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Background: The crucial role of mitophagy in tumor progression has been recognized. Therefore, our study aimed
to investigate the potential correlation between pituitary adenoma invasiveness and the mitophagy processes.
Methods: In this study, we used transcriptomics of postoperative tissue from 32 patients and quantitative pro-
teomics of 19 patients to screen for mitophagy-related invasion genes in pituitary adenomas. The invasive
predictive value of target genes was analyzed by Lasso regression model, CytoHubba plugin and expression
validation. Co-expression correlation analysis was used to identify paired proteins for target genes, and a pre-
dictive model for pituitary adenoma invasiveness was constructed by target genes and paired proteins and
assessed using ROC analysis, calibration curves and DCA. GO function, pathway (GSEA or GSVA) and immune
cell analysis (ssGSEA or CIBERSORT) were further utilized to explore the action mechanism of target gene.
Finally, immunohistochemistry and cell function experiments were used to detect the differential expression and
key roles of the target genes in pituitary adenomas.

Results: Finally, Heat shock protein family D member 1 (HSPD1) was identified as a target gene. The quality of a
predictive model for pituitary adenoma invasiveness consisting of HSPD1 and its paired protein expression
profiles was satisfactory. Moreover, the expression of HSPD1 was significantly lower in invasive pituitary ade-
nomas than in non-invasive pituitary adenomas. Downregulation of HSPD1 may be significantly related to in-
vasion process, mitochondria-related pathway and immune cell regulation in pituitary adenomas.

Conclusion: The downregulation of HSPD1 may serve as a predictive indicator for identifying invasive pituitary
adenomas.

Introduction

Pituitary adenomas, though primarily benign tumors, encompass
certain subtypes referred to as invasive pituitary adenomas, which are
characterized by their invasive growth, rapid progression, and high
recurrence rates [1-3]. Patients with invasive pituitary adenomas
experience poor prognoses and are at a significant risk of recurrence
even after undergoing standard surgical treatment [4]. Consequently,
the World Health Organization designated them as "high-risk" pituitary
tumors in 2017 [5,6]. Mitophagy, a selective form of autophagy
responsible for removing damaged and aging mitochondria, plays a
critical role in maintaining cellular homeostasis by ensuring the quantity
and quality of mitochondrial populations [7,8]. Its involvement has

been observed in tumor prevention, metabolic program rearrangement,
enhancement of tumor resistance, and promotion of tumor invasion
[9-11]. In various cancers, such as hepatocellular carcinoma, glioma,
and non-small cell lung cancer, targeting mitophagy has demonstrated
efficacy in inhibiting tumor progression, suggesting its potential as a
promising strategy in suppressing malignant tumor advancement
[12-15]. Despite this, limited research exists on mitophagy in the
context of invasive pituitary tumors, and the development of related
therapeutic targets remains an area of exploration. Therefore, our study
aims to investigate mitophagy-related biomarkers associated with
invasiveness in pituitary adenomas to predict the risk of invasive pro-
gression and identify potential therapeutic targets for this condition.
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Materials and methods

The analysis process of this study is shown in Fig. 1.

Data source and preparation

Transcriptomic data included postoperative tissue sample data from
15 patients with invasive pituitary adenomas and 17 patients with non-
invasive pituitary adenomas. First, the samples were subjected to quality
inspection, and the mRNA was isolated after passing quality inspection,
and mRNA interruption and cDNA synthesis were performed. The
double-stranded ¢cDNA ends were then repaired, and an A base was
added at the 3 ’end to prepare the adaptor ligation reaction system to
connect the adaptors to the cDNA. Then the products were amplified by
PCR, and the corresponding detection methods were selected for quality
inspection of the library. After the PCR product is denatured into single
strand, the cyclization reaction system is prepared, the reaction pro-
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adenomas and 9 non-invasive pituitary adenomas. Firstly, protein
extraction and digestion of pituitary adenoma tissue samples were car-
ried out, and then quantitative protein analysis was performed using LC-
MS/MS detection system to obtain proteomic data. This data has been
deposited in the ProteomeXchange database (https://www.ebi.ac.uk/
pride/, PXD039328). Pituitary adenomas gene expression dataset
(GSE169498) from a GEO database (https://www.ncbi.nlm.nih.gov/
geo/). There were 49 samples of invasive pituitary adenoma and 24
samples of non-invasive pituitary adenoma. In this study, all gene
expression data were log2 processed (rt=log2(rt+1)) and normalized.
Mitophagy-related genes were downloaded from GeneCards (https://
www.genecards.org/), according to the relevance score for the top 200
mitophagy-related genes. Table 1 shows the number of pituitary

Table 1
The number of pituitary adenoma samples contained in all datasets of this study.

