7).
In summary, this study demonstrates that SYT7 functions as an

oncoprotein in NPC, driving tumor progression through its
regulation of ALDH1A3-mediated glycolysis and STAT3 signaling
pathways. Therefore, SYT7 may serve as a potential biomarker for
the prediction and treatment of NPC.

MATERIALS AND METHODS
Tissue microarray (TMA)
TMA of formalin-fixed NPC tissues (HNasN110Su01) were provided by
Outdo Biotech Company Co., Ltd (Shanghai, China). All tissue samples in
TMA were collected from 2010 to 2011. Related clinical characteristics of
NPC patients in TMA were listed in Table S2. The non-cancerous
nasopharyngeal tissues were collected from patients pathologically
diagnosed in Zibo Central Hospital (Zibo, China). This study was conducted
in accordance with the Declaration of Helsinki, and all participants signed
informed consent before enrollments. All procedures in this study were
approved by Zibo Central Hospital Medical Ethics Committee.

Immunohistochemical (IHC) staining
TMA and tissue sections were deparaffinized, antigen-retrieved, and
blocked following standard protocols. The sections were subjected to
incubation with anti-SYT7 antibody (Creative Biolabs; SRP09489) in a cold
room overnight, then with secondary antibody at 37 °C for 1 h. As
mentioned previously [52], TMA and tissue sections were stained with
diaminobenzidine (Sigma-Aldrich; D12384), then evaluated based on the
H-score under a Leica microscope.

Cell culture and stable cell lines establishment and selection
The human NPC cell lines C666-1, 5-8 F, HONE-1 and CNE-2Z, along with the
normal nasopharygeal cell line NP-69, were acquired from the American
Type Culture Collection (Manassas, VA, USA) and iCell Bioscience Inc (iCell
Bioscience, Shanghai, China). All NPC cells were cultured and maintained in
RPMI-1640 medium containing 10% fetal bovine serum (FBS).
shRNA lentiviral vectors targeting indicated sequences in shSYT7 and

shALDH1A3 were listed in Supplementary Table S6, which were
constructed into pLKO.1-puro vector system and confirmed by sequencing
(Genechem, Shanghai, China). Vectors stably overexpressing of SYT7 were
cloned into pCDH-MSCV vector system (Bioscience, Shanghai, China). Cells
were infected with the aforementioned lentiviral vector particles and
subjected to puromycin selection for 7 days.

MTT assay
As previously described [53], NPC cells were seeded and treated with
20 μM MTT solution (Genview, El Monte, CA, USA) for 4 h daily over 5 days.
Cell viability was assessed by detecting the optical density at 490 nm. For
MTT assays involving the STAT3 inhibitor, S3I-201 (Selleck Chemicals,

Houston TX, USA), indicated stable cell lines of NPC were cultured with
100 μM S3I-201 for 24 h before analysis.

Cell colony formation assay
Stable shCrtl and shSYT7 C666-1 or HONE-1 cells (1 × 103 cells/well) were
seeded and cultured in six-well plates for 5 days. After fixation with 4%
paraformaldehyde and staining with Giemsa, the colonies were counted
and photographed with a digital camera.

Cell apoptosis assay
Stable NPC cell lines were seeded in triplicate in six-well dishes (2 × 105

cells/well). Using the Annexin V Apoptosis Detection Kit APC (eBioscience,
San Diego, CA, USA), cells were resuspended and treated with 5 μL
Annexin V-APC. Up to 1 × 104 cells were calculated and analyzed by a
FACSCalibur flow cytometer (BD, San Jose, CA, USA).

Wound-healing assay
C666-1 or HONE-1 cells were seeded in triplicate in 6-well dishes (3 × 104

cells/well) and cultured until logarithmic growth phase. Scratches were
carried out using a 96-pin replicator. Cells were rinsed gently with medium
2–3 times and then cultured with 0.5% FBS RPMI-1640 for 24 h or 48 h.
Finally, migration rates were measured under a fluorescence microscope.

Transwell assay
Following the manufacturer’s protocol (Corning Inc., NY, USA), the upper
chamber was used to culture C666-1 or HONE-1 cells (5 × 104 cells/well) in
100 μL of serum-free RPMI-1640 medium. The lower chamber received an
aliquot of 600 μL RPMI-1640 containing 30% FBS. After incubated for 24 h,
the cells on the upper membrane were immobilized, treated with 400 μL of
Giemsa buffer for 20min, and photographed.

Quantitative real-time RT-PCR
Total cellular RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) and the quality was determined by a NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific, MA, USA). Using PrimeScript
RT reagent (Takara, Beijing, China), cDNA was synthesized accordingly.
qPCRs were carried out based on the related primers in Supplementary
Table S7 and qPCR SYBR Green Master Mix Kit (Vazyme, Nanjing, China).
GAPDH was used as an internal control. The relative SYT7 and ALDH1A3
mRNA levels were calculated using the 2‑ΔΔCT method.

Microarray analysis and Ingenuity Pathway Analysis (IPA)
As described previously [53], mRNA samples from shCtrl and shSYT7
C666-1 cells were extracted and qualified. Following the manufacturer’s
instructions, the whole-genome gene expression data of each sample were
collected using a PrimeView Human Gene Expression Array (Thermo Fisher
Scientific). Differentially expressed genes (DEGs) that showed |Fold
change | ≥1.3 and a less than 0.05 of false discovery rate were classified
as statistically significant. Function and pathway enrichment studies of
DEGs were classified and analyzed using IPA (QIAGEN), with |Z score | ≥2
considered as statistically significant.

