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Abstract
Nucleoporin 93 (NUP93) is an important component of the nuclear pore complex, exhibiting pro-tumorigenic properties in 
some cancers. However, its function in esophageal squamous cell carcinoma (ESCC) has not been elucidated. This study 
aimed to investigate the effects of NUP93 in ESCC and the underlying mechanisms involved. Through analysis of public 
human cancer datasets, we observed higher expression of NUP93 in esophageal cancer tissues than in normal tissues. Stable 
ESCC cell lines with NUP93 overexpression or knockdown were established by lentiviral vector transduction and puromycin 
selection. NUP93 knockdown suppressed the proliferation, colony formation, cell cycle transition, migration, and invasion 
of ESCC cells, while the overexpression of NUP93 displayed opposite effects. NUP93 positively regulated epithelial–mes-
enchymal transition and AKT signaling transduction in ESCC cells. In addition, NUP93 increased the expression of pro-
grammed death ligand 1 (PD-L1) in ESCC cells and attenuated NK cell-mediated lysis of ESCC cells. In vivo experiments 
demonstrated that NUP93 promotes the growth of ESCC in nude mice, enhances Ki67 and PD-L1 expression, and promotes 
AKT signaling transduction in xenografts. Mechanistically, we demonstrated that the HECT domain E3 ubiquitin protein 
ligase 1 (HECTD1) contributes to the ubiquitination and degradation of NUP93 and acts as a tumor suppressor in ESCC. To 
conclude, this study has shown that NUP93 has pro-tumor properties in ESCC and that HECTD1 functions as an upstream 
regulator of NUP93 in ESCC. These findings may contribute to the investigation of potential therapeutic targets in ESCC.
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Introduction

Esophageal cancer (ESCA) is a common type of malig-
nant neoplasm of the upper aerodigestive tract. According 
to global cancer statistics, it is estimated that there will 
be 604,100 new cases and 544,100 deaths from ESCA in 
2020. Esophageal adenocarcinoma (EAC) and esophageal 
squamous cell carcinoma (ESCC) are two major histologic 
subtypes of ESCA, of which ESCC accounts for approxi-
mately 85% [1]. Despite advances in diagnosis and treat-
ment over the past decades, survival rates for ESCA remain 
low, ranging from 10% to 30% 5 years after diagnosis [2]. 
Investigation of the molecular mechanism will help improve 
our understanding of the initiation and progression of ESCA 
and provide clues for the development of therapeutic targets.

The nuclear pore complex (NPC) controls the trans-
port of nucleocytoplasmic cargo, such as RNAs and pro-
teins [3]. Recent research has shown that inhibiting NPC 
formation induces cancer cell death and leads to tumor 
regression, suggesting the important role of NPC in tumor 
progression [4]. Nucleoporin 93 (NUP93) is an important 
component of the NPC. It has been reported that NUP93 
is highly expressed and exhibits pro-tumor functions in 
breast cancer [5, 6], cervical cancer [7], and hepatocellular 
carcinoma [8] by promoting the proliferation, migration, 

and invasion of cancer cells. However, it is not clear 
whether it plays a pro-tumor role in ESCA. We also note 
that Monwan et al. have identified the function of NUP93 
in mediating antiviral immune responses [9], whereas lit-
tle is known about the effects of NUP93 on anti-tumor 
immunity, which merits further investigation.

