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Silencing of PIGU inhibits the
progression of esophageal
squamous cell carcinoma through
the PI3K/AKT signaling pathway

Ji Zuo'3, Haiyang Guo'3, Guangbing Hu'3, Yuman HE?, Yong Tang?, Jie Li%, Yutong Cui?,
Shiqi Liang?, Xinrui Chen?, Zichen Luo?, Xiaobo Wang* & Xianfei Wang'?**

Phosphatidylinositol glycan anchor biosynthesis class U (PIGU), a crucial subunit of the
glycosylphosphatidylinositol transamidase (GPI-T) complex, is an oncogene in hepatocellular
carcinoma. However, its role in esophageal squamous cell carcinoma (ESCC) remains poorly
understood. This study aims to clarify PIGU’s role and mechanisms in ESCC by analyzing its expression
across pan-cancer datasets, clinical relevance in TCGA-ESCA samples, and effects on cell behavior
(migration, invasion, proliferation) and signaling pathways, validated viaimmunohistochemistry.
To examine cell behavior, we used Transwell, colony-formation, CCK-8, and wound-healing assays
to assess migration, invasion, proliferation, and wound healing.The epithelial-mesenchymal
transition marker levels were measured using Western blot analysis, and the cell cycle and apoptosis
were assessed using flow cytometry in conjunction with western blotting. Furthermore, we used
western blotting to examine proteins implicated in the PI3K/AKT signaling pathway.To further
confirm PIGU’s role in ESCC progression, a subcutaneous xenograft mouse model was employed.
Our findings suggest that PIGU is highly expressed in ESCC and is strongly associated with tumor
growth, lymphatic metastasis and poor prognosis, and is an independent prognostic factor for ESCC
patients.PIGU knockdown not only arrested the cell cycle and induced apoptosis, but also significantly
reduced migration, invasion, and proliferation in ESCC cells. Additionally, vimentin and N-cadherin
were downregulated when PIGU expression was silenced, although E-cadherin expression was
simultaneously increased.Moreover, PIGU knockdown decreased the amount of phosphorylated Akt
and PI3K. In vivo, PIGU knockdown inhibited ESCC cell proliferation and promoted apoptosis. These
findings imply that targeting PIGU may represent a promising therapeutic approach, and that PIGU
could potentially serve as both a diagnostic and prognostic biomarker for esophageal squamous cell
carcinoma (ESCCQ).
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Esophageal cancer is the 11th most commonly diagnosed cancer and the seventh leading cause of cancer death
worldwide, with an estimated 511,000 new cases and 445,000 deaths in 2022 Disturbingly, China bears the
greatest burden of this disease, accounting for approximately 50% of all global esophageal cancer cases and deaths
each year?. Esophageal squamous cell carcinoma (ESCC) is an extremely aggressive and deadly malignancy,
predominantly found in Eastern Asia, primarily in China®. It poses a significant health burden in the region,
warranting immediate attention. The prognosis for advanced ESCC is exceedingly grim, with a 5-year survival
rate of less than 20%®. ESCC is an especially aggressive malignancy, often diagnosed at an advanced stage,
with poor prognosis, resistance to treatment, and a high recurrence rate >~’. Current therapeutic approaches,
including surgery, chemotherapy, and radiation therapy, have limited efficacy, and the development of resistance
to these treatments is a common occurrence®’. Therefore, identifying new therapeutic targets is critical for
improving diagnosis, treatment, and outcomes for ESCC patients.

Phosphatidylinositol ~glycan anchor biosynthesis class U (PIGU), a key subunit of the
glycosylphosphatidylinositol transamidase (GPI-T) complex!?, is also known as CDC91L1 or GAB1. The GPI-T
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complex facilitates GPI-anchor attachment to proteins, a process critical for cancer progression. The attachment
of glycosylphosphatidylinositol (GPI) anchors to their target proteins is facilitated by the GPI-T complex, which
is crucial to the development of cancer. The complex is primarily composed of five subunits, with the remaining
four being the GPI-anchor attachment 1 proteins, PIG-S, PIG-T, and GPI-8!"!2. Dysregulation of PIGU has been
implicated in several diseases, including cardiovascular disorders'?, dermatological conditions', and various
cancers'. In recent years, PIGU has attracted a lot of interest because of its crucial role in the development and
metastasis of cancer!!. Elevated PIGU expression has been linked to increased motility, epithelial-mesenchymal
transition (EMT), and pulmonary metastasis in breast cancer, as well as a poor prognosis'®. In bladder cancer,
higher PIGU levels promote cell proliferation!’, while in thyroid cancer, PIGU overexpression in both tumor
cells and tissues facilitates cell proliferation, migration, and invasion'®. PIGU is similarly overexpressed in
hepatocellular carcinoma, where its presence correlates with a poor prognosis. Knockdown of PIGU induces G1-
phase cell cycle arrest, suppresses cell proliferation, enhances apoptosis, and inhibits migration and invasion'®.
Despite these findings, the role of PIGU in ESCC remains poorly understood.

