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HES1 induces ITPR1-mediated autophagy to exert anti-metastatic 
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Background: Pituitary adenomas (PAs) are prevalent intracranial tumors necessitating a comprehensive 
exploration of their molecular intricacies. This study delved into the molecular interactions among HES1 
(hairy and enhancer of split 1), ITPR1 (inositol 1,4,5-trisphosphate receptor, type 1), and autophagy to 
elucidate their contributions to PA progression.
Methods: Our in-depth bioinformatics analysis identified ITPR1 as a central hub gene in the PA-associated 
dataset. It exhibited reduced expression in PA and held significant clinical diagnostic relevance. Motivated 
by this discovery, we investigated the consequences of ITPR1 overexpression, as well as the use of autophagy 
inhibitors 3-Methyladenine (3-MA) and Baf A1, while considering the transcriptional influence of HES1.
Results: In vitro experiments utilizing PA cell lines revealed that ITPR1 overexpression significantly 
hindered tumorigenic activities. In contrast, both 3-MA and Baf A1 exacerbated these tumorigenic 
properties, confirmed by a decreased LC3 II/LC3 I ratio, indicative of autophagy inhibition. Intriguingly, 
the concurrent introduction of ITPR1 and these inhibitors mitigated these intensified effects, implying a 
tumor-suppressive role for ITPR1. Further investigations pinpoint HES1 as a potential upstream regulator 
of ITPR1 transcription. Silencing HES1 lead to reduced ITPR1 promoter activity, weakening the impact of 
ITPR1 overexpression on autophagy. This neutralized the ITPR1-mediated suppressions on PA cell activities, 
including proliferation, invasion, and migration. 
Conclusions: In summary, our research uncovered a complex regulatory interplay among HES1, ITPR1, 
and autophagy in the context of PA progression. These findings opened up promising avenues for novel 
therapeutic interventions targeting this intricate network to enhance PA treatment.
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Introduction

Pituitary adenomas (PAs), providing for approximately 
of 15% the majority of intracranial tumors, represent a 
prevalent and complex pathology (1,2). PA was increasingly 
recognized in the general population, with an incidence 
ranging between 3.9 to 7.4 cases annually per 100,000 
people. Despite this, their overall prevalence suggests 
they affect roughly 1 in 1,000 individuals (3). Notably, 
prolactinomas and nonsecreting PAs make up the majority 
of these cases. While clinically significant PAs are more 
common in females, their clinical presentations vary widely. 
These adenomas can lead to hormone imbalances and 
visual field defects. In cases with larger tumors, they might 
also result in hypopituitarism due to the tumor’s mass 
effect (4). Despite associations with various factors such 
as genetic alterations and environmental influences, the 
precise etiology of their pathogenesis remains elusive (5,6). 
Different hormonal types of PA can manifest a variety of 
symptoms, often due to excessive hormone secretion (2).  
For instance, prolactinomas can lead to menstrual 
irregularities and galactorrhea in females, and impotence 
in males (7). Adenomas that secrete growth hormone can 
result in acromegaly, marked by enlarged limbs, altered 
facial features, and skin changes (8). Adenomas secreting 
corticotropin result in Cushing’s disease, marked by central 
obesity, a moon-like facial appearance, hypertension, and 
purple striae (9). Current treatments, such as surgical 
intervention, drug therapy, and radiation therapy, vary 

in effectiveness based on tumor subtype, size, and 
aggressiveness (10,11). Despite advances in treatment 
options, PA remains a significant challenge due to the 
potential for complications and recurrence in long-term 
prognosis (12). Early detection is crucial for managing 
PAs effectively. Prolactinomas are typically treated with 
dopamine agonists initially, while other PAs often require 
transsphenoidal surgery as the first-line therapy, reserving 
medical treatment for cases unresponsive to surgical 
intervention (13). Consequently, researching effective 
therapeutic strategies is pivotal to unravel the intricate 
pathogenesis, deepen our understanding of PA, and enhance 
patient outcomes.