The ubiquitin–proteasome pathway represents one of 
the most predominant pathways for protein degradation in 
eukaryotic cells. HECT domain E3 ubiquitin protein ligase 
1 (HECTD1) contributes to the ubiquitination and deg-
radation of substrates [10]. It has previously been deter-
mined that lower expression of HECTD1 is associated 
with a worse prognosis in patients with breast cancer [11]. 
Functionally, the silencing of HECTD1 promotes migra-
tion, invasion, and epithelial–mesenchymal transition 
(EMT) of breast and cervical cancer cells while increasing 
their resistance to cisplatin [12, 13]. These reports suggest 
that HECTD1 may have a tumor suppressor role. After 
analyzing public datasets, we observed that HECTD1 
expression in ESCA tissues was significantly lower than in 
normal control tissues. In addition, an interaction between 
HECTD1 and NUP93 was identified. These findings sug-
gest that HECTD1 may promote NUP93 degradation, and 
therefore act as a tumor suppressor in ESCA.
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This study primarily investigates the roles of NUP93 in 
ESCC, specifically concerning cancer cell proliferation, 
migration, invasion, epithelial–mesenchymal transition 
(EMT), and oncogenic signaling transduction. We further 
examined the effects of NUP93 on programmed death ligand 
1 (PD-L1) expression and natural killer (NK) cell-mediated 
lysis of cancer cells. Mechanistically, we identified HECTD1 
as an upstream regulator of NUP93 via the regulation of 
NUP93 ubiquitination and degradation in ESCC cells.

Methods

Cells

All cell lines used in this study were obtained from Shanghai 
iCell Bioscience. KYSE-410 cells were grown in RPMI-
1640 medium supplemented with 10% FBS. KYSE-30 cells 
were grown in RPMI-1640/ F-12 medium supplemented 
with 2% FBS. KYSE-410 and KYSE-30 were established in 
the laboratory of Dr. Shimada in 1992 [14] and have been 
used in equivalent original research papers [15–18]. Primary 
NK cells were grown in a primary NK cell culture system 
(Shanghai iCell Bioscience, China).

RNA extraction, reverse‑transcription PCR (RT‑PCR), 
and real‑time PCR (qPCR)

Total RNA was extracted from cultured cells using TRIpure 
(BioTeke Co. Ltd., Beijing, China) and then used for cDNA 
synthesis. qPCR was performed using a PCR master mix 
supplemented with SYBR Green (Solarbio Ltd, China). 
Relative mRNA levels were calculated using the standard 
2-ΔΔCt method. The primers used were NUP93 F: 5’-GTC​
AGT​TCT​CCT​CGG​GTC​T-3’ and R: 5’-TTC​GCT​GTT​TCA​
CTT​GCT​C-3’.

Western blot and immunoprecipitation

For Western blot, total protein extracts were prepared using 
lysis buffer (Solarbio Ltd.). Protein concentrations were 
determined using a bicinchoninic acid (BCA) kit (Solarbio 
Ltd.). Loading samples were prepared using 6 × loading 
buffer (Solarbio Ltd.), denatured for 5 min using a boiling 
water bath, and then subjected to SDS-PAGE electrophore-
sis. After that, proteins were transferred onto polyvinylidene 
fluoride membranes (Millipore Co., USA) and probed with 
primary antibodies and subsequent HRP-conjugated second-
ary antibodies. The primary antibodies included NUP93 (sc-
374399, Santa Cruz, USA), HECTD1 (20605-1-AP, Protein-
tech Company, USA), AKT (AF4718, Affbiotech, China), 
p-AKTSer473 (AF0016, Affbiotech), p-AKTThr308 (AF3262, 
Affbiotech), cyclin D1 (A19038, ABclonal Biotech, China), 

p-GSK3βSer9 (AP0039, ABclonal Biotech), PD-L1 (28076-
1-AP, Proteintech Company), E-cadherin (AF0131, Aff-
biotech), N-cadherin (A19083, ABclonal Biotech), and 
Vimentin (A19607, ABclonal Biotech). Secondary anti-
bodies included goat anti-rabbit IgG (SE134, Solarbio Ltd.) 
and goat anti-mouse IgG (SE131, Solarbio Ltd.). Finally, 
protein bands were visualized with an enhanced chemilu-
minescence substrate (Solarbio Ltd.). For immunoprecipi-
tation, cell lysates were prepared using native lysis buffer 
(Solarbio) and incubated with specific antibodies immobi-
lized on AminoLink Plus Coupling Resin using the Pierce™ 
co-immunoprecipitation kit (ThermoFisher co. Ltd., USA). 
The protein–antibody-AminoLink Plus Resin complexes 
were then eluted, and the immunoprecipitates were used for 
Western blot.