DataSet IPA NIPA Total number
cedure is set up to obtain single strand circular product, the uncyclized . — 1 1 5
linear DNA molecules are digested, and finally the PCR product is Pransml.mmlcs > 4 3
. roteomics 10 9 19
sequenced on the machine (MGISEQ 2000). GSF169498 49 24 73
Proteomic data were obtained from postoperative tissue from 19 Total number 74 50 124
patients with pituitary adenomas, including 10 invasive pituitary
GeneCards Transcriptomics Proteomics
Y l
Mitophagy-related Bl 15IPA VS 17 NIPA 10 IPAVS 9 NIPA
gene (n=200)
Differential Differential
analysis (n=83) analysis
- STRING - Mitophagy- - DEPs - _
GO < ST related DEGs Pl n=s33 > Venn(n=15)
WebGestalt _ Mitophagy-
KEGG CytoHubba LASSO (n=11) related DEPs
Metascape Hub DEGs al Key mitophagy- »| Venn (n=1) GeneMANIA
Disease (n=30) |  related DEGs o - PPI
Y
Clinical corre_zlatlon HSPD1 Co-expregswn
analysis correlation
A
ROC analysis Correlatlhon
analysis
GSEA < GO < Paired Erotems ol Expression
n=6 change
ssGSEA P CIBERSORT GSE169498 P Nomogram > ROC analysis
expe_rme_ntal GSVA DCA analysis Calibration plot
verification

Fig. 1. The analysis flow chart of this study.
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adenoma samples contained in all datasets of this study.

Key and hub mitophagy-related invasive genes acquisition

To identify the mitophagy-related invasive genes in pituitary ade-
nomas, we first extracted the expression profile data of mitophagy-
related genes in the transcriptomics. Next, we conducted invasive cor-
relation tests on these genes using the wilcox test method in the limma
package of R software, aiming to uncover differentially expressed genes
(DEGs) linked to invasive and non-invasive pituitary adenomas. In order
to further determine the correlation between DEGs and mitophagy and
tumor invasion, we employed the STRING database for protein-protein
interaction (PPI) network mapping. Additionally, Gene Ontology(GO)
enrichment analysis, WebGestalt (https://www.webgestalt.org/) Kyoto
Encyclopedia of Genes and Genomes(KEGG) pathway analysis, and
Metascape (http://metascape.org/) Disease enrichment analysis were
performed to analyse the role played by these DEGs. Lastly, we utilized
the Lasso regression model from the glmnet package to screen the DEGs
and identify key genes associated with mitophagy. This approach
enabled us to pinpoint Key mitophagy-related Invasive Genes in pitui-
tary adenomas. We also used Cytoscape to analyze the PPI network of
mitophagy-related invasive genes, and identified the top 30 of these
genes as Hub mitophagy-related invasive genes through the degree al-
gorithm in CytoHubba plug-in.

Target gene acquisition

We performed differential analysis by quantitative proteomics data
of invasive and non-invasive pituitary adenomas, using student’s t-test
to screen for invasiveness-related proteins (|log2FC| > 1, P < 0.05). To
identify the overlap between the differentially expressed proteins, Key
and Hub mitophagy-related invasive genes, we utilized the Venn online
tool (http://bioinformatics.psb.ugent.be/webtools/Venn/). This
allowed us to pinpoint the target genes for our study. To evaluate the
predictive accuracy of the target gene in assessing the invasiveness of
pituitary adenomas, We identified them using transcriptomics and
proteomics data. Subsequently, we conducted invasiveness correlation
validation and receiver operating characteristic (ROC) analysis to assess
the predictive value of this gene.

Paired protein acquisition

We employed the Venn online tool to identify the intersection of
invasive differential proteins and mitophagy-related differential genes
to identify mitophagy-related differential proteins. The obtained pro-
teomics data was analyzed using the limma package. Additionally, we
conducted co-expression correlation analysis between target genes and
differential proteins associated with mitophagy. This analysis enabled us
to screen for pairwise acting proteins of the target genes (cor>0.7 and
p<0.05). We also used transcriptomics and GSE169498 to analyze the
expression changes of HSPD1 and its paired proteins in invasive and
non-invasive pituitary adenomas.

Invasive predictive model development and validation

Due to the substantial sample size provided by GSE169498, we
selected this dataset for constructing a predictive model. The model
aimed to predict the invasiveness of pituitary adenomas based on the
expression patterns of target genes and paired proteins. To achieve this,
pituitary adenoma invasiveness nomogram were drawn by the rms and
rmda packages of R software. Additionally, we evaluated the accuracy
and sensitivity of the model by utilizing both the GSE169498 and
transcriptomics. The performance of the pituitary adenoma invasiveness
prediction model was further assessed through the application of ROC
curves, calibration plots, and decision curve analysis (DCA).
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Functions exploration of invasion predictive gene

In order to gain insights into the involvement of these predictive
genes in pituitary adenomas, we conducted GO enrichment analysis to
elucidate the functional implications of both target genes and paired
proteins at the biological process (BP), cellular component (CC), and
molecular function (MF) levels. Furthermore, we employed two addi-
tional algorithms, namely Gene Set Enrichment Analysis (GSEA) and
Gene Set Variation Analysis (GSVA), to predict the potential pathways
influenced by the target genes throughout the course of pituitary ade-
noma invasiveness. Finally, we also analyzed immune cell differences in
pituitary adenoma samples from transcriptomics data using the single
sample Gene Set Enrichment Analysis (ssGSEA) and CIBERSORT algo-
rithm, as well as the correlation of target gene with immune cells.