Autophagy, the intracellular process of lysosomal 
degradation of cellular components, in a number of 
physiological and pathological situations, plays a critical 
regulatory function, including tumorigenesis (14). In 
cancer, autophagy both impedes tumorigenesis by removing 
damaged proteins and organelles and supports cancer 
survival under stress by supplying nutrients (15). The 
crucial involvement of autophagy in the initiation and 
progression of tumors has become increasingly emphasized., 
underscoring the potential for therapeutic strategies that 
target autophagy (16). Recent study by Lyu et al., highlight 
the function of autophagy autophagy in the pathogenesis 
of PA. They demonstrate that tetrandrine (Tet) exhibits 
anti-PA effects via the MAPK/STAT3 signaling pathway, 
mediating both autophagy and apoptosis (17). In a study by 
Kun et al., it was shown that inhibiting hypoxia-inducible 
factor 1α can counteract temozolomide-induced autophagy 
in rat PA GH3 cells, thereby boosting the treatment 
effectiveness of temozolomide against PA (18). However, 
the complex relationship between autophagy and PA 
pathogenesis remains incompletely understood. Therefore, 
it is essential to thoroughly investigate the involvement of 
autophagy in PA.

Within the realm of PAs, it is becoming evident 
that certain genes may serve as the linchpin in tumor 
progression and response to therapies. Among these pivotal 
genes are ITPR1 (inositol 1,4,5-trisphosphate receptor, 
type 1) and HES1 (hairy and enhancer of split 1). ITPR1, 
an intracellular calcium release channel, is fundamental 
for a range of physiological processes, including cellular 
signaling cascades, apoptosis, and cellular proliferation (19).  
Dysregulation of this gene may interfere with cell 
differentiation and growth pathways, which may have 
important implications for tumor behavior. It is worth 
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mentioning that ITPR1 acts like an application program in 
cell signaling, controlling various “applications” within the 
cell, and the interaction between applications affects the 
overall cell performance. Dysregulation of HES1 interferes 
with cell differentiation and growth pathways, which may 
have implications for tumor behavior (20). On the other 
hand, HES1 is a transcriptional repressor with a renowned 
function in cellular differentiation and development (21). 
It is analogous to a regulator that controls gene expression 
and determines cellular direction. HES1 determines 
the direction of cell development, which may have far-
reaching consequences in terms of tumor behavior. The 
potential interplay between ITPR1 and HES1, two hub 
genes, might hold significant implications for the molecular 
pathogenesis of PAs and the pursuit of effective therapeutic 
strategies. We found that HES1 regulates the expression of 
ITPR1, which affects cell signaling cascades, apoptosis and 
proliferation. This interaction may play a key role in the 
molecular pathogenesis of PAs. Given this backdrop, our 
study’s exploration into the interrelation between HES1, 
ITPR1, and autophagy not only paves the way for a deeper 
understanding of PAs but also brings into focus the broader 
role of hub genes in shaping tumor dynamics.

Considering the clinical challenges of PA and the 
presence of non-responsive cases, the identification of novel 
molecular targets is important for proper PA management. 
The purpose of this research is to elucidate the role of HES1 
and its interactions with ITPR1 and autophagy in PA cell 
behavior. In this endeavor, we seek to decipher the intricate 
regulatory network underlying PA progression, setting the 
stage for innovative therapeutic approaches for PA patients 
resistant to current treatments. We present this article in 
accordance with the MDAR reporting checklist (available 
at https://tcr.amegroups.com/article/view/10.21037/tcr-23-
1320/rc).