Lentiviral transduction and siRNA transfection

Lentiviruses were packaged using lentiviral vectors PLJM1-
EGFP-Puro (containing NUP93 coding sequence) or 
pLKO.1-EGFP-Puro (containing NUP93-targeting shRNA), 
or their respective negative controls. The lentiviral vectors 
were obtained from Hunan Fenghui Biotechnology Co., Ltd 
(Changsha, China). ESCC cells were infected with the indi-
cated lentiviruses. Stable cell lines were generated by puro-
mycin resistance selection. The target sequences (5’ to 3’) of 
NUP93-sh1 and NUP93-sh2 were GGG​AGT​CAA​TGT​TGG​
TTG​AGT and AGG​AGA​CGG​CAG​ATG​TCA​AGG, respec-
tively. The non-specific target sequences of shNC were TTC​
TCC​GAA​CGT​GTC​ACG​T.

siRNA transfection was performed using Lipofectamine 
3000 transfection reagent (Invitrogen Co., USA) according 
to the manufacturer’s protocol. 48 h after transfection, cells 
were used for further experiments. The sequences (5’ to 
3’) of the siRNAs are listed below. si-HECTD1-1 (sense): 
GGA​UGA​UGA​UUA​UGU​GCU​Att and si-HECTD1-1 (anti-
sense): UAG​CAC​AUA​AUC​AUC​AUC​Ctt; si-HECTD1-2 
(sense): GAA​ACA​AGA​UUG​UAG​UCA​Att and si-
HECTD1-2 (anti-sense): UUG​ACU​ACA​AUC​UUG​UUU​
Ctt; si-NUP93 (sense): GGA​UGA​GAA​AGA​UAG​UCA​Att 
and si-NUP93 (anti-sense): UUG​ACU​AUC​UUU​CUC​AUC​
Ctt; si-NC (sense): UUC​UCC​GAA​CGU​GUC​ACG​Utt and 
si-NC (anti-sense): ACG​UGA​CAC​GUU​CGG​AGA​Att.

Cell proliferation and colony formation

To evaluate cell proliferation, cells were seeded in 96-well 
culture plates at 4,000 cells per well, and cell viability was 
evaluated at 24-h intervals using the CCK-8 reagent (Keygen 
Co., China). For colony formation assay, cells were seeded at 
400 cells per culture dish and cultured for 2 weeks. The cells 
were then fixed and stained. After washing, the cells were 
observed under a microscope. The colony formation ratio 
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was calculated as (number of colonies/number of inoculated 
cells) × 100%.

Analysis of cell cycle distribution

Cell cycle analysis was performed using a cell cycle detec-
tion kit (Keygen Co.). ESCC cells were fixed with cold etha-
nol overnight. The next day, the fixed cells were washed with 
PBS, stained with PI/RNase A solution, and then analyzed 
by flow cytometry.

Migration and invasion assays

Cell migration was evaluated using a wound-healing assay. 
Wound tracks were scratched with a pipette tip after cells 
were confluent. Wound closure was observed and photo-
graphed at 0 and 24 h. Cell invasion was evaluated using 
the Transwell assay. The 24-well Transwell was pre-coated 
with Matrigel (Costar, Corning Inc., USA). Cells cultured 
in serum-free medium were seeded on the upper chamber at 
50,000 cells per well. The bottom chamber was filled with 
culture medium supplemented with 10% FBS. After 24 h, 
the invaded cells were fixed with 4% paraformaldehyde 
(PFA), stained with crystal violet (Amresco Ltd., USA), and 
photographed under a microscope.

Immunofluorescence (IF), immunohistochemistry 
(IHC), and hematoxylin and eosin (H&E) staining

Cells were seeded onto the coverslips, fixed with 4% PFA, 
permeabilized with 0.1% triton X-100, and blocked with 1% 
bovine serum albumin (BSA). The cells were then incubated 
with the indicated primary antibodies overnight. After that, 
the cells were washed and incubated with secondary antibod-
ies and stained with DAPI in the dark. Finally, the cells were 
observed under a fluorescence microscope. Primary antibod-
ies included HECTD1 (20605-1-AP, Proteintech Company), 
NUP93 (sc-374399, Santa Cruz), N-cadherin (22018-1-AP, 
Proteintech Company), and E-cadherin (20874-1-AP, Pro-
teintech Company).