Expression validation of invasion predictive gene

For the assessment of the relationship between target gene expres-
sion and pituitary adenoma invasiveness, we utilized postoperative
pathological tissue of pituitary adenomas and performed immunobhis-
tochemical detection specifically targeting the target genes. The utili-
zation of human tissue in these experiments was carried out after
obtaining approval from the Ethics Committee of Beijing Tiantan Hos-
pital. The classification of invasive and non-invasive subgroups of pi-
tuitary adenomas was determined based on a comprehensive evaluation
of radiological presentation, pathological features, and intraoperative
findings. The process of immunohistochemical staining involved initial
fixation of pituitary adenoma pathology in 10% formalin, followed by
embedding in conventional paraffin. Subsequently, 4um sections were
prepared and numbered for further analysis. The paraffin sections were
then subjected to oven baking and dewaxing, with antigen repair using a
thermal repair method. To block endogenous peroxidase activity, an
immunohistochemistry kit containing hydrogen peroxide was
employed. Following a 5-minute incubation in a blocking solution, we
added the target gene monoclonal antibody and placed it in a wet box
and took it into a 4°C refrigerator for overnight incubation. The next
day, enzyme-labeled IgG polymer was added and incubated at room
temperature for 10 minutes. Finally, after DAB and hematoxylin color
development, dehydration sealing. Immunohistochemical images (Sli-
deViewer 40x) were captured using an immunohistochemical section
scanner (Leica, Germany). In addition, Image J software was used to
scan the immunohistochemical images of each sample under random
field of view. Finally, quantitative comparison between the two groups
was conducted by average optical density (AOD) value, P<0.05 was
considered statistically significant.

Function experiment of HSPD1 in pituitary adenoma cells

In this study, due to the inhibition of HSPD1 expression in invasive
pituitary adenomas, we completed a series of functional experiments by
overexpressing HSPD1 in GH3 pituitary adenoma cells (Xiehe, China).
First, we employed the plasmid transfection method to clone the HSPD1
gene onto a vector, and negative controls were transfected with blank
plasmids. Post-transfection, overexpression was induced, and we vali-
dated the transfection efficiency through fluorescence labeling. Stably
transfected cells were selected using puromycin. Western blot (WB)
analysis served as a method to verify the expression levels of the target
protein, utilizing the Recombinant Anti-Hsp60 antibody (ab190828,
Abcam, US) for the WB analysis. Furthermore, to assess changes in cell
proliferation and vitality, we conducted biological activity tests using
the CCK8 reagent (Dojindo, Japan). In each well of a 96-well plate, 2000
cells were seeded, and after pre-culture, CCK8 reagent was added at a
ratio of 100:1. The OD450 values were measured at 24h, 48h, and 72h to
reflect the proliferative capacity of the cells. Clonogenic formation ex-
periments were employed to evaluate cell proliferation and clonogenic
ability. Cells were seeded at 800 cells per well in a 6-well plate. After
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obtaining clones with more than 50 cells, fixation was performed using
4% paraformaldehyde (Beyotime, China), followed by staining with
0.1% crystal violet (Biosharp, China) and imaging. Scratch assays were
utilized to investigate cell migration and healing capabilities by
assessing the distance cells traveled in the scratched area. Finally,
Transwell experiments were conducted to study cell invasion and
migration capabilities. We utilized Corning’s Transwell plates (3422,
Corning, US) coated with Matrigel (356234, BD, US) to validate changes
in the invasive abilities of cells before and after transfection.

Results
Mitophagy-related invasive genes

A comprehensive evaluation using differential expression validation
was conducted on mitophagy-related genes in invasive and non-invasive
pituitary adenomas from transcriptomics, resulting in the identification
of 83 Mitophagy-related Invasive Genes. The protein-protein interaction
network of these genes is depicted by the STRING database (Fig. 2A).
Furthermore, GO enrichment analysis revealed the potential functions of
the Mitophagy-related Invasive Genes, including macroautophagy,
cellular component disassembly, organelle disassembly, autophagy of
mitochondrion, mitochondrion disassembly, organelle outer membrane,
outer membrane, mitochondrial outer membrane, ubiquitin protein
ligase binding and ubiquitin—like protein ligase binding (Fig. 2B).
Notably, the enriched pathways associated with Mitophagy-related
Invasive Genes encompass Mitophagy, Autophagy_1, Central carbon
metabolism in cancer, Autophagy, FoxO signaling pathway, Kaposi
sarcoma-associated herpesvirus infection, mTOR signaling pathway,
Parkinson disease, Hepatitis B and NOD-like receptor signaling pathway
(Fig. 2C). In addition, the metscape database highlights diseases in
which these genes are mainly enriched in neurological and hormonal
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aspects, such as Autosomal dominant late onset Parkinson disease,
Sporadic Parkinson disease, Renal fibrosis, Hormone refractory prostate
cancer, PARKINSON DISEASE 2, Parkinson Disease, Familial, Type 1,
Parkinsonian Disorders, Male sexual dysfunction, Abnormal male sexual
function (Fig. 2D).