Methods

Retrieval of microarray data and analysis of differential 
expressed genes (DEGs)

For our investigation into PA, two pertinent microarray 
datasets were sourced from the gene expression omnibus 
(GEO; https://www.ncbi.nlm.nih.gov/geo/) database: 
GSE36314, with four prolactinoma and three normal 
pituitary samples, and GSE119063, encompassing 
five prolactinoma and four normal pituitary samples. 
Differential gene expression analysis was carried out on 

both datasets utilizing the “limma” package in R software. 
We recognized upregulated DEGs with a fold change 
(FC) >1.5 and downregulated DEGs with an FC <0.67, 
all meeting importance threshold of P value <0.05. For a 
holistic view of the gene expression landscape, DEGs were 
visualized using the “ggplot2” package in R. The study was 
conducted in accordance with the Declaration of Helsinki (as 
revised in 2013).

Screening and analysis of overlapping DEGs

The overlapping up-regulated and down-regulated 
DEGs in the GSE36314 and GSE119063 datasets 
were identified using the “VennDiagram” package in R 
software. The overlapping DEGs were then analyzed for 
biological process (BP) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway enrichment using the 
Database for Annotation, Visualization and Integrated 
Discovery (DAVID) database (https://david.ncifcrf.gov/
tools.jsp). Results with a P value <0.05 were thought to 
be statistically significant. The overlapping DEGs were 
subjected to further scrutiny via the construction of a 
protein-protein interaction (PPI) network using Cytoscape 
software. Utilizing the Cytohubba plugin, the top 20 genes 
were identified based on the BottleNeck, Closeness, and 
EcCentricity algorithms, which were then used to visualize 
the PPI network corresponding to the selected genes.

Expression and clinical diagnosis analysis of seven 
overlapping genes in PPI network

In the PPI network of BottleNeck, Closeness and 
EcCentricity algorithms, seven overlapping genes were 
identified, namely SELL, ATF3, ITPR1, POMC, FASN, 
FOXO1 and CXCR4. Subsequent examination of these seven 
gene expressions was conducted within the GSE36314 
and GSE19063 data samples. Following this, receiver 
operating characteristic (ROC) curves for seven genes in 
the GSE36314 and GSE119063 datasets were generated 
using the “timeROC” package in R. The area under the 
curve (AUC) was calculated to assess the clinical diagnostic 
potential of these genes in the context of PA. This analysis 
ultimately facilitated the selection of the central hub genes 
for this study.

Cell culture and treatment

The human  PA ce l l  l ine s  HP75  and  GH3 were 

https://tcr.amegroups.com/article/view/10.21037/tcr-23-1320/rc
https://tcr.amegroups.com/article/view/10.21037/tcr-23-1320/rc
https://david.ncifcrf.gov/tools.jsp
https://david.ncifcrf.gov/tools.jsp


Qiu et al. Autophagy promotion in PAs664

© Translational Cancer Research. All rights reserved.   Transl Cancer Res 2024;13(2):661-675 | https://dx.doi.org/10.21037/tcr-23-1320

obtained from Beijing Zhongyuan Ltd., China. Cells 
were subsequently subcultured in accordance with the 
manufacturer’s directions (22). After transfection with the 
ITPR1 plasmid or control vector, cells were treated with 
autophagy inhibitors: 3-MA (5 mM) or Baf A1 (100 nM) for 
24 hours, based on the aforementioned, in conformity with 
the manufacturer’s guidelines.

Cell transfection

Cell transfection was executed utilizing Lipofectamine 
2000 as the transfection agent. Cells were cultured in 
suitable plates and allowed to reach 70–80% confluency 
prior to transfection. Subsequently, a transfection mixture, 
composed of the ITPR1 overexpression plasmid and the 
transfection agent, was prepared and added to the cells, 
followed by an incubation period. Simultaneously, to 
achieve the knockdown of HES1, PA cells were subjected to 
transfection with specific small interfering RNAs (siRNAs) 
targeting HES1, referred to as si-HES1-1 and si-HES1-2. 
These transfections were performed when cells attained 
a confluency of 50–60%, following which the siRNA 
transfection mix was added to the cells and permitted to 
incubate for a designated period.