Paraffin-embedded tissue sections were deparaffinized 
and hydrated through decreasing grades of ethanol. After 
antigen retrieval and blocking of endogenous peroxidase 
activity, sections were incubated overnight with the indi-
cated primary antibodies (NUP93, sc-374399, Santa Cruz; 
Ki-67, A20018, ABclonal Biotech). The next day, sections 
were washed and incubated with HRP-conjugated second-
ary antibodies. A DAB substrate kit (MXB Biotechnologies, 
China) was used for visualization. For evaluation of histopa-
thology, sections were subjected to H&E staining.

NK cell‑specific lysis

NK cells were activated with recombinant 1000 IU/mL 
IL-2 and then co-cultured with target ESCC cells at dif-
ferent E:T ratios. After 4 h, cell viability was measured 
by the CCK-8 method, and the percentage of specific lysis 
was calculated.

Subcutaneous tumor xenograft

BALB/c nude mice (6 weeks old) were used in this study. 
Animal experiments were approved by the Ethics Commit-
tee of Harbin Medical University (Approval number 2020-
50-IIT) and conducted according to the Guide for the Care 
and Use of Laboratory Animals, 8th edition by National 
Research Council (US) Committee (Available from: https://​
www.​ncbi.​nlm.​nih.​gov/​books/​NBK54​050/) [19]. Approxi-
mately 5 × 106 viable ESCC cells were injected subcuta-
neously into each mouse. Tumor growth was monitored 
at 4-d intervals for 4 weeks. Tumor weight was recorded 
and the dissected xenograft tumors were used for further 
experiments.

Online databases

Pan-cancer NUP93 expression analysis was performed using 
the TIMER web portal (http://​timer.​cistr​ome.​org) [20]. Two 
Gene Expression Omnibus (GEO; https://​www.​ncbi.​nlm.​nih.​
gov/​geo/) datasets were used for gene expression analysis 
in ESCA tissues and normal tissues. GSE5364 contains 16 
tumor samples and 13 normal samples [21]. GSE70409 con-
tains 17 pairs of tumor samples and adjacent normal samples 
[22]. NUP93 expression analysis in ESCA cell lines was 
performed based on Cancer Cell Line Encyclopedia (CCLE) 
data via the DepMap portal (https://​depmap.​org/​portal/​ccle/) 
[23]. The relationship between NUP93 expression and EMT 
pathway activity was analyzed using the Gene Set Cancer 
Analysis (GSCA) platform (http://​bioin​fo.​life.​hust.​edu.​cn/​
GSCA/) [24].

Statistical analysis

Quantitative results in this study are presented as mean ± SD. 
Data were analyzed using GraphPad Prism version 8 soft-
ware. The expression of the housekeeping gene GAPDH was 
used for normalization. Statistical significance was deter-
mined by the two-tailed Student’s t test and one-way or 
two-way ANOVA. Post hoc multiple comparison tests were 
used when appropriate. P values < 0.05 indicate statistically 
significant differences (*P < 0.05 and **P < 0.01).

https://www.ncbi.nlm.nih.gov/books/NBK54050/
https://www.ncbi.nlm.nih.gov/books/NBK54050/
http://timer.cistrome.org
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://depmap.org/portal/ccle/
http://bioinfo.life.hust.edu.cn/GSCA/
http://bioinfo.life.hust.edu.cn/GSCA/
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Results

NUP93 is highly expressed in ESCA

The results of the TCGA pan-cancer analysis showed that 
aberrant expression of NUP93 was observed in multiple 
cancer types, and we noticed that NUP93 mRNA levels 
were significantly higher in ESCA tumors than in normal 
tissues (Fig. 1A). Similar results were obtained from two 
GEO datasets (Fig. 1B, C). The CCLE data showed that 
among the four ESCC cell lines (KYSE-30, KYSE-150, 
KYSE-410, and TE-1), KYSE-30 had the lowest expres-
sion level of NUP93 mRNA (Fig. 1D). Interestingly, based 
on the data collected from the Cellosaurus database [25], 
KYSE-30 seemed to have the longest doubling time among 

the four cell lines, suggesting that NUP93 expression may 
correlate with the proliferation of ESCC cells.