The PI3K/AKkt signaling pathway, frequently activated in human cancers, plays a crucial role in tumorigenesis
and metastatic progression??-23. Akt phosphorylation, a key event in this pathway, is facilitated by PI3K, which
recruits Akt to the cell membrane?! Phosphorylated Akt (p-Akt), the active form, is overexpressed in a variety of
cancers and is associated with tumor prognosis?®~2%. Once activated, Akt regulates several downstream proteins
essential for angiogenesis, migration, cell survival, and proliferation®-*.

This study identifies significant overexpression of PIGU in ESCC, which correlates with poor prognosis. We
also explored the mechanisms by which PIGU contributes to ESCC development. Our findings demonstrate
that PIGU is crucial for ESCC cell invasion, migration, and proliferation, suggesting it as a potential therapeutic
target for ESCC treatment.

Materials and methods

Collection of datasets

Transcriptomic data and clinical information for 11 normal esophageal tissue samples and 161 esophageal
cancer samples were obtained from The Cancer Genome Atlas (TCGA)3!. The PIGU mRNA expression matrix
was extracted for further analysis.

Examining how PIGU mRNA expression and clinical pathological characteristics are related
PIGU expression across various malignancies was analyzed using TIMER2.0%. Specifically, in the TCGA-ESCA
project, PIGU expression was assessed in esophageal squamous cell carcinomas (ESCCs) and adjacent normal
tissues, along with 11 matched esophageal cancer and normal tissue samples. Malignant and normal esophageal
tissues” levels of PIGU expression were compared using the GEPIA database®. In order to investigate the
relationship between PIGU mRNA expression and clinicopathological characteristics in ESCC patients, we also
used the R package “ggpubr” to create a clinical correlation heatmap using the TCGA-ESCA dataset.

Prognostic analysis of PIGU mRNA

ESCC patients were stratified into two groups based on their mRNA expression levels, with one group exhibiting
high expression and the other exhibiting low expression of PIGU. Kaplan-Meier survival analysis was used to
evaluate the prognostic importance of PIGU expression. The predictive accuracy of PIGU expression for one-,
three-, and five-year survival outcomes was also assessed using ROC curve analysis. The “Survival” program
was employed to conduct univariate and multivariate Cox regression analysis with the objective of identifying
independent prognostic markers in ESCC.A nomogram was developed to predict the likelihood of patient
survival at 1, 3, and 5 years based on multivariate Cox regression data. The nomogram’s accuracy was validated
using a calibration plot.

Collection of clinical samples

Clinical information and paraffin-embedded tissue sections from the tumor and surrounding non-tumor tissues
were acquired from 80 ESCC patients who had surgery at Chuanbei Medical College’s Affiliated Hospital. None
of the patients had undergone radiation therapy, chemotherapy, or any other anticancer treatments prior to
surgery.Two clinical pathologists verified the esophageal squamous cell carcinoma diagnosis. The North Sichuan
Medical College Affiliated Hospital's Medical Ethics Committee approved the study, which was conducted in
accordance with the Declaration of Helsinki (permit no: 2024ER562-1).A summary of the clinical characteristics
of these 80 patients is provided in Table 1.

Immunohistochemistry

To evaluate PIGU expression in ESCC and nearby non-cancerous tissues, immunohistochemical staining was
employed. Tissue sections were dehydrated through graded alcohols after deparaffinization, and then high-
pressure steam was used to retrieve the antigen. Goat serum was employed to block non-specific binding, while
3% hydrogen peroxide was used to inhibit endogenous peroxidase activity.For an entire night at 4 °C, sections
were treated with a 1:200 dilution of PIGU antibody (Ab192255, Abcam). DAB was used as a chromogenic
substrate following the incubation of secondary antibodies. After secondary antibody incubation, DAB was
applied as a chromogenic substrate. The sections were then mounted with neutral resin and counterstained
with hematoxylin. The immunoreactive score (IRS) was calculated by multiplying the percentage of positively
stained cells by the staining intensity. The percentage categories were as follows: <10% =1 point, 10%-50% =2
points, 51%-80% =3 points, and >81% =4 points. Staining intensity was categorized as: poor staining=1 point,
moderate staining =2 points, and strong staining =3 points.
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Characteristics Cases | Low expression of PIGU | High expression of PIGU | x2 P-value
Age 0.031 | 0.859
<60 22 13 9

=60 58 33 25

Sex 0.108 | 0.742
Male 43 24 19

Female 37 22 15

History of smoking 0.272 | 0.602
Yes 28 15 13

No 52 31 21

History of Alcohol 1.910 | 0.167
Yes 24 11 13

No 56 35 21

Histological grade 1.893 | 0.388
Gl 25 17 8

G2 52 27 25

G3 3 2 1

Location 0.878 | 0.644
Upper 13 6 7

Middle 46 27 19

Lower 21 13 8

TNM stage 8.451 | 0.003*
TIA+IB+ITIA+1IB 41 30 11

IITA +1IIIB+IVA+IVB | 39 16 23

T stage 10.041 | 0.001*
T1+T2 49 35 14

T3+T4 31 11 20

N stage 4.594 | 0.032*
NO 37 26 11

NI+N2+N3 43 20 23

M stage 0.047 | 0.828
MO 78 45 33

M1 2 1 1

Table 1. Correlation between PIGU expression and clinicopathological characteristics of ESCC patients.
*p <0.05 is significant.