Celigo cell counting assay
NPC cells (1 × 103 cells/well) were seeded into RPMI-1640 medium with
10% FBS and counted daily for 5 days, as described previously [53]. Using a
Celigo image cytometer (Nexcelom Bioscience, MA, USA), cell numbers
were calculated and proliferation curves were generated.

Glucose content assay, lactic acid assay and ATP assay
Using a Glucose Content Assay Kit (Solarbio, Beijing, China), total glucose
content levels were measured according to the protocol provided by the
manufacturer. Briefly, C666-1 cells were digested with trypsin and
homogenized in 200 μL of dH2O. After sonication, the samples were
boiled at 100 °C for 10min and centrifuged at 8000 rpm for 10min, the
supernatant was collected for further measurement. The optical density at
505 nm was utilized to quantify the glucose levels.
As mentioned previously [54], lactic acid content and ATP levels in

C666-1 cells were measured respectively by a Lactic Acid Content Assay Kit
(Solarbio) and an ATP assay kit (Solarbio) following the instructions from
the manufacturer.
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Western blotting
As previously described [53], proteins in the indicated stable NPC cells
were harvested, lysed with RIPA buffer, separated and transferred to PVDF
membranes. For protein degradation and stability assays, NPC cells were
cultured in medium containing 20 μM of MG-132 (Sigma-Aldrich, St. Louis,
MO, USA) for 6 h, 20 μg/mL of cycloheximide (CHX, Sigma-Aldrich) for 3 h
or 30 μM of Chloroquine (CQ, Sigma-Aldrich) for 3 h, respectively, and cell
lysates were collected at indicated time points. Same amount of Dimethyl
sulfoxide (DMSO) was added to medium as negative control. Immunoblot-
ting was conducted after cell harvesting. All primary and secondary
antibodies employed are listed in Supplementary Table S8.

Co-immunoprecipitation (IP) assay
For co-IP assays, 1.0 mg of protein lysates were incubated with either an
anti-ALDH1A3 or IgG antibody at 4 °C for 12 h. Subsequently, 20 μL of
protein A sepharose beads (Millipore, CA, USA) were added into the lysates
and incubated at cold room for 2 h. The resolved immunocomplexes were
immunoblotted with either anti-Ubiquitin antibody or anti-SYT7 antibody.

Immunoprecipitation-mass spectrometry assays (IP-MS)
As mentioned previously, 1.0 mg protein lysates from C666-1 cells were
incubated with pretreated anti-SYT7 or IgG beads at cold room for 2 h.
Then, the resolved immunocomplexes were separated in 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS–PAGE) gel. After
dyeing and washing, the gel was sent to Beijing Biotech-pack Co., LTD for
further IP-MS analysis by using Easy-nLC 1200/QExactive Liquid Chromato-
graph (Thermo Fisher Scientific, USA).
The raw spectrometric data were under bioinformatics and statistical

analysis by using MaxQuant v2.6.7.0. Interacting proteins were defined as |
Fold change | ≥5. KEGG and GO pathway enrichment were performed by
“clusterprofiler” package in R language about proteins interacted
with SYT7.

In vivo xenograft animal model
Six-week-old female nude BALB/c mice were provided by Gem Pharmatech
(Nanjing, China). The mice were maintained with the consent of the
Institutional Animal Care and Use Committee of Zibo Central Hospital. Mice
were randomly assigned to four groups: SYT7+shALDH1A3 group (n= 5),
SYT7+shCtrl group (n= 5), Vector+shALDH1A3 group (n= 5), and Vector
+shCtrl group (n= 5). stable C666-1 (4 × 106/mouse) cells from each group
was prepared and resuspended in 200 μL PBS, and subcutaneously
injected into dorsal flanks of nude mice. Tumor size was monitored every
7 days using calipers. Mice were euthanized after 32 days. The tumor
tissues were collected, weighed and then photographed. H&E and Ki-67
staining were performed according to the previously mentioned IHC
procedure. All animal experimental protocols were approved by the IACUC
and Zibo Central Hospital Medical Ethics Committee (Prot. n. 202211009).

Statistical analysis
All experiments were conducted at least for three independent times, and
data were quantified as the mean ± standard deviation (SD). Means of two
groups were evaluated by GraphPad Prism v10.1.2 (GraphPad Software,
San Diego, CA, USA) using the two-tailed Student’s t test, while
comparisons among multiple groups were compared by one-way ANOVA.
Difference in SYT7 protein levels between para-carcinoma tissue and NPC
tissue in TMAs were compared by chi-square test. The relationship
between SYT7 protein levels and patients’ characteristics were analyzed by
Mann−Whitney U analysis and Spearman’s rank correlation analysis, while
Kaplan−Meier survival analysis was used to generate survival curves using
SPSS 26.0 (IBM Corp., Armonk, NY, USA). P < 0.05 was defined as statistically
significant.

DATA AVAILABILITY
The related data are available from the corresponding author upon request.
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