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Abstract

Background: Kidney renal clear cell carcinoma (KIRC) is the most common subtype of renal cell carcinoma, accounting for 75-80%
of cases. Although Prohibitin 1 (PHBI) has been implicated in tumorigenesis, its role in KIRC remains unclear. This study aimed to
investigate the expression, function, and underlying mechanisms of PHB! in KIRC. Methods: PHBI expression and clinical relevance
were analyzed using the Cancer Genome Atlas database (TCGA), Gene Expression Omnibus database (GEO), and TIMER3.0 datasets.
Single-cell RNA sequencing (scRNA-seq) data from 19 KIRC patients and normal kidney samples were used to assess cell-type-specific
expression. Functional experiments, including CCK-8, EdU incorporation, colony formation, and Transwell assays, were performed
to evaluate the effects of PHBI on cell proliferation, migration, and invasion. A xenograft model was used to evaluate the effects of
PHBI in vivo. Western blotting and correlation analyses were conducted to assess the potential regulatory interplay between VHL,
SKP2, PHB1, and p53. Results: PHBI was significantly downregulated in KIRC tissues. Single-cell analysis showed reduced PHBI
expression in tumor-derived epithelial cells, fibroblasts, endothelial cells, and immune cells. Lower PHBI levels were associated with
poorer overall survival. PHBI overexpression inhibited proliferation and migration, whereas knockdown promoted these effects. In
vivo, PHBI overexpression reduced tumor growth. Moreover, VHL knockout altered the protein levels of SKP2 and PHBI. Cellular
manipulation of PHBI moderately altered endogenous p53 protein expression. Based on TCGA data analysis, PHB1 expression showed
a positive correlation with VHL and a negative correlation with SKP2. Conclusions: Collectively, PHBI acts as a potential tumor
suppressor in KIRC. Its expression pattern is associated with the VHL-SKP2 signaling axis, and the tumor-suppressive effects of PHBI
may be partially associated with the modulation of p53 expression. These findings suggest that PHBI has the potential to serve as a
reliable biomarker and therapeutic candidate for KIRC treatment.
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1. Introduction

Renal cell carcinoma (RCC) is one of the most
common malignancies worldwide and primarily com-
prises three major subtypes, including kidney renal clear
cell carcinoma (KIRC), chromophobe renal cell carci-
noma (chRCC), and Papillary renal cell carcinoma (pRCC)
[1,2,3,4]. Surgery remains the primary treatment method
for localized tumors in KIRC, as this type of kidney can-
cer displays resistance to conventional radiotherapy and
chemotherapy [5]. At present, nearly 30% of KIRC patients
have distant metastasis at initial diagnosis [6]. The use of
targeted treatment and immunotherapy has proven to im-
prove the overall survival rate in patients with metastatic
KIRC [7,8,9]. However, the presence of interindividual
variability in treatment response and subsequent develop-
ment of resistance in most patients results in a low 5-year

survival rate of only 8% [4,10]. Consequently, a compre-
hensive understanding of the molecular mechanisms under-
lying KIRC progression and metastasis is essential for de-
veloping therapeutic strategies for advanced cases.

Prohibitin 1 (PHB1/PHB) is a ubiquitous protein that
exists in numerous subcellular compartments of eukary-
otic cells and is a member of the prohibitin protein fam-
ily, which encompasses PHBI and PHB2 [11]. These pro-
teins can form high molecular weight complexes [12]. The
complexes have been identified in mitochondria, plasma
membrane, and nucleus [13]. Recent studies have reported
upregulated PHBI expression in various human cancers,
such as bladder cancer [14,15], lung cancer [16], breast
cancer [17], ovarian cancer [18,19], melanoma [20] and
prostate cancer [13]. For instance, increased levels of PHB1
have been detected in human bladder cancer tissues, with
predominant localization in mitochondria, and have been
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strongly linked to a worsened prognosis for bladder can-
cer patients. PHBI is predominantly in the nucleus; how-
ever, treatment with camptothecin causes its translocation
from the nucleus to the mitochondria as a reaction to apop-
totic cues in breast cancer. Generally, the role of PHBI in
various human cancers is intricately associated with spe-
cific cell types and their localization across different intra-
cellular compartments. Nonetheless, several studies have
shown PHBI as a tumor suppressor gene, including Hu-
man Liver Cancer [21,22] and nasopharyngeal carcinoma
[23,24]. For example, LPLUNCI is known to upregulate
PHBI expression to inhibit the proliferation of nasopha-
ryngeal carcinoma cells. Additionally, it has been observed
that in human nasopharyngeal carcinoma tissue, the expres-
sion of PHBI is lower than in the adjacent normal tissues
[25]. Nevertheless, the understanding of the expression and
biological significance of PHB! in KIRC is limited.