Cell culture and transfection

ESCC cell lines (KYSE510, Ecal09, KYSE150, and KYSE30) were obtained from commercial sources. Every
cell line was cultivated in media that was enhanced with 1% penicillin-streptomycin solution and 10% fetal
bovine serum (FBS). The cells were kept at 37 °C with 5% CO2 in a humidified environment. By cloning the
short hairpin RNA (shRNA) sequences into the hU6-MCS-CBh-gcGFP-IRES-puromycin vector, we were able to
successfully silence endogenous PIGU expression by infecting the KYSE510 and Ecal09 cell lines at a multiplicity
of infection (MOI) of 10.Lentiviral vectors were constructed by GeneChem (Shanghai, China). The negative
control (NC) sequence, shNC (TTCTCCGAACGTGTCACGT), and the shPIGU sequences—shPIGU#1 (CCT
GAGAAACATCTTTGTCCT), shPIGU#2 (GTTTATCCAGATCGCTGTCAT), and shPIGU#3 (GCAATCCAG
GACTTCAATAAA)—were employed to knockdown PIGU expression.

RNA extraction and RT-qPCR

Following the manufacturer’s instructions, total RNA was extracted from the cells using the RNAex reagent
(ACCURATE BIOLOGY) and then reverse transcribed into complementary DNA (cDNA) using the HIScript
III RT SuperMix for qPCR (+gDNA wiper) kit (Vazyme). cDNA was amplified by qPCR using the Taq Pro
Universal SYBR qPCR Master Mix kit (Vazyme) with the following protocol: initial denaturation at 95 °C for 5
min, followed by 40 cycles of 95 °C for 10 s (denaturation), 60 °C for 30 s (annealing/extension), and melt curve
analysis at 65-95 °C34, Supplementary material Table 1 contains primer sequences.

Western blotting

Using radioimmunoprecipitation assay buffer enhanced with phosphatase and protease inhibitors, cell proteins
were retrieved (Yamei, Shanghai, China). After being resolved using 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, the protein samples were transferred to a polyvinylidene difluoride membrane (Millipore,
MA, USA) and blocked with 5% non-fat milk for two hours.The primary antibody was incubated overnight at
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4°C, followed by a 1 h incubation with the secondary antibody. Protein bands were detected using the ChemiDoc™
XRS + System (Bio-Rad, CA, USA). Band intensities were quantified using Image]J software. Information on all
antibodies used is detailed in Supplementary material Table 2.

Cell proliferation assay

Utilizing the CCK-8 kit (APExBIO, Houston, USA), cell proliferation was evaluated. A 96-well plate was seeded
with 2x 103 cells per well. A microplate reader was used to quantify absorbance at 450 nm during a two-hour
incubation at 37 °C with 5% CO2 following the addition of CCK-8 reagent at 0, 24, 48, and 72 h.

Assays for colony formation were also used to assess cell proliferation. In all, 1,000 cells were cultivated for 12
days at 37 °C with 5% CO?2 after being planted in 2 mL of culture media in each well of a 6-well plate. Following
fixation with 4% paraformaldehyde for 15 min and crystal violet staining for 10 min, colonies were visualized
after multiple phosphate-buffered saline (PBS) washes and air-dried. Colonies were photographed, and colony
counts were determined using Image] software.

Cell scratch assay

For wound healing assay, 500,000 cells were seeded in each well of a 6-well plate in 2 mL of culture medium and
grown to 90% confluence. The cells were cultured in serum-free RPMI 1640 media after the cell monolayer was
scratched with a 200-uL pipette tip.To track wound healing, pictures were taken at the same spot at 0 and 24 h.

Migration and invasion assay
Cell migration was assessed using Transwell chambers (8-um pores, Corning) without Matrigel, while invasion
assays were performed using Matrigel-coated Transwell membranes®>3. For migration assays, KYSE510 and
Ecal09 cells were seeded at a density of 50,000 cells per 200 uL in the upper chamber, which contained only
basal medium. There were 600 pL of media supplemented with 10% FBS in the lower chamber. Following 48 h
of incubation, cells were stained with 0.1% crystal violet and fixed with 4% paraformaldehyde. An inverted
microscope was then used to take pictures, and Image] software was used to count the number of invasive cells.
For cell invasion assays, Matrigel was applied to the upper chamber prior to cell seeding, and the subsequent
procedures were identical to those used for the migration experiments. An inverted microscope was then used
to take pictures, and Image] software was used to count the number of invasive cells.