NUP93 facilitates proliferation and colony formation 
of ESCC cells

Next, we established a NUP93-overexpressing KYSE-30 
cell line and a NUP93-silenced KYSE-410 cell line using 
EGFP-tagged lentiviral vectors. Transduction efficiency was 
determined by observing EGFP under a fluorescence micro-
scope (Fig. 2A, E). Expression of NUP93 mRNA and pro-
tein in the cell lines was confirmed by RT-qPCR (Fig. 2B, 
F) and Western blot (Fig. 2C, G), respectively. The results 
of cell viability analysis showed that NUP93 overexpres-
sion promoted cell proliferation (Fig. 2H), whereas NUP93 
knockdown suppressed cell proliferation (Fig. 2D). NUP93 
showed similar effects on the colony-forming ability of 

Fig. 1   High expression of NUP93 in ESCA. A Pan-cancer analysis 
of NUP93 expression based on the TIMER online database. B, C 
Expression analysis of NUP93 in normal and ESCA tissues based on 

data from GEO datasets GSE5364 and GSE70409. D Expression pro-
file of NUP93 in ESCA cell lines based on CCLE data via the Dep-
Map portal. Results are presented as mean ± SD. **P < 0.01
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ESCC cells (Fig. 2I, K). We subsequently examined whether 
NUP93 affected the cell cycle progression of ESCC cells. As 
shown in Fig. 2J, NUP93-silenced cells exhibited a higher 
proportion of G0/G1-phase cells and a lower proportion of 

S-phase cells compared with control cells (Fig. 2J), whereas 
opposite results were observed in NUP93-overexpressing 
cells (Fig. 2L). And NUP93 did not significantly alter the 
proportion of G2/M-phase cells (Fig. 2J, L).
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NUP93 promotes migration, invasion, and EMT 
and activates AKT pathway

Next, we assessed whether NUP93 affects the migration 
and invasion of ESCC cells. By performing wound-heal-
ing and Transwell assays, we confirmed that cell migra-
tion and invasion were suppressed in NUP93-silenced 
cells (Fig. 3A, B) and enhanced in NUP93-overexpress-
ing cells (Fig. 3C, D). Furthermore, correlation analysis 
based on TCGA-ESCA data showed that higher NUP93 
was associated with higher EMT pathway activity scores 
(Fig. 3E). Turning to the experimental evidence in ESCC 
cells, we found that overexpression of NUP93 led to a 
decrease in E-cadherin expression and an increase in 
N-cadherin expression in ESCC cells, which was sup-
ported by the results of Western blot (Fig. 3F) and IF 
staining (Fig.  3G). Moreover, activation of the onco-
genic AKT signaling pathway was significantly impaired 
in NUP93-silenced cells (Fig. 3H) but was promoted in 
NUP93-overexpressing cells (Fig. 3I), as evidenced by 
the changes in the phosphorylation of AKT and its down-
stream p-GSK3β and cyclin D1 levels.

NUP93 increases PD‑L1 expression in ESCC cells 
and attenuates NK cell lysis of ESCC cells

Next, we evaluated the impacts of NUP93 on PD-L1 
expression in ESCC cells and their lysis by NK cells. 
Decreased PD-L1 was observed in NUP93-silenced cells 
(Fig.  4A), whereas increased PD-L1 expression was 
observed in NUP93-overexpressing cells (Fig. 4C). We 
also noticed that the lysis of ESCC cells was increased 
in all groups with the increase in the E:T ratio (Fig. 4B, 
D). Noteworthy, strong lysis by NK cells was observed in 
NUP93-silenced cells (Fig. 4B), whereas opposite results 
were observed in NUP93-overexpressing cells (Fig. 4D).