This study conducted a pan-cancer analysis of PHBI,
leveraging the comprehensive data from The Cancer
Genome Atlas (TCGA) database. The findings uncovered
that PHB1 was highly expressed in most tumors, except for
renal carcinoma and sarcoma. Notably, PHBI was most
significantly downregulated in KIRC. Therefore, our find-
ings contribute to elucidating the mechanisms of PHBI
downregulation in KIRC and open new avenues for PHB1-
based immunotherapy.

2. Materials and Methods

2.1 Bioinformatics Analysis

TIMER 3.0 (http://timer.cistrome.org/), GEO
database (http://www.ncbi.nlm.nih.gov/geo) and Xiantao
tool (https://www .xiantao.love/) were used to assess the
differential expression of PHBI mRNA. The GEPIA
2.0 database (http://gepia2.cancer-pku.cn/) was used to
explore the correlation between PHBI expression and
overall survival (OS) as well as disease-free survival
(DFS). Correlation analysis was performed using TIMER
3.0 and GEPIA 2.0. The CAMOIP (http://camoip.net/) and
TCGA databases were analyzed to identify differentially
expressed genes (DEGs) between patients with high and
low PHBI expression (median value). Additionally, using
TIMER 3.0, we analyzed the association between PHBI
expression and tumor-infiltrating immune cells (TICs),
as well as between PHBI expression and immune-related
genes in KIRC. The p-values reported by TIMER 3.0 were
used as provided by the platform and were not adjusted for
multiple comparisons (FDR correction was not applied).

2.2 Single-cell RNA-seq Data Mining

Data were retrieved from the GEO database, includ-
ing scRNA-seq data of tumor tissues from 19 KIRC pa-
tients (GSE207493) and two normal renal tissue sam-
ples (GSE237425). Raw data were quantified via Cell
Ranger (v6.1.2). The Seurat R package (v4.3.0) was used
for quality control (200-5000 genes, <10% mitochondrial

genes, >500 UMIs), normalization, dimensionality reduc-
tion, clustering and cell annotation. PHBI expression was
visualized with bubble/dot/stacked bar plots. The Wilcoxon
rank-sum test was used to compare PHBI expression be-
tween tumor and normal cells (p < 0.05).

2.3 Cell Culture and Reagents

Two RCC cell lines Caki-1 (TCHul35) and 786-O
(TCHu186) were purchased from the Chinese Academy of
Sciences (CAS) Cell Bank (Shanghai, China). All cell lines
were authenticated by short tandem repeat (STR) profil-
ing and confirmed to be free of mycoplasma contamination
before use. Caki-1 cells were maintained in McCoy's SA
medium (Gibco, Cat. No. 16600082), while 786-O cells
were cultured in RPMI-1640 medium (Gibco, Cat. No.
11875093). Both media were supplemented with 10% fe-
tal bovine serum (Gibco, Cat. No. 10099141) and 1%
penicillin-streptomycin (Gibco, Cat. No. 15140122). All
cells were cultured at 37 °C in a humidified atmosphere
with 5% CO,. All transfections were conducted using the
Lipo2000™ Transfection Reagent (Thermo Fisher Scien-
tific, Cat# 11668019, Waltham, MA, USA) following the
guidelines provided by the manufacturer.