Flow cytometry

Cells were digested with a 0.25% trypsin solution and centrifuged at 1000 rpm for 5 min at room temperature.
Following two PBS washes of the resultant pellet, 2.0 x 10* cells were preserved with 70% ethanol overnight at
4 °C. The distribution of cell cycles was determined using a cell cycle detection kit (KGA512, KeyGEN BioTECH,
Nanjing, China), and flow cytometry (ACEA Biosciences, USA) was employed for analysis.

The Annexin V-APC/Propidium Iodide (PI) Apoptosis Detection Kit (KeyGen Biotech Co., Ltd., Nanjing,
China) was used to measure apoptosis in accordance with the manufacturer’s instructions. The cells were
digested, rinsed twice with PBS, and then resuspended in 500 pL of binding solution in accordance with the cell
cycle experiment’s instructions. Annexin V-APC and Propidium Iodide (PI), 5 pul each, were added to the cell
suspension, and the mixture was incubated in the dark for 10 min. Apoptosis was assessed by flow cytometry
(ACEA Biosciences, USA), and apoptosis rates were calculated using Flow]Jo 10.8.1 software.

Tumor xenograft model

The North Sichuan Medical College Animal Ethics Committee approved the animal study (Approval File
Number: 2024092). Male BALB/c mice aged 5 weeks were subcutaneously implanted with 1x10° Ecal09 cells
to generate a xenograft model. Three groups of mice (n=5) were created: shNC, shPIGU#1, and shPIGU#2.
Every five days, measurements of body weight and tumor size were made.For anesthesia, mice were anesthetized
using 2-3% isoflurane in oxygen delivered via a vaporizer during all procedures. At the end of the experiment,
mice were euthanized by cervical dislocation under deep anesthesia to minimize suffering, in accordance with
the committee’s guidelines.After 25 days, tumors were excised and fixed in 10% neutral-buffered formalin for
subsequent immunohistochemistry (IHC) analysis. The primary antibodies... To compute tumor volume (V),
the formula V = (length x width?)/2 was used. Tumor diameter was monitored to ensure it did not exceed 20 mm.

Statistical analysis
For data analysis and graphical display, R software (version 4.3.3) and GraphPad Prism 9.5 (GraphPad Software
Inc., San Diego, CA, USA) were utilized. Every experiment was carried out in triplicate, and the mean + standard
deviation is used to express the results. The Student’s t-test or one-way analysis of variance (ANOVA) was used
to assess differences between two or more groups, and the ¥ test was used to examine the association between
PIGU expression and clinicopathological factors.

To find independent prognostic factors for patients with esophageal squamous cell carcinoma (ESCC), Cox
regression analysis was used. Statistical significance was defined as p<0.05(*p<0.05, **p<0.01, ***p<0.001,
oD < 0.0001).

Results

High expression of PIGU in ESCC tissues

We performed a pan-cancer investigation using the Timer2.0 website (http://timer.comp-genomics.org/timer/)
and discovered that PIGU was highly expressed in several cancer types, such as colorectal, lung, and esophageal
cancers (Fig. 1A). By comparing GEPIA and TCGA-ESCA datasets, we gained deeper insights into PIGU
expression in esophageal squamous cell carcinomas (ESCCs) and normal tissues. The results demonstrated a
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Fig. 1. Expression of PIGU in ESCC and adjacent non-cancerous tissues. A-D PIGU mRNA expression
Immunoreactive score (IRS) quantification. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.
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notable elevation of PIGU mRNA in cancerous tissues (Figs. 1B, C, and D). Additionally, PIGU is significantly
expressed in ESCC tissues, as demonstrated by immunohistochemistry, which revealed that PIGU protein levels
were higher in ESCC tissues than in nearby non-cancerous tissues (Figs. 1E and F).

PIGU as a prognostic marker in ESCC patients

Higher levels of PIGU expression in ESCC patients were associated with noticeably worse survival rates,
according to Kaplan-Meier survival analysis(p=0.011; Fig. 2A). ROC curve analysis revealed AUC values
of 0.653 (1-year survival), 0.543 (3-year survival), and 0.790 (5-year survival) for PIGU expression (Fig. 2B).
Tumor stage and PIGU expression were identified as significant risk factors for the prognosis of ESCC using
univariate and multivariate Cox regression analysis (Figs. 2C and D). A nomogram that incorporated tumor
stage and PIGU expression was used to predict overall survival (OS) for patients with ESCC; the 1-, 3-, and
5-year survival rates were 0.965, 0.835, and 0.644, respectively (Fig. 2E). A calibration curve was used to confirm
the nomogram’s accuracy (Fig. 2F). Based on these findings, PIGU may serve as a significant prognostic factor
for patients with ESCC.