NUP93 promotes ESCC growth in vivo

To investigate the functions of NUP93 in vivo, we subcuta-
neously implanted ESCC cells into nude mice. The growth 
and weight of xenografts were decreased in mice bearing 
NUP93-silenced cells compared to those in mice bearing 
control cells (Fig. 5A, B). IHC results showed that the xeno-
graft tumors with silenced NUP93 displayed weaker staining 
of Ki67 (Fig. 5C). In contrast, an increase in tumor growth 
and tumor weight was observed in mice bearing NUP93-
overexpressing cells (Fig. 5D, E), and the xenograft tumors 
with NUP93 overexpression also displayed stronger stain-
ing of Ki67 (Fig. 5F). In addition, H&E staining showed 
that knockdown of NUP93 seemed to slightly increase the 
extent of necrosis, whereas NUP93 overexpression exhibited 
contrary effects (Supplementary Fig. 1). Furthermore, AKT 
signaling activation and PD-L1 expression were suppressed 
in NUP93-silenced tumors (Fig. 5G) but were promoted in 
NUP93-overexpressing tumors (Fig. 5H).

HECTD1 functions as an upstream modulator 
of NUP93 in ESCC

Next, we performed a Co-IP assay to verify the interac-
tion between NUP93 and HECTD1. As shown in Fig. 6A, 
NUP93 was immunoprecipitated from ESCC cell lysates by 
the HECTD1 antibody. Double IF staining of HECTD1 and 
NUP93 revealed co-localization of NUP93 and HECTD1 
in ESCC cells (Fig. 6B). HECTD1 siRNA caused a reduc-
tion in NUP93 expression in KYSE-30 cells (Fig. 6C). In 
the presence of the proteasome inhibitor MG132, the ubiq-
uitination level of NUP93 was significantly reduced after 
HECTD1 knockdown (Fig. 6D). Results from the cyclohex-
imide (CHX) chasing assay showed an obvious accumula-
tion of NUP93 in HECTD1-silenced cells (Fig. 6E). These 
findings suggest that HECTD1 regulates the stability of 
NUP93 through the ubiquitin–proteasome pathway.

Interestingly, HECTD1 expression in ESCC tissues 
was significantly lower than that of paired adjacent nor-
mal tissues (Fig. 6F), suggesting that HECTD1 may be the 
upstream regulator of NUP93 in ESCC. Therefore, we inves-
tigated the functions of HECTD1 in KYSE-30 cells. Knock-
down of HECTD1 increased cell viability (Fig. 6G) and 
enhanced cell invasion (Fig. 6H). Furthermore, the knock-
down of NUP93 partially reversed the effects of HECTD1 
siRNA on cell viability (Fig. 6I) and invasion (Fig. 6J).

Discussion

Several studies have demonstrated that NUP93 promotes 
cancer cell proliferation in vitro and tumor growth in vivo 
[5–8]. In contrast, reducing the expression of NUP93 was 

Fig. 2   NUP93 promotes proliferation and colony formation of ESCC 
cells. ESCC cells were transduced with EGFP-tagged lentiviral vec-
tors overexpressing NUP93 or NUP93-specific shRNA. Stable cell 
lines were generated by puromycin resistance selection. A, E Rep-
resentative fluorescence microscopy images of ESCC cells trans-
duced with EGFP lentivirus. Magnification: 100-fold. B, F Relative 
mRNA expression of NUP93 by real-time PCR analysis. C, G Protein 
expression analysis of NUP93 by Western blot analysis. D, H Cell 
viability analysis of ESCC cells by CCK-8 assay after culturing for 
the indicated times. I, K Colony formation assay of ESCC cells. Left: 
representative images of colony formation. Right: quantitative results 
of colony formation ratio. J, L Cell cycle analysis of ESCC cells by 
flow cytometry. Top: representative images of cell distribution in dif-
ferent phases. Bottom: quantitative results of cell cycle distribution. 
N = 3 per group. Results are presented as mean ± SD. **P < 0.01

◂
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Fig. 3   NUP93 enhances migration, invasion, and EMT of ESCC cells 
and activates AKT signaling. A, C Wound-healing assay of ESCC 
cells. Left: representative images of wound closure. Magnification: 
200-fold. Right: quantitative results of migration rate. B, D Transwell 
assay of ESCC cells. Left: representative images of invaded cells. 
Magnification: 200-fold. Right: quantitative results of the number of 
invaded cells. E Correlation analysis between NUP93 expression and 