2.4 Patient Samples

Tissue microarrays (TMAs) containing 75 pairs of
KIRC tissues and matched adjacent non-tumor tissues were
purchased from Shanghai Outdo Biotech Co., Ltd. (Shang-
hai, China; Cat. No. HKidCRCC150CS03). These sam-
ples were derived from patients with pathologically con-
firmed KIRC and were provided as commercially available
tissue microarrays by Shanghai Outdo Biotech Co., Ltd.

2.5 Immunohistochemistry (IHC)

Immunohistochemistry (IHC) was performed based
on previously described methods [26]. After deparaffiniza-
tion, hydration, and antigen retrieval, the tissue sections
were subjected to overnight incubation with primary anti-
bodies (anti-PHB1, 1:300, Santa Cruz Biotechnology, Dal-
las, TX, USA, Cat# sc-3770375) at 4°C. The sections were
then treated with the corresponding secondary antibody
and observed using the DAB staining kit (Solarbio, Bei-
jing, China, Cat# DA1010). Two independent pathologists,
blinded to clinical data, evaluated staining intensity and per-
centage of positive cells.

2.6 Lentiviral Transduction and Establishment of Stable
Cell Lines

The PHBI vector was prepared using the full-length
complementary DNA (cDNA). Empty vector GV492
served as the control. Lentiviral vectors were cotrans-
fected with psPAX2 and pMD2G into 293T cells to generate
lentivirus. PHBI overexpression was achieved by trans-
fecting the cells with the lentivirus. Stable clones were
selected using puromycin (2 pg/mL, Sigma-Aldrich, St.
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Louis, MO, USA, Cat# P9620) for a minimum of 1 week.
The efficiency of overexpression was confirmed via West-
ern blotting.

2.7 qRT-PCR

qRT-PCR was performed as previously described
[27]. The utilized primer sequences included GAPDH:
forward 5-GCACCGTCAAGGCTGAGAAC-3', reverse
5'-TGGTGAAGACGCCAGTGGA-3', PHBI: forward
5'-TCATTTTCTCATCCCGTGGGTA-3" reverse 5'-
TGCCTGGAGACCAGCTCTCT-3".

2.8 Western Blotting

The Western blotting procedure was carried out fol-
lowing the previously established methods [28]. The
primary antibodies included: p-actin (1:3000; Abways,
Shanghai, Shanghai, China, #CY1132), GAPDH (1:5000;
Proteintech, Rosemont, IL, USA, #60004-1), PHBI1
(1:1000; Santa Cruz Biotechnology, Dallas, TX, USA,
#sc-3770375), PHBI (1:1000; Servicebio, Wuhan, Hubei,
China, #GB113098), E-cadherin (1:1000; Proteintech,
Rosemont, IL, USA, #20874-1-AP), N-cadherin (1:1000;
BD, Franklin Lakes, NJ, USA, #610920), SNAIL (1:1000;
Proteintech, Rosemont, IL, USA, #13099-1-AP), Vimentin
(1:1000; Proteintech, Rosemont, IL, USA, #10366-1-AP),
SKP2 (1:1000; Cell Signaling Technology, Danvers, MA,
USA, #2652), VHL (1:1000; Cell Signaling Technology,
Danvers, MA, USA, #81292), p53 (1:1000; Proteintech,
Rosemont, IL, USA, #10442-2-AP).

2.9 Plate Colony Formation Assay

Caki-1 (400 cells/well) and 786-O (400 cells/well)
were seeded in separate wells of a 6-well plate. Two
weeks after the initial seeding, the cells were fixed with 4%
paraformaldehyde (Solarbio, Beijing, China, Cat# P1110)
solution and stained with crystal violet solution (Solarbio,
Beijing, China, Cat# IC0600).