Key and hub mitophagy-related invasive genes

Through Lasso regression model, signature genes in mitophagy-re-
lated invasive genes were screened, and 11 Key mitophagy-related
invasive genes were obtained (Fig. 3A, B). These included: PINKI,
RNF41, TIGAR, VPS13D, CERS1, CHUK, PELO, SRC, PI4K2A, HSPD1
and GLS. CytoHubba plug-in was used to screen Hub mitophagy-related
invasive genes. The top 30 genes with degree scores were shown in
Fig. 3C and D.

HSPD1 as a target gene

In proteomics, a total of 833 differentially expressed proteins (DEPs)
were identified from samples of invasive and non-invasive pituitary
adenomas (Fig. 3E). The Venn tool was used to obtain an intersection of
833 DEPs, 11 Key and 30 Hub mitophagy-related invasive genes, named
Heat shock protein family D member 1 (HSPD1) (Fig. 3F). Through
literature analysis and data summary, we finally choose HSPD1 as the
focus of this study. We also demonstrated the expression of HSPD1 in
some tumors and normal tissues using the GEPIA database (http://gepia.
cancer-pku.cn/), which showed that HSPD1 was significantly up-
regulated in colon adenocarcinoma (COAD), diffuse large B-cell lym-
phoma (DLBC), rectum adenocarcinoma (READ) tumors compared to
normal tissues, and down-regulated in acute myeloid leukemia (LAML)
and pheochromocytoma and paraganglioma (PCPG) tumors compared
to normal tissues (Fig. 3G). Further analysis revealed a significant

A B
s
)
® macroautophagy { @ |
oo _(Z) cellular component disassembly { ()
@ organelle disassembly | ()
autophagy of mitochondrion{
mitochondrion disassembly { &
iy regulation of autophagy [ )
) selective autophagy
I regulation of mitochondrion organization {
. regulation of macroautophagy 1 Count
1{( cHeHDs mitophagy { [ ] Y
/| 10
organelle outer membrane | o~
sa outer membrane {
mitochondrial outer membrane { @ »
K RHOTiopre vacuolar membrane 1 (]
s autophagosome | [ ] =
—® phagophore assembly site ) 6| pualue
integral component of mitochondrial membrane{ @ 000020
phagophore assembly site membrane| @ 000015
integral f mi ial outer °
> . intrinsic of outer [ ) 0.00010
& . - — T T & 1 T T T 0.00005
AR A ubiquitin protein ligase binding
e ubiquitin-like protein ligase binding
“E““‘ = )/ protein serine/threonine kinase activity o
G ~\“'V/ protein serine kinase activity )
= S\ N, W GTPase binding [ ] =z
<\ (+) scaffold protein binding | @ 5
@ Gei \| \ heat shock protein binding{ ~ @
o s beta-tubuiin binding{ @
- \ fwsurs (2) ® Hsp90 protein binding | @
@ ® MAP kinase kinase activity | ®
| Om‘ 01 02 03 04
| GeneRatio
C D
Optic Atrophy 1
Subarachnoid Hemorrhage
Middle Cerebral Artery Occlusion
Mitophagy Autosomal dominant late onset Parkinson disease
Sporadic Parkinson disease
Autophagy_1 Renal fibrosis
[ ——— Hormone refractory prostate cancer
Central carbon metabolism in cancer PARKINSON DISEASE 2, AUTOSOMAL RECESSIVE JUVENILE
Bacterial Infections
Autophagy Mycobacterium Infections
Fox0 sigaling pathay —— Idiopathic pulmonary arterial hypertension
1 Parkinson Disease, Familial, Type
Kaposi sarcoma-associated herpestirus infection e Parkinsonian Disorders
Lung diseases
TOR signaing ptiwy e Osteoglophonic dwarfism
pakinson s — Lupus Nephritis.
arkinson disease [ Atypical Parkinson Disease
Hepatts B Myocardial Ischemia
] Male sexual dysfunction
NOD-like receptor signaling pathiiay (B Abnormal male sexual function
0 5 10 15 20 % 30 35 0 2 4 6 8 10 12 14
Evichment rato logl0(P)

Fig. 2. (A) PPI network of mitophagy-related differential genes; (B) GO enrichment analysis of mitophagy-related differential genes; (C) KEGG enrichment analysis of
mitophagy-related differential genes; (D) Disease enrichment analysis of mitophagy-related differential genes.
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Fig. 3. (A) (B) Lasso regression analysis model of mitophagy-related differential genes; (C) PPI network of Hub mitophagy-related invasive genes; (D) The degree
score ranking of Hub mitophagy-related invasive genes; (E) The Volcanic map of invasive differential proteins in proteomic data; (F) Intersection of Key and Hub
mitophagy-related differential genes, invasive differential proteins; (G) Expression of HSPD1 in some normal and tumor tissues from the GEPIA database; (H) HSPD1
expression in invasive and non-invasive pituitary adenomas from transcriptomics; (I) HSPD1 expression in invasive and non-invasive pituitary adenomas from
proteomics; (J) ROC curve of HSPD1 for predicting invasiveness of samples in transcriptomics; (K) ROC curve of HSPD1 for predicting invasiveness of samples

in proteomics.