Relationship between PIGU and clinicopathological features of ESCC patients

Through the TCGA-ESCA dataset, we further examined the link between PIGU expression and the
clinicopathological features of esophageal squamous cell carcinoma (ESCC) patients. Age, gender, and
histological grade showed no significant correlation with PIGU mRNA levels (all p>0.05). However, advanced
N stage (NO vs. N1), T stage (T2 vs. T3), and pathological stage (stage I vs. stage III) were significantly correlated
with elevated PIGU mRNA expression (all p <0.05; Fig. 3A-F). A clinical association heatmap also revealed
significant differences in T stage between the groups with high and low PIGU expression (p <0.05; Fig. 3G).
Additionally, we assessed the relationship between PIGU protein levels and clinicopathological features in
80 ESCC patients at our hospital. Using a median immunoreactive score (IRS) of 4, we divided people into
groups with low and high expression.Elevated PIGU protein expression was significantly associated with TNM
stage (p=0.003), T stage (p=0.0015), and N stage (p=0.0321; Table 1). These findings suggest that PIGU may
contribute to ESCC progression by promoting tumor growth and metastasis.

Silencing PIGU inhibits ESCC cell proliferation

In our previous studies, we identified PIGU as a key predictive gene in ESCC. To further investigate its biological
role, we examined PIGU expression in four ESCC cell lines (KYSE510, Ecal09, KYSE150, and KYSE30). Western
blot analysis revealed substantial PIGU expression in KYSE510 and Ecal09 cells, which were selected for further
studies on PIGU knockdown. (Fig. 4A).Three different PIGU shRNAs (PIGU#1, PIGU#2, and PIGU#3) were
transfected into these cells, with PCR and western blot confirming knockdown efficiency, using shNC as a
negative control. shPIGU#1 and shPIGU#2 resulted in the most significant reduction in PIGU expression and
were selected for further research (Figs. 4B-D). According to CCK-8 assays, the shPIGU#1 and shPIGU#2
groups’ proliferative potential of KYSE510 and Ecal09 cells was noticeably lower than that of the shNC group
(Fig. 4E). Additionally, clonogenic assays demonstrated a marked decrease in colony formation in the shPIGU#1
and shPIGU#2 groups, reinforcing the conclusion that PIGU knockdown inhibits ESCC cell growth (Fig. 4F).
These findings emphasize PIGU’s potential as a therapeutic target in ESCC by indicating that its silencing
inhibits ESCC cell proliferation.

Knockdown of PIGU inhibits EMT in ESCC cells

In addition to demonstrating increased proliferative capacity compared to normal cells, tumor cells undergo
epithelial-mesenchymal transition (EMT) more frequently. Our previous research has established a link between
PIGU expression and tumor metastasis. To investigate this further, we employed Transwell and cell scratch assays
at the cellular level. PIGU knockdown dramatically decreased the migratory and invasive potential of KYSE510
and Ecal09 cells, according to both experiments (Fig. 5A, B). EMT, a critical process for tumor invasion and
metastasis, is regulated by various factors, as shown in previous studies®’. To determine if PIGU affects EMT
in ESCC cells, we employed western blotting to measure the expression of the mesenchymal markers vimentin
and N-cadherin as well as the epithelial marker E-cadherin. The findings demonstrated that in both KYSE510
and Ecal09 cells, PIGU knockdown enhanced E-cadherin expression while lowering vimentin and N-cadherin
levels (Fig. 5C). These findings suggest that silencing PIGU suppresses EMT in ESCC cells.

Silencing PIGU arrests the cell cycle and promotes apoptosis in ESCC cells

Through cell cycle and apoptosis studies in KYSE510 and Ecal09 cells, we further investigated the impact of
PIGU on ESCC cell growth. Flow cytometry analysis following PIGU silencing showed a notable increase in the
proportion of cells in the G2/M phase (Fig. 6A). We then assessed the expression of key proteins associated with
the G2/M phase. PIGU knockdown resulted in decreased levels of Cyclin A2 and CDK1 in both cell lines (Fig. 6B).
Next, we examined PIGU’s role in apoptosis. The results revealed that silencing PIGU significantly elevated
apoptosis rates in both KYSE510 and Ecal09 cells (Fig. 6C). Western blot analysis confirmed upregulation of
the pro-apoptotic protein Bax and downregulation of the anti-apoptotic protein Bcl-2 after PIGU knockdown
(Fig. 6D). According to these results, PIGU silencing hinders the course of the cell cycle and causes ESCC cells
to undergo apoptosis.

Silencing PIGU inhibits the PI3K/Akt signaling pathway

The PI3K/Akt pathway, a critical signaling network often dysregulated in cancers, regulates multiple cellular
processes including growth, proliferation, differentiation, apoptosis, invasion, metastasis, and EMT?%%,
Through the PI3K/Akt pathway, silencing Gabl (PIGU) in hilar cholangiocarcinoma prevents cell migration
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Fig. 2. The prognostic significance of PIGU expression in ESCC patients. A Kaplan-Meier survival analysis
was used to assess the relationship between PIGU expression and overall survival (OS) in patients with ESCC.
B ROC curves for PIGU expression predicting 1-, 3-, and 5-year overall survival (OS) in ESCC patients, with
AUC values indicated for each time point. C and D Patients with ESCC are evaluated for prognostic risk
factors using univariate and multivariate Cox regression analysis. E Nomograms were created to forecast the

1-, 3-, and 5-year overall survival (OS) rates in patients with esophageal squamous cell carcinoma (ESCC) by
taking into account PIGU expression levels and disease stage. F A nomogram calibration curve is used to verify
the nomogram’s expected accuracy.*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.
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Fig. 3. Relationship between PIGU mRNA Expression and Clinicopathological features using the TCGA-
ESCA dataset. A Correlation between PIGU mRNA expression and age. B Correlation between PIGU mRNA
expression and gender. C Correlation between PIGU mRNA expression and T stage. D Correlation between
PIGU mRNA expression and N stage. E Correlation between PIGU mRNA expression and pathological stage.
F Correlation between PIGU mRNA expression and histological grade. G Heatmap examination of the clinical
connection between clinicopathological characteristics and high/low PIGU expression. *p <0.05, **p <0.01,

P p<0.001, ¥***p<0.0001.