2.10 Ethynyldeoxyuridine (EdU) Assays

The EDU assay was performed according to the man-
ufacturer’s protocol (RIBOBIO, Guangzhou, Guangdong,
China, Cat# C10310-1), with results visualized under a mi-
croscope.

2.11 CCK-8 Assay

Cells from the Caki-1 line (3,000 cells per well) and
the 786-0 line (2,000 cells per well) were cultured in 96-
well plates until they adhered to the wells. CCK-8 (Do-
jindo, Kumamoto, Japan, Cat# CK04) was dispensed into
each well at time intervals of 0, 24, 48, 72, and 96 hours,
followed by a 2-hour incubation at 37 °C. The optical den-
sity was thereafter recorded at a wavelength of 450 nm to
ascertain the absorbance levels.
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2.12 Transwell Assay

Invasion and migration assessments were conducted
using Transwell Chambers either lined with Matrigel or
uncoated (Corning, Corning, NY, USA, Cat# 356234).
The bottom compartment of the chambers was filled with
Serum-containing medium. The upper compartment re-
ceived seeding of Caki-1 and 786-O cells (10.0 x 10* cells)
per well in a Serum-free medium. After a 24-hour incuba-
tion period, cells that had penetrated through the membrane
were fixed in 4% paraformaldehyde and subsequently dyed
with a crystal violet solution. Five random visual fields
were assessed under a light microscope at 20x enlargement
to quantify cells that traversed the membrane.

2.13 Immunofluorescence (IF)

FFPE TMA sections were deparaffinized, underwent
antigen retrieval, and were permeabilized. After blocking
with 10% goat serum, sections were incubated with primary
antibodies (anti-PHB1, 1:200) overnight at 4°C, followed
by Alexa Fluor secondary antibodies (1:500, 1 h, room tem-
perature (RT)). The nucleus was stained with DAPI (Solar-
bio, Beijing, China, Cat# ID2250) before being observed
under a Laser Confocal Microscope (TCS SP8, Leica, Ger-
many).

2.14 CRISPR-Cas9-mediated Gene Disruption

VHL gene disruption was achieved using lentivirus-
mediated CRISPR/Cas9 (JiKai Inc., Shanghai, China). A
GV392 vector was used to incorporate a small guide RNA
(sgRNA) specifically designed to target either human VHL
or a non-target oligonucleotide. Briefly, 5 x 10* cells were
infected at a MOI 10 in 250 pL culture medium with 1%
FBS without antibiotics. After 12 hours, the medium was
replaced by 500 pL culture medium + 10% FBS. Puromycin
selection was used to enrich the lentivirus-infected cell pop-
ulations. The two different nucleotide sequences used to
target human VHL in this study included: (1) sgRNAL, 5'-
AGTCAGAACCACAAACTGGT-3' and (2) sgRNA2, 5'-
ATGAGGTACTCACAAGCTCT-3'.

2.15 Tumor Xenografts

6-week-old male BALB/c nude mice were purchased
from Beijing Vital River Laboratory Animal Technology
Co., Ltd. (Beijing, China). Mice were randomly allocated
to different experimental groups, and tumor measurement
was performed in a blinded manner to avoid subjective bias.
Exactly 6.0 x 10° Caki-1 cells were combined with Ma-
trigel before being injected subcutaneously into the mice
(n = 6/group). The tumor volume and body weight were
measured and documented at two-day intervals. After 14
days, the mice were humanely euthanized by gradual dis-
placement of carbon dioxide (CO,) at a rate of 30-70% of
the chamber volume per minute, and following the obser-
vation of respiratory arrest, the CO, flow was maintained
for an additional 1 minute. The formula used to calculate
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the tumor volume was: tumor volume = length x width?
x 0.5. All animal experimental protocols were performed
in line with the guidelines of the Ethics, Animal Care and
Use Committee of Jinan Central Hospital (reference num-
ber INCHIACUC2024-21).