correlation between the expression of HSPD1 and the invasiveness of
pituitary adenoma samples in both transcriptomics and proteomics data.
Specifically, the expression of HSPD1 was significantly lower in invasive
pituitary adenomas compared to non-invasive ones. This difference was
supported by a p-value < 0.001 in transcriptomics (Fig. 3H) and 0.035 in
proteomics data (Fig. 3I). Meanwhile, the area under the ROC curve of
HSPD1 for predicting invasiveness in pituitary adenoma samples was
satisfactory in both transcriptomics and proteomics data, with AUC
values of 0.984 in transcriptomics (Fig. 3J) and 0.873 in proteomics
(Fig. 3K).

Correlation between HSPD1 and its paired proteins

The Venn tool was utilized to identify the intersection between DEPs
and Mitophagy-related Invasive Genes, resulting in the identification of
15 Mitophagy-related DEPs (Fig. 4A). The expression of these
Mitophagy-related DEPs in the transcriptomics are visualized in Fig. 4B.
To gain insights into the potential interactions among these DEPs and
their associated proteins, the GeneMANIA database was consulted,
revealing a network of interactions (Fig. 4C). A correlation heat map was
constructed to illustrate the expression correlation of Mitophagy-related
DEPs in the proteomics (Fig. 4D). Six HSPD1 paired proteins (TUFM,
CHCHD3, NIPSNAP1, VDAC1, LRPPRC and RHOT1) were selected using
the co-expression of HSPD1 with mitophagy-related DEPs in proteomics
data (Cor>0.7, P<0.05, Table 2). Furthermore, the correlation curves

provided evidence for the expression correlation of HSPD1 with TUFM,
CHCHD3, NIPSNAP1, VDAC1, LRPPRC and RHOT1 (Fig. 5A-F).
Notably, the correlation coefficients between HSPD1 and TUFM,
CHCHD3, NIPSNAP1 were all > 0.9 (Fig. 5A-C), indicating a strong
positive correlation. Also Fig. 6A and B demonstrate the expression
changes of HSPD1 and its paired proteins in invasive and non-invasive
pituitary adenomas in transcriptomics and GSE169498.

Invasive predictive model

Due to the excellent predictive value of HSPD1 and its paired pro-
teins (TUFM, CHCHD3, NIPSNAP1, VDAC1, LRPPRC and RHOT1), we
employed a cohort of 73 pituitary adenoma samples from the
GSE169498 dataset to construct an invasiveness prediction model based
on the expression profiles of the aforementioned predictor genes
(HSPD1, TUFM, CHCHD3, NIPSNAP1, VDAC1, LRPPRC and RHOT1)
(Fig. 6C). The constructed prediction model was validated using both
the GSE169498 and transcriptomics to ensure its reliability and
robustness. Model performance evaluation involved calculating the area
under ROC curve, which consistently exceeded 0.7 in both datasets
(Fig. 7A, B). Calibration curves were also generated to assess the cali-
bration accuracy of the prediction model, demonstrating a high level of
calibration quality for both the GSE169498 and transcriptomics (Fig. 7C,
D). In addition, DCA demonstrated excellent clinical decision-making
efficiency of nomogram for both datasets (Fig. 7E, F).
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Fig. 4. (A) Intersection of mitophagy-related differential genes and invasive differential proteins; (B) Expression profiles of mitophagy-related differential proteins in
transcriptomics; (C) PPI network of mitophagy-related differential proteins in the GeneMANIA database; (D) Expression correlation of mitophagy-related differential

proteins in proteomics.

Table 2
Correlation analysis between HSPD1 and paired proteins in proteomics.
Target Paired Description Cor P- Rank
proteins value
HSPD1  TUFM Tu translation elongation 0.935  4.45E- 1
factor, mitochondrial 09
CHCHD3 coiled-coil-helix-coiled- 0.924  1.59E- 2
coil-helix domain 08
containing 3
NIPSNAP1 Nipsnap Homolog 1 0.903  1.16E- 3
07
VDAC1 voltage dependent anion 0.847  4.78E- 4
channel 1 06
LRPPRC leucine rich 0.842  6.10E- 5
pentatricopeptide repeat 06
containing
RHOT1 ras homolog family member ~ 0.803  3.42E- 6
T1 05