Western blotting (WB) assay

Cellular proteins were extracted by lysing the cells in 
RIPA buffer, supplemented with protease and phosphatase 
inhibitors. ABCA protein assay kit was employed to 
measure the amount of protein in the lysate. By sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), equal quantities of protein were loaded, separated, 
and then deposited onto polyvinylidene difluoride (PVDF) 
membranes. After that, the membranes were blocked with 
5% skim milk at room temperature for an hour. They 
were then using primary antibodies as a probe specific to 
the target proteins: ITPR1 (CST, Danvers, USA, 1:1,000), 
Beclin1 (Abcam, Cambridge, USA, 1:1,000), LC3-I 
(Sigma-Aldrich, St. Louis, USA, 1:1,000), LC3-II (Novus 
Biologicals, Centennial, USA, 1:1,000), HES1 (CST, 
1:1,000), and β-actin (Sigma-Aldrich, 1:2,000) overnight 
at 4 ℃. After washing, protein bands were visualized using 
enhanced chemiluminescence (ECL) detection method 
after incubation with appropriate secondary antibodies 
(1:5,000) for 1 hour at room temperature. The intensity was 
measured using ImageJ software.

Cell proliferation assay

Post-transfection, cells were allocated into 96-well plates 
and incubated under the stipulated conditions. Proliferation 
rates were examined at the designated time intervals (24, 
48, 72, 96 hours) using the cell counting kit-8 (CCK-8) 
assay. The CCK-8 reagent was introduced into each well, 
initiating an additional incubation period that facilitates the 
reaction between the reagent and viable cells. Following 
this, the optical density (OD) was determined using a 
microplate reader set to 450 nm.

Quantitative real-time polymerase chain reaction (qRT-
PCR)

Total cellular RNA was isolated using the RNeasy Mini 
Kit (Qiagen, Hilden, Germany) as per the manufacturer’s 
instructions. First-strand cDNA was synthesized from 1 
µg of total RNA employing the PrimeScript RT reagent 
Kit (Takara, Kusatsu, Japan). Subsequently, qRT-PCR 
was performed using the TB Green Premix Ex Taq 
(Takara) on a LightCycler 480 Instrument II (Roche, 
Basel, Switzerland). The primer sequences utilized 
in this study were as stated below: HES1  forward: 
(5 '-TCAACACGACACCGGATAAA-3' ) ,  reverse : 
(5'-TCAGCTGGCTCAGACTTTCA-3'); ITPR1 forward: 
(5'-TGCTGTGATTTTAGTGGCGT-3'),  reverse: 
(5'-TCTCCACCCTACCCTTACCT-3'); β-actin forward: 
(5'-GTCAGTGGTGGACCTGACCT-3'),  reverse: 
(5'-AGGGGAGATTCAGTGTGGTG-3'). Expression 
levels of HES1 and ITPR1 were standardized to the internal 
reference gene GAPDH. The relative gene expression was 
determined using the 2−ΔΔCT method.

Transwell assay

In the invasion assay, the upper chamber of Transwell inserts 
was covered with Matrigel. Cells (1×105) in serum-free 
medium were added to the upper chamber, while the lower 
chamber was filled with media containing 10% fetal bovine 
serum (FBS) as a chemoattractant. Following a 24-hour 
incubation, cells that invaded through the Matrigel and 
reached the underside of the membrane were immobilized 
using 4% paraformaldehyde and stained cells with DAPI 
(4',6-diamidino-2-phenylindole) (1:1,000 dilution) for  
10 minutes in the dark. Rinse excess DAPI with phosphate-
buffered saline (PBS). Observe and quantify the infiltrated 
cells using a fluorescence microscope. The migration assay 
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was conducted similarly, but without the Matrigel coating.

Dual-luciferase assay

Cells were plated in 24-well dishes and co-transfected 
with the suitable luciferase reporter. and Renilla control 
vectors using Lipofectamine 2000. Post 48 h incubation, 
cell lysis was performed, and luciferase levels was quantified 
employing the Dual-Luciferase Assay System (Promega, 
USA). To adjust for transfection efficiency, firefly luciferase 
activity was normalized to Renilla luciferase activity. Three 
independent experiments were performed, and the data 
were presented as fold induction compared to controls.