Scientific Reports|  (2025) 15:31237 | https://doi.org/10.1038/s41598-025-08748-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A B S © D
: shNC__shPIGU#1 shPIGU#2 shPIGU#3 ShNC  shPIGU#1 shPIGU#2 shPIGU#3

g 1.5
KYSES10  Ecal09  KYSEIS0 KYSE30 ﬁ e
£ e 4
PIGU o2 53 'O ) PIGU s0kDa  PIGU| - isom)a
e - 33 -
€ °os
2 GAPDH 36kDa  GAPDH ---36kl)a
. - . - 3 o | m
N KYSE510 Ecal09
. & KYSE510 Eca109
c - 15 . 1.5
2 < 3 o
ﬁgto é 2 £ 8 1o
58 £ gg10 25
35 B S5 =
'] <0 ) oy
£305 Z5 22 2% 05
Sy E%5 goos £
T @ 8w o]
* £ g° g
0.0 A K] 0.0 0.0
N 9 Q %)
{:L%& Q,o"’\ *:‘aﬁ:\ G@Q’
E KYSE510 Eca109
257 o shne 207 o shne
E 204 = shPIGU#1 E 5] = shPiGU#
S -3
E 154 -+ shPIGU#2 i % g -+ shPIGU#2 s
7] 3
g 1.0 g
g g
S 0.5 9
0.0 T T T 0.0 T T 1
(1] 24 48 72 ] 24 48 72
hours hours
shNC shPIGU#1 shPIGU#2 KYSE510
- - . 250
- ’a‘. o . -‘ > : « 0 Ak
P I Pl 8 200+
& @
S 150
o
k)
2 100
3
E
E 50
P4
o_.
O DN N
& S S
e -1 ) NN
& &£
KYSES510
Eca109
,...‘o" . ; '*l?'-\.‘.. ‘.;.' \. o 300 —
/..‘..;'.. \ S STl "f/% o oY, o e
~v . ,. LN '.‘.."- R o % o ¥ .‘..n 8
) [ * n-sn.’O. .:..c 9.0 QTS J _‘ pt
e oA . - Y 7 5 g 200+
©
L3
o
| & 100
Q2
£
=]
=z
o_.
O DN N
& S S
&L
& &£

Fig. 4. Relative expression of PIGU in ESCC cells, knockdown efficiency following viral transfection, and
effect of PIGU knockdown on ESCC cell proliferation. A Expression levels of PIGU protein in different ESCC
cell lines. B Verification of PIGU knockdown efficiency by RT-PCR. C The effectiveness of PIGU knockdown
in KYSE510 cells was assessed through Western blot analysis. D The effectiveness of PIGU knockdown in
Ecal09 cells was evaluated by Western blot analysis. E CCK-8 assay assessing cell proliferation in KYSE510
and Ecal09 cells transfected with shPIGU#1 and shPIGU#2. F Clonogenic assay evaluating cell proliferation
in KYSE510 and Ecal09 cells transfected with shPIGU#1 and shPIGU#2. *p <0.05, **p <0.01, ***p < 0.001,
P p <0.0001.
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Fig. 5. Knockdown of PIGU inhibits EMT in ESCC cells. A The migratory capacity of KYSE510 and Ecal09
cells transfected with either shPIGU#1 or shPIGU#2 was evaluated using the cell scratch test.B The migration
and invasion capabilities of KYSE510 and Ecal09 cells transfected with either shPIGU#1 or shPIGU#2 were
assessed using Transwell and Transwell (Matrigel) tests.C EMT-related markers, such as vimentin, N-cadherin,
and E-cadherin, were measured by Western blotting in KYSE510 and Ecal09 cells transfected with either
shPIGU#1 or shPIGU#2.*p <0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

and proliferation?’. Using PIGU knockdown cell lines, we evaluated the expression of important proteins to
see if PIGU influences ESCC cell behavior via this pathway. Our findings demonstrated that silencing PIGU
significantly decreased the expression of p-Akt and p-PI3K in both KYSE510 and Ecal09 cells as compared to
the shNC group (Figs. 7A-C). These findings imply that PIGU may control the development of ESCC by means
of the PI3K/Akt signaling pathway.