Potential functions of invasion predictive gene

GO enrichment analysis demonstrated the potential functional roles
of HSPD1 and its associated proteins. In terms of BP, the analysis
revealed their involvement in (establishment of mitochondrion locali-
zation, microtubule—mediated), mitochondrion transport along micro-
tubule, establishment of mitochondrion localization, mitochondrion
localization. Regarding CC, these proteins were found to be associated
with the rganelle outer membrane, outer membrane, mitochondrial
outer membrane, mitochondrial matrix. In terms of MF, they exhibited
single—stranded DNA binding (Fig. 8A, B). Furthermore, GSEA enrich-
ment analysis in transcriptomics highlighted the significant pathways
influenced by the downregulation of HSPD1 expression. These pathways
included the beta alanine metabolism, citrate cycle TCA cycle, glycer-
olipid metabolism, Non homologous end joining, Parkinsons disease,
proteasome, T cell receptor signaling pathway, taurine and hypotaurine
metabolism, valine leucine and isoleucine biosynthesis (Fig. 8C). Addi-
tionally, GSVA enrichment analysis in GSE169498 indicated further
pathways affected by the downregulation of HSPD1 expression. These
pathways encompassed folate biosynthesis, arrhythmogenic right ven-
tricular cardiomyopathy (ARVC), taurine and hypotaurine metabolism,
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cardiac muscle contraction, ether lipid metabolism, linoleic acid meta-
bolism, alpha-linolenic acid metabolism, and steroid biosynthesis
(Fig. 8D). The results of ssGSEA analysis in transcriptomics showed that
there were significant differences, in which most of the immune cells
such as CD4 + T cells, CD8 + T cells, dendritic cells, MDSC, and mac-
rophages infiltrated the level in invasive pituitary tumors (Fig. 9A, B).
HSPD1 and its paired proteins were significantly correlated with the
infiltration of some immune cells, and HSPD1 expression in pituitary
adenomas was significantly negatively correlated with Type 1 T helper
cell, Myeloid-derived suppressor cells (MDSC), Mast cell, Macrophage,
Immature dendritic cell, and Immature B cell contents (Fig. 9C).
CIBERSORT analysis showed that HSPD1 expression in pituitary ade-
nomas was significantly negatively correlated with Neutrophils, T cells
CD8, T cells gamma delta, NK cells activated, and T cells follicular helper
infiltration, and significantly positively correlated with Dendritic cells
activated, NK cells activated, and T cells helper (Fig. 9D-J).

Inhibition of HSPD1 expression in invasive pituitary adenomas

All postoperative pathological tissues were verified as pituitary ad-
enomas by our pathology department (Fig. 10). Immunohistochemical
staining was employed to evaluate the expression of HSPD1 in pituitary
adenomas. The findings revealed that HSPD1 was mainly expressed in
the cytoplasmic fraction of pituitary adenoma cells. In addition, Image J
analysis results indicated that the expression average optical density
(AOD) value of HSPD1 in IPA was significantly lower than that in NIPA.
Specifically, the expression of HSPD1 was significantly higher in non-
invasive pituitary adenomas compared to invasive ones, which aligns
with the analysis of transcriptomics and proteomics data (Fig. 10). This
suggests that inhibition of HSPD1 expression might serve as a predictive
marker for the invasive advancement of pituitary adenomas.

HSPD1 affects the function of pituitary adenoma cells

WB results confirmed the overexpression of HSPD1 in GH3 cells after
plasmid transfection (Fig. 11A). The results of CCK8 and clonal forma-
tion experiments showed that the number of cells in the HSPD1 over-
expression group was significantly reduced compared with that in the
negative control (NC, Blank plasmid) group, indicating that the prolif-
eration activity of cells was significantly reduced by HSPD1 over-
expression (Fig. 11B, C). The results of the scratch test showed that the
wound healing in NC group was significantly faster than that in the
HSPD1 overexpression group, which indicated that the HSPD1 over-
expression weakened the migration ability of pituitary adenoma cells
(Fig. 11D). The results of transwell assay showed that the number of
transwell chamber cells in NC group was significantly higher than that in
HSPD1 overexpression group, indicating that HSPD1 overexpression
caused a decrease in the invasive characteristics of pituitary adenomas
(Fig. 11E). These functional experiments all showed that HSPD1 over-
expression reduced the proliferation, migration and invasion of pituitary
adenoma cells, illustrating the diagnostic and therapeutic potential of
HSPD1 in invasive pituitary adenomas.

Discussion

Invasive pituitary adenomas have the capability to infiltrate neigh-
boring brain tissue, blood vessels, and bones, making surgical inter-
vention challenging and complete resection often unattainable,
regardless of the surgical approach used (transsphenoidal or crani-
otomy). Postoperative endocrine therapy, radiotherapy, or chemo-
therapy can offer some benefits to patients; however, disease
progression and recurrence pose significant threats to patient safety [16,
17]. To address this current dilemma, it is crucial to gain a
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comprehensive understanding of the mechanisms underlying the inva-
siveness of pituitary adenomas and identify effective targets for
inhibition.