Statistical analysis

All experimental results were displayed as mean ± standard 
deviation (SD) from a minimum of three separate 
experiments. The Student’s t-test was used to compare two 
groups. Comparisons between multiple groups utilized one-
way analysis of variance (ANOVA) followed by Tukey’s post-
hoc analysis. A P value <0.05 was considered statistically 
significant. All statistical analyses were conducted using 
the SPSS 25.0 software package (IBM, Armonk, NY, 
USA). Graphs were generated using GraphPad Prism 8.0 
(GraphPad Software, San Diego, CA, USA).

Results

Comparative analysis of DEGs in PA

Analysis of the GSE36314 dataset revealed 71 upregulated 
and 323 downregulated DEGs (Figure 1A). Similarly, the 
GSE119063 dataset presented 506 upregulated and 3,140 
downregulated DEGs (Figure 1B). When comparing both 
datasets, we identified 18 overlapping upregulated and 140 
overlapping downregulated DEGs, yielding a total of 158 
overlapping DEGs (Figure 1C).

Enrichment analysis of 158 overlapping genes

Enrichment analysis of these DEGs revealed associations 
with several BP terms. Notably, the top BPs included 
regulation of cell migration, positive regulation of glial 
cell differentiation, and carnitine biosynthetic process 
(Figure 1D). Furthermore, analysis using KEGG pathways 
showed notable enrichment in diverse pathways, including 
apoptosis, cellular senescence, fatty acid degradation, 
extracel lular matrix (ECM)-receptor interaction, 

transforming growth factor (TGF)-beta signaling, Hippo 
signaling, among others (Figure 1E). To gain further 
insights into the functional implications of the identified 
genes, we employed the BottleNeck, Closeness, and 
EcCentricity algorithms to construct PPI networks for 
the top 20 genes (Figure 1F-1H) and the analysis revealed 
intricate connectivity patterns, shedding light on potential 
key players within the interactome.

Identification of seven genes as potential predictors of PA

We identified seven common genes (SELL ,  ATF3 , 
ITPR1, POMC, FASN, FOXO1, and CXCR4) within 
the PPI networks using the BottleNeck, Closeness, and 
Eccentricity algorithms. Notably, these genes displayed 
reduced expression in PA samples from both GSE36314 
and GSE119063 datasets, pointing to shared molecular 
mechanisms in PA onset and progression (Figure 2A,2B). 
To assess the diagnostic value of these genes, ROC curve 
analyses were conducted for each across the datasets. As 
shown in Figure 2C,2D, all seven genes showcased high 
AUC values, underlining their robust predictive capability 
for PA. Notably, related studies identified ITPR1 as an 
autophagy-linked gene, positioning it as a central gene for 
our subsequent in vitro experiments.

Modulatory effects of ITPR1 overexpression and autophagy 
inhibition by 3-MA on PA progression

To study the role of ITPR1 in HP75 and GH3 cell lines, 
we transfected these cells with an ITPR1 overexpression 
plasmid (Figure 3A,3B). After successful transfection, we 
assessed the impact of ITPR1 overexpression on autophagy-
associated proteins Beclin1, LC3 I, and LC3 II, over 
different time intervals (12, 24, 48 hours). At 24 hours post-
transfection, a marked induction of autophagy was evident, 
especially in the levels of LC3 I and LC3 II (Figure 3C-3E). 
Therefore, we selected the 24-hour interval for subsequent 
experiments. In the next phase, cells with overexpressed 
ITPR1 were treated with the autophagy inhibitor Baf A1. 
This treatment resulted in elevated LC3 I and LC3 II 
protein levels. When combining ITPR1 overexpression 
with Baf A1 treatment, we noticed even higher autophagy-
related protein levels, suggesting a synergistic effect that 
amplifies autophagy (Figure 3F-3H). Our results pointed 
to a significant relationship between ITPR1 overexpression 
and autophagy in PA cells, hinting at a potential pivotal 
mechanism in PA progression.
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Figure 3 Overexpression of ITPR1 induces autophagy of vertical PAs. (A,B) The overexpression efficiency of ITPR1 in PA cells was 
detected by WB. (C-E) WB analysis of the expression of autophagy-related proteins Beclin1, LC3-I, and LC3-II in PA cells treated with 
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Effect of ITPR1 on autophagy-mediated proliferation, 
movement, and infiltration of PA cells