Silencing PIGU inhibits tumor growth of ESCC in vivo

We conducted xenograft mouse studies to learn more about the function of PIGU in ESCC tumor growth in
vivo. After the ESCC tumor model was established, the mice were put to sleep while the tumors were taken
out, weighed, photographed, and examined using immunohistochemistry. The results demonstrated that
silencing PIGU significantly reduced tumor volume and weight in Ecal09 cell-derived tumors (Fig. 8A, B).
Immunohistochemical labeling of tumors from shPIGU groups revealed lower levels of PIGU and Ki-67, along
with higher expression of Bax and lower expression of Bcl-2, as compared to controls.

Discussion
PIGU, a key component of the GPI-T complex, has been shown to contribute to tumor formation in various
cancers'®!, Its function in ESCC hasn’t been investigated, though. Our study investigates PIGU’s biological
functions, clinical relevance, and expression pattern in ESCC.

In recent years, The Cancer Genome Atlas (TCGA) has emerged as a core resource for cancer biomarker
research, leveraging its pan-cancer multi-omics datasets to drive discoveries. Multiple TCGA-based studies
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Fig. 6. Silencing of PIGU arrests the cell cycle and promotes apoptosis. A The impact of PIGU knockdown
on the cell cycle distribution of KYSE510 and Ecal09 cells was examined using flow cytometry.B The impact
of PIGU knockdown on the expression of Cyclin A2 and CDK1 proteins in KYSE510 and Ecal09 cells was
investigated using Western blotting.C Using flow cytometry, the effect of PIGU knockdown on apoptosis in
KYSE510 and Ecal09 cells is examined. D Western blotting analysis of the expression of the proteins Bax and
Bcl-2 in Ecal09 and KYSE510 cells after PIGU knockdown.*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.
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have made significant advancements at both the single-gene and gene-set levels: SCN3B and CDK2 have been
identified as potential diagnostic and prognostic biomarkers for glioma?*"*2, while AIMP1 and CNIH4 serve as
diagnostic and prognostic indicators for head and neck squamous cell carcinoma (HNSC)**44, In specific cancer
contexts, IGFBPs exhibit multifunctional value in glioma for diagnosis, prognosis, and treatment prediction®’,
whereas the cuproptosis pathway has been linked to kidney renal clear cell carcinoma (KIRC) progression and
holds potential for immunotherapy applications*®. Pan-cancer analyses reveal that CENPA, a key cell cycle
biomarker, possesses dual diagnostic and prognostic utility?’; aberrant expression of VGSC genes suggests their
potential as novel pharmacological targets*®; disulfidptosis-related genes, TRPM7, and RAD51 have respectively
emerged as candidate biomarkers for cross-cancer diagnosis/prognosis/therapy, pan-cancer aberrant expression
markers, and clinically valuable multi-cancer biomarkers with diagnostic, prognostic, and treatment-predictive
capabilities®*=>!. These findings provide new insights into tumor molecular mechanisms. Building on this
foundation, our study focuses on the role of PIGU in esophageal squamous cell carcinoma (ESCC), further
exploring its scientific significance as a potential biomarker and therapeutic target.

In ESCC tissues, both mRNA and protein levels of PIGU were strongly expressed, corroborating our findings
in TCGA and clinical databases. Consistent with the findings of previous studies, elevated PIGU expression has
been documented in various cancers, including breast cancer'S, bladder cancer!’, thyroid cancer'®, and liver
cancer'. The data suggest that high PIGU expression is associated with poorer prognosis, as it increases the
likelihood of lymph node metastasis and promotes tumor growth. We hypothesize that PIGU may promote
ESCC progression by enhancing the invasiveness of ESCC cells. In support of this, our subsequent in vitro
experiments demonstrated that silencing PIGU inhibited both migration and invasion of ESCC cells, while also
significantly reducing their proliferative capacity. Previous research has established a strong link between EMT
and the migratory and invasive potential of tumor cells’»%. Consistent with findings in breast cancer, our study
shows that PIGU silencing attenuates EMT in ESCC cells!®. Tumor progression is critically influenced by the cell
cycle®, with the G2/M checkpoint playing a pivotal role in maintaining chromosomal integrity by ensuring DNA
repair before mitosis. CDK1° is a crucial regulatory factor at the G2/M phase checkpoint of the cell cycle, while
Cyclin A2%¢ is a key gene during the G2/M phase. The data confirm that silencing PIGU disrupts the cell cycle
by downregulating CDK1 and cyclin A2, leading to a G2/M phase arrest that subsequently impedes ESCC cell
proliferation. Furthermore, we found that PIGU silencing significantly enhanced apoptosis in ESCC cells. Flow
cytometry analysis revealed a notable increase in apoptotic cells upon PIGU silencing. The protein expression of
Bax®’ and Bcl-2%8 proteins—key apoptotic markers—further supported this finding. Specifically, silencing PIGU
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Fig. 8. Silencing PIGU inhibits the growth of ESCC tumors in vivo. (A, B) The volume and weight of Ecal09
cell-derived tumors following PIGU knockdown. C To assess the expression patterns of PIGU, Ki-67, Bax, and
BCL-2 in tumor tissues, immunohistochemical (IHC) examination was done.*p <0.05, **p <0.01, ***p <0.001,
P p <0.0001.

upregulated Bax expression while downregulating Bcl-2, indicating that PIGU silencing promotes apoptosis in
ESCC cells.