Mitochondria are the main sites of aerobic respiration in eukaryotic
cells. Mitophagy, a selective form of autophagy, eliminates dysfunc-
tional or surplus mitochondria through lysosomal degradation path-
ways, thereby regulating mitochondrial quality control and enabling
cells to meet metabolic demands while safeguarding against the detri-
mental effects of damaged mitochondria [18,19]. Deficiencies in
mitophagy have been implicated in various human diseases, including
cancer, neurodegenerative diseases, cardiovascular diseases, and liver
diseases [20,21]. Depending on the type and stage of the tumor mito-
chondrial autophagy can exhibit multiple roles. In the early stage of
tumors, mitochondrial autophagy can control the mitochondrial popu-
lation in a healthy and stable state, reduce intracellular oxidative and
genotoxic stress, and inhibit tumorigenesis. During tumor progression,
however, mitochondrial autophagy is enhanced, reducing oxidative
stress within tumor cells and providing circulating substrates required
for metabolism. Programmed cellular metabolic rearrangements are

manifested by increased rates of tumor cell glycolysis and lactate pro-
duction even under aerobic conditions to ensure tumor cell survival,
proliferation, and maintenance [22,23]. The process greatly enhances
the malignancy of tumors. Mitophagy plays a role in facilitating this
metabolic switch to a glycolytic phenotype and contributes to tumor
progression by regulating metabolic program rearrangements [24].
Mitophagy is strongly associated with drug resistance, representing a
key mechanism leading to the failure of apoptotic pathway activation.
Inhibition of autophagy has been shown to sensitize cancer cells to the
cytotoxicity of anticancer agents, thus influencing treatment outcomes
[9,10]. Furthermore, mitophagy can promote the invasive potential and
metastatic ability of cancer cells by promoting epithelial-mesenchymal
transition (EMT) activation [25]. Whelan et al. found that mitophagy
supports the EMT-mediated transformation of low CD44-expressing
keratinocytes into high CD44-expressing keratinocytes by regulating
oxidative stress and Parkin-dependent mitochondrial clearance [26].
Marin-Hernandez et al., in their study, revealed that cancer cells un-
dergo EMT activation and increased invasiveness in hypoxia and hy-
poglycemia conditions, accompanied by mitophagy activation and
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impaired mitochondrial function [27]. In conclusion, studying the
mechanism of mitochondrial autophagy in aggressive pituitary tumors
will help us to deepen our understanding of the disease and provide a
more accurate scientific basis for therapeutic strategies.

In this study, we focused on HSPD1, a core gene associated with
mitophagy in invasive pituitary adenomas. Genomics and proteomics
analysis demonstrated that HSPD1 expression was significantly down-
regulated in invasive pituitary tumors compared to non-invasive pitui-
tary tumors. In light of this association, we postulated that HSPD1 may
be related to the invasiveness of pituitary adenomas. Six protein mole-
cules (TUFM, CHCHD3, NIPSNAP1, VDAC1, LRPPRC and RHOT1)
significantly associated with HSPD1 expression were subsequently
selected by co-expression correlation analysis, and a nomogram model
associated with the risk of pituitary adenoma invasion was constructed
together with HSPD1. The model demonstrated that the risk of pituitary
adenoma invasion was inversely correlated with HSPD1 expression. The

reliability of the model was then evaluated using ROC curve analysis,
calibration curve analysis, and decision curve analysis. Subsequently,
we compared the immune microenvironment between the two groups,
and the results showed that there were significant differences, in which
most of the immune cells such as CD4 + T cells, CD8 + T cells, dendritic
cells, MDSC, and macrophages infiltrated the level in invasive pituitary
tumors. In addition, we also found that HSPD1 expression was nega-
tively correlated with mast cells, macrophages, immature B cells,
immature dendritic cells, and MDSC, so we speculated that HSPD1
down-regulation may promote the infiltration of a variety of immune
cells by regulating mitophagy and then increase the invasiveness of pi-
tuitary tumors.

Heat shock protein family D member 1 (HSPD1), also known as
HSP60, is an ATP-dependent heat shock protein primarily localized in
the mitochondrial matrix and expressed in various locations outside
mitochondria, such as the outer mitochondrial surface, intracellular
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vesicles, and nuclei [28,29]. HSPD1 facilitates the degradation of mis-
folded or denatured proteins, influencing immune system activation,
regulating mitophagy, and promoting apoptosis [30]. Downregulation
of HSPD1 can result in the accumulation of misfolded proteins, leading
to the recruitment of PRKN/Parkin, ubiquitin, and opsin (OPTN) to
mitochondria, ultimately triggering mitophagy [31]. Abnormal HSPD1
expression and subcellular localization have been implicated in
numerous diseases, including neurodegenerative diseases, cardiovas-
cular diseases, inflammatory diseases, and various cancers [32-36].
While HSPD1 plays a vital role in cancer development, it has been shown
to promote tumor progression, induce apoptosis, and enhance inva-
siveness in different types of tumors [37]. Beatrice et al. found that
HSPD1 is highly expressed in non-small cell lung cancer tissues and
associated with poor patient prognosis. It could serve as a potential
marker to target mitochondrial metabolism [38]. Wu et al. reported that
HSPD1 promotes multiple myeloma cell proliferation by regulating en-
ergy rearrangement and protein synthesis [39]. Additionally, high
HSPD1 expression is associated with poor prognosis in tumors such as
gastric cancer, pancreatic cancer, and head and neck squamous cell
carcinoma [40-42]. However, HSPD1 also inhibits tumor progression.
Duan et al. reported that HSPD1 inhibits ovarian cancer cell prolifera-
tion via the mitochondrial 3-oxoacyl-ACP synthase (OXSM)-mediated
lipoic acid (LA) synthesis pathway [43]. It has also been reported that
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HSPD1 oxidation mediated by PKC3-mtROS is able to activate MAPK
and prevent cell cycle in hepatocellular carcinoma, thereby inducing cell
differentiation and inhibiting cell invasion and migration [44]. More-
over, HSPD1 oxidation disrupts the balance of mitochondrial ROS and
triggers mitophagy activation to maintain normal cell morphology.
Thus, HSPD1 may influence tumor progression through its impact on
mitophagy. Our experiments also verified that HSPD1 was significantly
associated with pituitary adenoma cell proliferation, migration and
invasion.