In vitro experiments on HP75 and GH3 cells showed that 
ITPR1 overexpression resulted in significant inhibition 
of cell proliferation, invasion, and migration, indicating 
the potential anti-tumor effects of ITPR1. In contrast, the 
autophagy inhibitor 3-MA was found to promote these 
cellular behaviors, suggesting that inhibition of autophagy 
may contribute towards PA progression. Interestingly, a 
relative attenuation of the competence of these cells was 
observed when overexpressed ITPR1 was combined with 
3-MA, suggesting a potential mitigating effect of ITPR1 on 

the pro-tumor activity promoted by autophagy inhibition 
(Figure 4A-4H). Further WB analysis of the autophagy-
related proteins LC3 I and LC3 II confirmed these findings. 
Overexpressed ITPR1 caused an increase in these proteins 
in PA cells, indicating enhanced autophagy. In contrast, 
addition of 3-MA resulted in downregulation of these 
proteins. However, the combination of overexpressed ITPR1 
and 3-MA exhibited a regulatory effect that counteracted 
the inhibitory effect of 3-MA on apoptotic proteins  
(Figure 4I-4K). Collectively, these findings elucidate 
the complex interplay between ITPR1, autophagy, and 
tumorigenesis in PA cells, suggesting that manipulation of 
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this tripartite relationship may provide potential therapeutic 
strategies for PA.

HES1 modulates ITPR1 through transcriptional activation

Utilizing the JASPAR database for bioinformatic analysis, 

we pinpointed two HES1 responsive elements likely to bind 
the ITPR1 promoter (Figure 5A). We then used qRT-PCR 
and WB assays to evaluate HES1 transfection efficiency 
in PA cells. Notably, si-HES1-2 resulted in a pronounced 
decrease in HES1 expression, indicating successful HES1 
knockdown (Figure 5B-5D). These results position HES1 
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as an upstream regulator of ITPR1 in PA cells. Additionally, 
HES1 knockdown corresponded with reduced ITPR1 
expression (Figure 5E-5G). The transcriptional activity of 
the ITPR1 promoter was also diminished, as reflected by the 
dual luciferase assays (Figure 5H,5I). These findings unveil 
a sophisticated regulatory interplay between HES1 and 
ITPR1, underscoring the potential of targeting HES1 for 
improved PA management.

HES1 suppresses metastasis through ITPR1-induced 
autophagy in PA

After overexpressing ITPR1, we observed upregulation 
of the autophagy proteins LC3 I and LC3 II using WB, 
highlighting the function of ITPR1 in autophagy regulation 
(Figure 6A-6C). Interestingly, HES1 knockdown seemed to 
negate the ITPR1 overexpression effect on these proteins. 
Through CCK-8 and Transwell assays, we determined that 
reduced HES1 expression dampened the enhancing impact 
of ITPR1 overexpression on PA cell proliferation, invasion, 
and migration (Figure 6D-6K). Collectively, our findings 
underscore a nuanced relationship among HES1, ITPR1, 
and autophagy in PA cell behavior, hinting at the potential 
of this regulatory triad as a therapeutic target in PA.