All animal experiments were approved by the Ethics,
Animal Care and Use Committee of Jinan Central Hospi-
tal (Approval No. JNCHIACUC2024-21) and conducted
in accordance with the Guide for the Care and Use of Labo-
ratory Animals and institutional guidelines for animal wel-
fare. All animal experiments were conducted in accordance
with the ARRIVE guidelines.

2.16 Statistical Analysis

Each in vitro experiment was performed with three in-
dependent biological replicates, and each biological repli-
cate contained three technical replicates to ensure repro-
ducibility. All data are presented as the mean = SD. Statis-
tical analyses were performed using Student’s #-test or one-
way ANOVA, as appropriate. Pearson correlation analysis
was used to examine the correlation between PHB1 expres-
sion and the clinicopathological characteristics of patients
with KIRC. Significance was determined at *p < 0.05, **p
<0.01 and ***p < 0.001.

3. Results
3.1 PHBI Expression and Diagnostic Value in Pan-Cancer

A comprehensive analysis of the mRNA expression
landscape of PHB in human pan-cancer was conducted us-
ing the TIMER3.0 databases. PHB! expression was signif-
icantly upregulated in 12 cancer types. Moreover, KIRC
had downregulated expression levels of PHB1 compared to
adjacent normal tissues (Fig. 1A, CHOL, COAD, BLCA,
BRCA, LIHC, LUAD, ESCA, HNSC, STAD, UCEC,
LUSC, READ, p <0.05).

The relationship between PHBI levels and survival
across multiple cancers was investigated using the GEPIA
database. Consequently, we observed a relationship be-
tween downregulated PHBI expression and decreased OS
in KIRC; on the other hand, lower PHBI levels corre-
sponded with improved OS for BLCA, HNSC, LIHC, LGG,
and LUAD (Fig. 1B). Furthermore, our findings revealed
that upregulated PHBI expression was associated with im-
proved DFS in KIRC patients, but poorer DFS in ACC,
CESC, and PAAD (Fig. 1C). This suggests that PHBI may
have significant biological relevance and potential implica-
tions in the context of KIRC, warranting further investiga-
tion.

3.2 PHBI Was Correlated With Infiltrations of Immune
Cells

KIRC is an immunogenic malignancy whose devel-
opment is closely associated with the tumor immune mi-
croenvironment. We systematically analyzed the relation-
ship between PHBI expression levels and the characteris-

tics of the tumor immune microenvironment. Xiantao and
TIMER3.0 database revealed that PHBI expression levels
show significant correlations with the infiltration degrees
of various immune cells, including CD47T cells, regulatory
T cells (Tregs), immature dendritic cells (iDCs), and neu-
trophils (Fig. 2A—C). These results suggest that PHBI may
influence the local immune landscape of KIRC by modu-
lating the recruitment of specific immune subsets.

Given that the expression of immune checkpoint genes
(ICGs) is a critical determinant of immunotherapy effi-
cacy, we further utilized the TIMER 3.0 database to ex-
plore the association between PHBI expression and im-
mune response-related checkpoint genes. The analysis indi-
cated that several key immunosuppressive genes, including
LAG-3, TIGIT, and PDCD1 (PD-1) exhibit significant neg-
ative correlations with PHB1 expression (Fig. 2D). Taken
together, this study confirms that PHBI expression may in-
fluence the overall state of the tumor immune microenvi-
ronment in KIRC.

3.3 Single Cell Identification of Cell Types

To delineate the cell-type-specific expression pattern
of PHB1 in normal and tumor tissues, we performed in-
tegrated single-cell RNA sequencing (scRNA-seq). Data
quality was assessed using a Spearman correlation heatmap
(Fig. 3A), which showed high inter-sample concordance
and minimal batch effects. Unsupervised clustering via
UMAP and t-SNE (Fig. 3B,C) identified eight major cell
populations, including B cells, CAFs, endothelial cells, ep-
ithelial cells, mast cells, myeloid, NK cells and T cells,
providing a comprehensive cellular atlas. To exclude con-
founding effects from cellular composition differences, we
quantified the proportion of each cell type per sample (Fig.
3D); stacked bar plots revealed comparable distributions
between normal and tumor tissues, suggesting that major
differences are unlikely to be entirely explained by cell
composition alone.