The other six protein molecules that constitute the model are all
important regulatory molecules for mitochondrial activity. CHCHD3
localizes predominantly to the inner mitochondrial membrane (IM),
facing the intermembrane space (IMS), and was originally reported as a
substrate for cAMP-dependent protein kinase (PKA) [45]. Darshi et al
found that CHCHD3 plays an important role in maintaining mitochon-
drial structure, cristae morphology and mitochondrial function, and
may also be involved in protein import and/or assembly through SAM
complexes [46]. CHCHD3 knockdown can severely affect the normal
metabolism of cells due to severe defects in mitochondrial morphology.
NIPSNAP1 is a modulator of calcium channels and is mainly located in
the IMM. Some reports have found that NIPSNAP1 is able to bind to
LC3/GABARAP which is involved in the regulation of mitophagy [47].
Abudu et al then found that NIPSNAP1/2 was able to recruit proteins
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involved in selective autophagy, such as autophagy receptor and ATG8
protein, which are essential proteins for mitophagy [48]. LRPPRC is an
autophagy suppressor gene that is mainly located in mitochondria.
LRPPRC has been found to regulate the ROS/HIF1-a pathway possibly
by affecting autophagy, which in turn plays a role in removing cellular
debris and damaging mitochondria [49]. LRPPRC has also been associ-
ated with the progression of various tumors such as lung, gastric, colon
and breast cancers, and down-regulation of LRPPRC can promote
apoptosis and inhibit cell proliferation and invasion in lung adenocar-
cinoma and lymphoma cells [50,51]. Song et al demonstrated that
LRPPRC can regulate retinoblastoma activation, invasion and glycolysis
by mediating autophagy inhibition and ROS/HIF1-u cell migration [52].
TUFM, CDACI1, and RHOT1 are also involved in the regulation of
mitophagy. Among them, RHOT1 is not only a substrate for
PINK1-PRKN-dependent degradation, but may also promote PRKN
contact with its potential substrates, thereby promoting mitophagy [53].
The self-antagonistic characteristics of TUFM are able to avoid excessive
mitochondrial degradation and thus more finely regulate mitophagy
[54].

In this study, we observed significant downregulation of the
mitophagy-related gene HSPD1 in invasive pituitary adenomas, sug-
gesting its potential role in influencing the invasiveness of these tumors
through modulating mitophagy. Subsequently, we identified six protein
molecules significantly associated with both HSPD1 expression and
mitophagy and constructed a predictive nomogram model for assessing
the invasiveness risk of pituitary adenomas. The model demonstrated
good accuracy which was confirmed. Through immune correlation
analysis we hypothesize that HSPD1 inhibition may promote immune
cell infiltration by regulating mitophagy which in turn increases pitui-
tary adenoma invasiveness. Although the specific mechanism by which
mitophagy contributes to the invasive behavior of pituitary adenomas
remains unclear, targeting mitophagy holds promise as a therapeutic
approach for these tumors.

Conclusion
We have identified the downregulation of HSPD1 as a promising

predictive marker for invasive pituitary adenomas, indicating that its
suppression may contribute to the progression of pituitary adenomas
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towards invasiveness. HSPD1 exhibits a significant association with
mitochondrial autophagic processes, and its co-expression with TUFM,
CHCHD3, NIPSNAP1, VDAC1, LRPPRC and RHOT1 demonstrates a
strong predictive value for assessing the invasiveness of pituitary ade-
nomas. These findings suggest that factors involved in the mitophagy
process may play a critical role in regulating the progression of pituitary
adenomas. The differential expression of these factors may represent a
key mechanism underlying the invasive behavior of these tumors.
Further investigations are warranted to elucidate the precise mechanism
by which the mitophagy process contributes to the invasive progression
of pituitary adenomas. Such studies will provide valuable insights for
the development of targeted therapeutic interventions.
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