Discussion

PA comprise about 15–20% of intracranial tumors, 
establishing them as a prevalent subtype of intracranial 
neoplasms (23). The considerable heterogeneity observed 
in the clinical presentations and biological behaviors of PAs 
has spurred exhaustive research endeavors to elucidate their 
pathogenesis and pinpoint novel therapeutic targets (4).  
Among the many factors involved in the pathogenesis 
of PA, autophagy, a key cellular mechanism that helps 
maintain cellular homeostasis, has attracted considerable 
academic attention (24). Dysregulation of autophagy is 
linked to a variety of disorders. involving cancer (25). 
Emerging evidence suggests its potential involvement in the 
pathogenesis of PA (26). The utilization of bioinformatics 
has evolved as a formidable instrument for probing the 
complex molecular underpinnings of disorders such as  
PA (27). Analyzing high-throughput genetic data facilitates 
the identification of potential biomarkers and therapeutic 
targets, encompassing those pertinent to autophagy (28,29). 
Consequently, the amalgamation of bioinformatics with 
autophagy research augments the prospects for advancing 
our comprehension of PA pathobiology and pinpointing 

innovative therapeutic approaches.
From the GSE36314 and GSE119063 datasets, we 

analyzed a total of 158 overlapping DEGs. Bioinformatics 
analyses illuminated that these DEGs were notably enriched 
with BPs and pathways integral to the development 
and progression of PA and autophagy. Notably, the 
regulation of cell migration, pivotal for tumor invasion and 
metastasis, is extensively implicated in PA. Dysregulated 
cell migration could instigate aggressive tumor behaviors, 
potentially accounting for the observed clinical variability 
in PA outcomes. Intriguingly, these DEGs demonstrated 
significant enrichment in several pivotal pathways such 
as apoptosis, cellular senescence, fatty acid degradation, 
ECM-receptor interaction, TGF-β signaling, and Hippo 
signaling. For instance, both the apoptotic pathway and 
cellular senescence are recognized as fundamental tumor-
suppressive mechanisms (30,31). Conversely, disruptions 
in these mechanisms could potentially foster tumorigenesis 
(32,33), which implies their potential involvement in PA. 
Similarly, the Hippo signaling pathway, a paramount 
regulator of organ size and tumor suppression, is implicated 
in the pathophysiology of autophagy (34). Together, these 
observations emphasize the prospective engagement 
of the identified DEGs in central BPs and pathways 
pertinent to PA pathogenesis and autophagy. These 
observations enhance our comprehension of the molecular 
underpinnings of PA and establish a strong groundwork for 
future investigations.

Our exploration spotlighted seven genes (SELL , 
ATF3, ITPR1, POMC, FASN, FOXO1, and CXCR4) as 
prospective biomarkers for PA, attributed to their notably 
reduced expression in PA samples from the GSE36314 
and GSE119063 datasets. Importantly, ITPR1, recognized 
as an autophagy-associated gene, emerged as particularly 
significant. Gu et al. have evidenced its correlation with 
survival in breast cancer (35), further underscoring its 
clinical significance. The predictive accuracy of ITPR1, 
as well as the other genes, was substantiated by the AUC 
values derived from ROC curve analysis. Furthermore, the 
role of ITPR1 in PA was more comprehensively elucidated 
using HP75 and GH3 cell lines. The overexpression of 
ITPR1 coincided with heightened levels of autophagy-
related proteins, namely Beclin1, LC3 I, and LC3 
II, implying a pivotal role for ITPR1 in instigating 
autophagy within PA. Notably, Beclin 1, a central figure 
in the initiation of autophagy, demonstrated upregulated 
expression, a common indicator of augmented autophagic 
activity. Similarly, LC3 I and LC3 II, crucial constituents in 
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Figure 6 Impact of HES1 knockdown and ITPR1 overexpression on autophagy and tumorigenic behaviors in PAs cells. (A-C) The protein 
levels of apoptosis-related proteins (LC3 I, LC3 II) were detected by western blotting after knockdown of HES1 and ITPR1 overexpression 
in PA cells. The bar graph on the right shows the results of the gray-scale detection of proteins. (D-E) CCK-8 detected the effect of 
knockdown of HES1 and overexpression of ITPR1 in PA cells on cell proliferation. (F-K) Transwell detected the effect of knockdown of 
HES1 and overexpression of ITPR1 in PA cells on cell migration and invasion (DAPI staining, scale 50 μm). *, P<0.05; **, P<0.01; ***, 
P<0.001. NC, negative control; OD, optical density; PAs, pituitary adenomas; CCK-8, cell counting kit-8; DAPI, 4',6-diamidino-2-
phenylindole. 