We then compared PHBI expression across these an-
notated cell types between normal and tumor samples (Fig.
3E). Violin plots displayed a distinct cell-type-specific pat-
tern: PHBI was significantly downregulated in tumor-
derived epithelial cells, fibroblasts, endothelial cells, B
cells, myeloid cells, and T cells. In contrast, mast cells ex-
hibited higher PHBI expression. These results were further
supported by a dot plot (Fig. 3F), summarizing both aver-
age expression and the percentage of PHBI-positive cells
across all types, consistently indicating broad PHBI down-
regulation in most tumor-associated cellular compartments.

3.4 Clinical Significance and Prognostic Value of PHBI in
KIRC

Subsequently, we investigated the expression of PHB
in KIRC. GEPIA2 and Xiantao database analyses demon-
strated that PHB I was downregulated in KIRC tissues com-
pared to matched normal tissues (Fig. 4A). This conclusion
was further confirmed by GEO data analysis (Fig. 4B).
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Fig. 1. PHBIexpression in pan-cancer from different databases Survival analysis of PHBI in different types of cancer. (A) Using
the TIMER3.0 databases to analyze the expression levels of PHBI mRNA in human pan-cancer (ACC, adrenocortical carcinoma; BLCA,
bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma; CHOL, cholangiocarcinoma;
COAD, colon adenocarcinoma; DLBC, diffuse large B-cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme;
HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kid-
ney renal papillary cell carcinoma; LAML, acute myeloid leukemia; LGG, low-grade glioma; LIHC, liver hepatocellular carcinoma;
LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma;
PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ, rectum
adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tu-
mor; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma; UVM,
uveal melanoma. Blue color indicates normal tissues; red color indicates tumor tissues). (B,C) Using the GEPIA database to analyze
the correlation of Prohibitin 1 (PHBI) expression with overall survival (OS) (B) and disease-free survival (DFS) (C) in patients with
different cancers. TCGA, The Cancer Genome Atlas. **p <0.01, ***p < 0.001.
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In addition, we analyzed the association between
PHBI expression and clinicopathological characteristics
using the Xiantao database. The results showed that pa-
tients with greater depth of invasion and more advanced tu-
mor stage tended to exhibit lower PHB1 expression levels
in primary tumors (Fig. 4C and Table 1). A total of 523 pa-

tients with KIRC from the TCGA database were included in
the prognostic analysis. Multivariate Cox regression anal-
ysis demonstrated that PHBI expression remained signifi-
cantly associated with overall survival after adjustment for
age, gender, tumor grade, and pathological stage (hazard
ratio [HR] = 1.434, 95% confidence interval [CI]: 1.056—
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Table 1. Association of PHB1 expression with clinicopathological characteristics of patients with KIRC.

Characteristic (n=75)  High expression of PHBI  Low expression of PHBI  p value

Gender 0.126
Male 15 35
Female 12 13

Age (years) 0.307
<60 20 30
>60 7 18

T stage 0.015"
T1-T2 24 30
T3-T4 3 18

N stage 0.360
NO 26 48
N1 1 0

M stage 1.000
MO 26 47
Ml 1 1

Bold indicates a statistically significant value. *p < 0.05.

Table 2. Multivariate cox regression analysis of overall survival in patients with KIRC.

Variables (n =523) p value HR Multivariate HR (95% CI)
Age <0.001 1.026 1.012-1.041
Gender 0.562  0.908 0.656-1.257
Grade <0.001  1.898 1.325-2.719
Stage <0.001  3.126 2.238-4.367
PHBI 0.021 1.434 1.056-1.947

1.947, p = 0.021), suggesting that PHBI may serve as an
independent prognostic factor in KIRC (Table 2). Subse-
quent IHC and IF analyses of a TMA containing 75 paired
KIRC and adjacent normal specimens demonstrated signif-
icant downregulation of PHBI expression in tumor tissues
(Fig. 4D,E). ROC curve analysis demonstrated that PHB1
exhibited high diagnostic value for KIRC, with an AUC of
0.826 (Fig. 4F). These findings support a potential role of
PHBI in KIRC progression.