EMT pathway activity in TCGA-ESCA using the GSCA database. 
F Western blot analysis of E-cadherin, N-cadherin, and Vimentin in 
ESCC cells. G Representative images of IF staining of E-cadherin 
and N-cadherin in ESCC cells. Magnification: 400-fold. H, I Western 
blot analysis of p-AKT, AKT, and AKT signaling effectors (cyclin D1 
and p-GSK3β). N = 3 per group. Results are presented as mean ± SD. 
**P < 0.01 and *P < 0.05
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found to significantly inhibit DNA synthesis in cancer cells 
[6]. Likewise, the present study showed that NUP93 pro-
motes the proliferation and G1/S transition of ESCC cells, 
and these effects are likely due to the NUP93-mediated 
upregulation of cyclin D1, a crucial protein in controlling 
the G1/S transition [26]. Interestingly, NUP93 silencing was 
found to reduce the expression of G2-M transition regula-
tor cyclin-dependent kinase 1 (CDK1) [10, 27], indicating 
that further investigation is necessary to confirm the regula-
tion of G2-M transition by NUP93.

In addition, it has been found that NUP93 influences the 
metastatic potential of cancer cells. According to the work 
of Bersini et al., inhibition of cancer cell migration caused 
by NUP93 silencing is associated with NUP93-mediated 
modulation of actin cytoskeleton remodeling. Furthermore, 

in NUP93-silenced cells, several molecules related to the 
upregulation of cell motility and EMT were significantly 
decreased. In addition, a high expression level of NUP93 has 
been associated with facilitated tumor metastasis in mouse 
models [5]. Consistent with these findings, we demonstrated 
the pro-metastatic properties of NUP93 in ESCC cells. In 
addition, we observed a positive correlation between NUP93 
expression and EMT pathway activity in ESCA tissues. 
Experimental results further confirmed this correlation: 
overexpression of NUP93 reduced the expression of the 
epithelial E-cadherin and increased the expression of the 
mesenchymal N-cadherin and Vimentin. Taken together, 
these findings support the therapeutic potential of targeting 
NUP93 to prevent tumor metastasis.

AKT signaling is a well-recognized oncogenic pathway 
that regulates various crucial cellular processes, including 
proliferation, cell survival, angiogenesis, and metabolism. A 
previous report has also confirmed its role in promoting the 
progression of ESCC [28]. Our findings suggest that NUP93 
positively regulates AKT signaling transduction since we 
observed that NUP93 knockdown led to a significant down-
regulation of the phosphorylation of AKT at Ser473 and 
Thr308, which is required for the full activation of AKT 
[29, 30]. To verify this observation, we tested the effects of 
NUP93 on two commonly known downstream effectors of 
the AKT pathway, cyclin D1, and phosphorylated GSK3β 
at Ser9 [31, 32]. Consistent with expectations, the levels of 
cyclin D1 and p-GSK3β were reduced in NUP93-silenced 
cells and xenografts. Taken together, these findings demon-
strate that NUP93 has a positive regulatory effect on AKT 
signal transduction in ESCA. It is worth noting that CDK1, 
a gene previously identified as downregulated in NUP93-
silenced cells [10], can interact with AKT and induce its 
phosphorylation at Ser473 and Thr308 [33]. Thus, NUP93 
may modulate the phosphorylation of AKT through a mech-
anism related to CDK1.

Previous studies have shown an association between 
the pro-tumor traits of NUP93 and the activation of other 
signaling pathways. For instance, NUP93 has been found to 
facilitate the nuclear transport of β-catenin, which activates 
the expression of the oncogene MYC [6]. Ouyang et al. have 
reported that NUP93 is implicated in IL-6/STAT3 signaling. 
The silencing of NUP93 caused a reduction of p-STAT3 in 
cervical cancer cells [7]. Since STAT3 strongly activates the 
transcription of the CD274 gene encoding PD-L1 in various 
types of cancer, including ESCA [34, 35], NUP93-mediated 
upregulation of PD-L1 is likely correlated with STAT3 acti-
vation. However, further investigation is needed to confirm 
this.