The PI3K/AKT signaling pathway, a crucial regulator of cell growth, proliferation, invasion, metastasis,
apoptosis, and EMT, is often dysregulated in cancers®*’. The results show that silencing PIGU reduces the
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Fig. 9. Mechanism diagram. Knockdown of PIGU inhibits proliferation, migration, and invasion of KYSE510
and Ecal09 cells through the PI3K/AKT pathway, and the cell cycle and promotes apoptosis.

expression of p-AKT and p-PI3K, directly linking PIGU to the activation of this oncogenic pathway in ESCC.
These findings suggest that PIGU silencing inhibits ESCC progression through PI3K/AKT pathway suppression.
In an in vivo xenograft model, PIGU silencing also suppressed tumor growth. The observed correlation between
PIGU and Ki-67 further supports its role in regulating cell proliferation. Additionally, silencing PIGU resulted in
upregulation of Bax and downregulation of Bcl-2, reinforcing the promotion of apoptosis Fig. 9. Taken together,
our results indicate that PIGU contributes to EMT, proliferation, migration, and invasion in ESCC cells through
the PI3K/AKT pathway, while also inhibiting the cell cycle and promoting apoptosis. These findings suggest that
PIGU could be a promising therapeutic target for ESCC treatment. However, the potential cross-talk between
PIGU and other pathways (e.g., MAPK, Wnt/B-catenin) and its direct interactions with PI3K/AKT components
remain to be explored to rule out confounding effects and enhance mechanistic understanding. Moreover,
given that PIGU’s role may vary across different cancers (e.g., hepatocellular carcinoma'®), and considering the
potential off-target effects of GPI-T complex inhibition, future research should address these issues to ensure the
specificity and efficacy of PIGU-targeted therapies.

Beyond its prognostic value, PIGU’s strong expression in ESCC tissues implies potential as a diagnostic
biomarker, with recent advances in liquid biopsy (e.g., circulating tumor DNA monitoring in neuroblastoma®!)
and molecular barcode technologies (e.g., ultra-sensitive rare tumor cell detection in pancreaticobiliary
malignancies®?), as well as methylation-based non-invasive breast cancer assays®, offering platforms for non-
invasive detection. Speculatively, PIGU mRNA, phosphorylated PI3K/AKT, or exosomal PIGU protein might
be detectable in biofluids like plasma via these methods, though validation in independent cohorts is needed to
underscore PIGU’s translational potential for non-invasive ESCC diagnosis, especially for early-stage detection.

The study has several notable limitations. First, although PIGU overexpression in ESCC was identified
using TCGA datasets, bulk RNA-seq data may mask intratumoral heterogeneity and technical biases®,
potentially affecting the generalizability of PIGU’s prognostic value across ESCC subtypes. Second, while PIGU
knockdown (loss-of-function) was validated in cell lines and xenografts, gain-of-function studies (e.g., PIGU
overexpression), particularly in scenarios of gene amplification, are lacking, limiting mechanistic insights. Third,
the reliance on established cell lines and xenograft models—without patient-derived organoids or primary
tumor explants—hinders recapitulation of ESCC microheterogeneity. Additionally, immune profiling (e.g.,
tumor-infiltrating lymphocytes) was not performed, precluding understanding of PIGU’s interaction with the
immune microenvironment. Future studies should incorporate patient-derived xenograft (PDX) models®® and
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single-cell RNA sequencing to address heterogeneity and further investigate PIGU’s crosstalk with autophagy,
NF-«B, and other signaling pathways (Fig. 9).

Conclusion

In summary, this study establishes PIGU as a pivotal oncogene in esophageal squamous cell carcinoma
(ESCC), with its upregulation significantly correlated with tumor progression, lymphatic metastasis, and
adverse prognosis. Beyond its utility as a diagnostic and prognostic biomarker, PIGU represents a promising
translational target in precision oncology. Key future directions include: 1) developing PIGU-specific inhibitors
to disrupt PI3K/AKT-driven tumorigenesis; 2) validating PIGU mRNA or exosomal protein levels in liquid
biopsies for non-invasive early detection, leveraging advancements in molecular barcode technologies; and 3)
exploring its role as a stratification marker for personalized therapy, particularly in patients with activated PI3K/
AKT signaling. Multicenter clinical validation across independent ESCC cohorts and preclinical assessment
using patient-derived xenograft (PDX) models are critical to translating these findings into clinical practice.
Additionally, combining PIGU-targeted therapies with immunotherapies or chemotherapies may address tumor
heterogeneity and improve outcomes for this aggressive disease. Collectively, these insights underscore PIGU’s
potential to drive the development of innovative diagnostic and therapeutic strategies for ESCC.

Data availability
All raw data are publicly available from corresponding databases. Processed data are available upon reasonable
request from the corresponding author.
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