3.5 PHBI Inhibits KIRC Cell Proliferation In Vitro and
Tumor Formation In Vivo

Gain and loss-of-function analyses were conducted in
786-0 and Caki-1 cells to investigate the impact of PHBI
on KIRC progression. PHBI-specific siRNA was used to
knockdown PHBI expression in 786-0O cells. Caki-1 cells
were infected with PHB-expressing lentivirus and control
lentivirus to construct PHBI overexpression stable cell line
(PHBI) and control stable cell line (Vector) (Fig. 5A). We
used colony formation assays (Fig. 5B), EdU assay (Fig.
5C) and CCK-8 assay (Fig. 5D) to quantify cell growth and
found that PHBI downregulation markedly increased cell
proliferation, whereas PHBI overexpression significantly
suppressed cell growth. The results showed that PHBI may
play an important role in KIRC progression.

To further investigate the role of PHBI in KIRC
growth and development in vivo, a 6-week-old nude mouse
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xenograft model was employed. Caki-1 cells, either PHBI
or Vector, were subcutaneously injected into the mice. Tu-
mor growth assessments revealed that PHBI overexpres-
sion significantly reduced both average tumor volume and
weight compared to EV (Fig. 5E,F). In summary, PHBI
overexpression inhibited KIRC growth in vivo.

3.6 PHBI Inhibits KIRC Cell Migration In Vitro

We further observed that PHBI overexpression re-
markably suppressed the migration and invasion capacities
of Caki-1 cells. Conversely, PHBI knockdown in 786-O
cells had the opposite effect (Fig. 6A).

The capacity of tumors to migrate is underpinned by
epithelial-mesenchymal transition (EMT). Pearson corre-
lation analysis revealed that PHBI expression was neg-
atively correlated with mesenchymal markers (Snail, N-
cadherin) and positively correlated with epithelial markers
(E-cadherin) (Fig. 6B). Western blotting results revealed
that PHB1 overexpression upregulated E-cadherin expres-
sion while also downregulating N-cadherin, Snail and Vi-
mentin expression. In contrast, PHBI knockdown down-
regulated the expression levels of E-cadherin and upregu-
lated the protein levels of N-cadherin, Snail, and Vimentin
(Fig. 6C). Collectively, these results indicate that PHB/ in-
hibits the migration of KIRC cells.
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3.7 VHL/SKP2/PHB1/p53 Axis-regulated KIRC analysis from the GEPIA database suggested that PHBI ex-
Progression pression was significantly positively correlated with VHL

Next, the mechanisms underlying low PHBI expres- expression (Fig. 7A). Studies have shown that, pVHL inter-
sion in KIRC were further investigated. The correlation  acts with SKP2, hence stimulating proteasome-dependent
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degradation of SKP2 [29]. Meanwhile, PHBI is a sub-
strate of SKP2 in breast cancer [30]. Based on these find-
ings, we hypothesized that VHL may regulate PHB/ stabil-
ity through the SKP2-mediated ubiquitin—proteasome path-
way. Western blot analysis revealed that PHBI expres-
sion was markedly reduced, whereas SKP2 expression was
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increased, in VHL-deficient 786-O (VHL ") cells com-
pared with Caki-1 (VHL"") cells (Fig. 7B). Subsequently,
CRISPR-Cas9-mediated genome editing technology was
used to generate Caki-1 Cas9 CRISPR KO VHL (KO VHL,
KO) and Caki-1-Cas9 (Wildtype VHL, WT) cells. As
shown in Fig. 7C, VHL knockout significantly downreg-
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ulated PHBI expression while simultaneously upregulat-
ing SKP2 expression in Caki-1 cells (Fig. 7C). Further-
more, ubiquitination assays demonstrated that VHL knock-
out markedly increased PHBI ubiquitination levels, and
this effect was further enhanced following treatment with
the proteasome inhibitor MG132 (Fig. 7D). These find-
ings suggest that VHL loss may contribute to PHBI down-
regulation by increasing SKP2 expression and promoting
ubiquitin—proteasome-dependent degradation of PHBI.