Currently, multiple proteins are recognized as substrates 
of HECTD1. It has been reported that HECTD1 regulates 
the stability of EMT transcription factor SNAIL through 
ubiquitination, thereby acting as a negative regulator of 

Fig. 4   NUP93 increases PD-L1 expression in ESCC cells and attenu-
ates NK cell lysis of ESCC cells. A, C Protein expression of PD-L1 
in ESCC cells by Western blot analysis. B, D Quantitative results 
of NK cell-mediated specific lysis of ESCC cells. N = 3 per group. 
Results are presented as mean ± SD. **P < 0.01 and *P < 0.05
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Fig. 5   NUP93 promotes ESCC xenograft tumor growth in nude mice. 
A, D Tumor growth curve of ESCC xenograft tumors in nude mice. 
B, E Analysis of ESCC xenograft tumors in nude mice. Left: tumor 
weight. Right: representative images of ESCC xenograft tumors. 
C, F Representative images of IHC staining for NUP93 and Ki67 

in ESCC xenograft tumors. Magnification: 200-fold. G, H. Western 
blot analysis of p-AKT, AKT, p-GSK3β, and PD-L1 in ESCC xeno-
graft tumors. N = 5 per group. Results are presented as mean ± SD. 
**P < 0.01
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Fig. 6   HECTD1 functions as an upstream modulator of NUP93 in 
ESCC. A Co-IP assay showing the interaction between NUP93 and 
HECTD1 in ESCC cells. B Double immunofluorescence staining 
of HECTD1 and NUP93 in ESCC cells. Magnification: 400-fold. 
ESCC cells were transfected with HECTD1-specific siRNA (si-
HECTD1-1/2). C Western blot analysis of HECTD1 and NUP93 in 
ESCC cells 48 h after transfection. D Co-IP assay showing the ubiq-
uitination of NUP93 in ESCC cells after MG132 treatment for 8  h. 
E Western blot analysis of NUP93 after CHX treatment for indicated 

time points. F Expression analysis of HECTD1 in normal and ESCA 
tissues based on data from GEO dataset GSE70409. ESCC cells were 
co-transfected with NUP93-specific siRNA (siNUP93) and HECTD1-
specific siRNA (si-HECTD1-1/2). G, I Cell viability analysis of 
ESCC cells 48  h after transfection. H, J Transwell assay of ESCC 
cells. Left: representative images of invaded cells. Magnification: 
200-fold. Right: quantitative results of the number of invaded cells. 
N = 3 per group. Results are presented as mean ± SD. **P < 0.01 and 
*P < 0.05
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EMT in cervical cancer cells [13]. Similarly, HECTD1 
targets ACF7 and facilitates its proteasomal degradation 
in breast cancer cells. The depletion of HECTD1 not only 
promotes in vitro EMT in cancer cells but also in vivo tumor 
metastasis in mice [12]. Furthermore, HECTD1 contributes 
to the ubiquitination of adenomatous polyposis coli (APC), 
which negatively regulates the Wnt signaling cascade. 
Silencing HECTD1 resulted in decreased ubiquitination of 
APC, interrupting the APC–Axin interaction, which con-
tributed to the stabilization of the Wnt effector β-catenin and 
its subsequent signaling transduction [36]. This mechanism 
partially explains how inhibition of Wnt signaling activity 
in glioma cells is mediated by HECTD1 [37]. In this work, 
we have identified NUP93 as a new HECTD1 substrate. 
Our findings indicate that HECTD1 is a tumor suppressor 
in ESCC, and its functions may be partly due to the negative 
regulation of NUP93 expression.

In conclusion, our study demonstrates that NUP93 pro-
motes proliferation, migration, invasion, EMT, immune eva-
sion, and AKT signaling activation in ESCC cells. We also 
uncovered the regulation of NUP93 ubiquitination and deg-
radation mediated by HECTD1. Given these results, NUP93 
and HECTD1 may be potential therapeutic targets in ESCC.
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