autophagosome formation, displayed elevated levels, further 
affirming the association between ITPR1 overexpression 
and autophagy induction. Additionally, we explored the use 
of the autophagy inhibitor Baf A1, an inhibitor of lysosomal 
ATPase that hinders the merging of autophagosomes and 

lysosomes (36). Upregulation of LC3 I and LC3 II protein 
levels after Baf A1 treatment, particularly in conjunction 
with ITPR1 overexpression, suggests a synergistic effect 
that amplifies autophagy. This interaction underscores 
the critical role of ITPR1 overexpression in autophagy 
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regulation and the progression of PA, deepening our 
insights into its molecular pathogenesis.

In our study on the intricate mechanisms driving 
PA development and progression, we investigated the 
effects of ITPR1 overexpression and 3-MA, an autophagy 
inhibitor. Our results underscore an anti-tumorigenic 
role for ITPR1; its overexpression notably hindered PA 
cell behaviors linked to tumorigenesis. In contrast, 3-MA 
bolstered these pro-tumorigenic behaviors, pointing to 
the potential of autophagy modulation in PA therapy. 
Remarkably, combining ITPR1 overexpression with 3-MA 
treatment led to a subdued cellular response, implying 
ITPR1 might counterbalance the pro-tumorigenic outcomes 
of autophagy inhibition. This hypothesis gained traction 
in our WB analysis, where the joint application of ITPR1 
overexpression and 3-MA altered protein expression, 
reducing the suppressive effects of 3-MA on autophagy-
associated proteins.

Extending these observations, we further elucidated 
the regulatory environment involving HES1, a potential 
upstream regulator of ITPR1. Using bioinformatics tools, 
we discovered two HES1-responsive elements within the 
ITPR1 promoter region. These findings are consistent with 
study by Perrone et al., which highlighted the critical role 
of the Notch system target gene HES1 in the pathogenesis 
of PAs (37). They observed a positive correlation between 
HES1 expression and NOTCH1, 2, 4 receptors, indicating 
activation of the Notch pathway in certain tumors. This 
suggested that targeting the Notch pathway, including 
HES1, has potential therapeutic advantages in the treatment 
of PAs. In our study, HES1 knockdown, verified by qRT-
PCR and WB assays, corresponded to a reduction in ITPR1 
expression, which provides support for the hypothesis of 
HES1-mediated transcriptional control of ITPR1. This 
theory was further supported by the dual luciferase assay 
results, in which HES1 knockdown resulted in reduced 
ITPR1 promoter activity. Our in-depth exploration of the 
functional role of HES1 in regulating PA cell behavior and 
autophagy revealed that HES1 knockdown counteracted 
the effects of ITPR1 overexpression on autophagy proteins 
and also weakened the suppressive impact of ITPR1 on PA 
cell growth, invasion and migration. These observations 
are consistent with the findings of Monahan et al. (38), 
who demonstrated that HES1 is associated with PA cell 
proliferation and affects the expression of cell cycle 
inhibitors. Collectively, our results elucidate a complex 
regulatory interplay involving HES1, ITPR1, and autophagy 
in PA progression. These novel insights not only confirm 

existing research, while also laying the groundwork for the 
creation of innovative therapeutic approaches for PA.

Conclusions

In summary, our research elucidates the complex regulatory 
interactions between HES1, ITPR1, and autophagy in PA 
progression. We identified the pivotal role of HES1 in 
modulating ITPR1 expression, driving autophagy in PA 
cells, and subsequently curbing tumor invasiveness. These 
insights emphasize the therapeutic potential of targeting 
the HES1-ITPR1-autophagy pathway to counteract tumor 
advancement, presenting a new strategy for addressing 
treatment-resistant PA. 
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