To further elucidate the mechanisms by which PHBI
functions in KIRC, Gene Set Enrichment Analysis (GSEA)
was performed using the CAMOIP database. The results
revealed a strong association between PHBI expression
and the p53 signaling pathway (Fig. 7E). In addition, the
STRING database was used to explore the molecular inter-
actions and functional pathways associated with the candi-
date genes (Fig. 7F). Previous studies have reported that
PHBI can physically interact with p53 and enhance p53-
mediated transcriptional activity [31]. Therefore, we spec-
ulated that PHB1 may suppress KIRC progression, at least
in part, by modulating the p53 signaling pathway. Consis-
tently, correlation analysis showed that PHBI was closely
associated with p53 expression in KIRC (Fig. 7G). Western
blot analysis further demonstrated that PHB/ knockdown
reduced p53 protein expression, whereas ectopic PHBI ex-
pression increased p53 protein levels in KIRC cells (Fig.
7H). Taken together, these findings suggest that PHBI may
inhibit KIRC progression, at least partially, through regula-
tion of p53 expression.

4. Discussion

The PHB1 gene was first isolated and characterized
as a potential anti-proliferation gene in rat liver cells [32].
Several research reports have shown that PHBI is a po-
tential target for cancer therapy [33]. Nonetheless, the
expression patterns and roles of PHBI in the progression
of renal carcinoma remain elusive. Herein, a pan-cancer
analysis of PHBI was performed based on a comprehen-
sive examination of TCGA. Notably, PHB/! is highly ex-
pressed in most of the tumors, except renal carcinoma and
sarcoma. Additional evidence indicates that PHBI is sig-
nificantly downregulated in KIRC, unlike in sarcoma and
KICH. Therefore, the present study investigated the expres-
sion status and roles of PHBI in the progression of KIRC.
It was observed that PHB 1 was significantly downregulated
in KIRC. Low PHBI expression was associated with poor
prognosis. Functional studies showed that PHB] overex-
pression suppressed cell proliferation and migration, and
promoted autophagy. PHBI knockdown exhibited the op-
posite effects. Our findings suggest that PHB1 may play an
important anti-cancer role in KIRC.

KIRC is increasingly recognized as a metabolic dis-
ease characterized by extensive reprogramming of energy
metabolism, including enhanced glycolysis, impaired mi-
tochondrial oxidative phosphorylation (OXPHOS), and ab-
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normal lipid metabolism [34,35]. These metabolic alter-
ations not only promote tumor progression, but also influ-
ence drug sensitivity and the maintenance of cancer stem
cell properties. PHBI is an important regulator of mito-
chondrial function and cellular energy metabolism, and ac-
cumulating evidence suggests that PHBI plays a critical
role in maintaining mitochondrial homeostasis and regulat-
ing metabolic processes in cancer cells [36,37]. Therefore,
investigating the biological role of PHB/ in KIRC is of par-
ticular significance, as it may provide new insights into the
metabolic mechanisms underlying KIRC progression and
identify potential therapeutic targets related to mitochon-
drial energy metabolism.

In further analyses, we investigated the factors driv-
ing the low PHBI expression. It has been reported that
the short arm of chromosome 3 is lost in approximately
90% of KIRC [38]. The missing region encodes the tu-
mor suppressor gene VHL, a 24 kDa protein with several
roles [39,40]. We further investigated whether PHBI and
VHL protein levels were related. Interestingly, the corre-
lation analysis revealed a substantial positive relationship
between PHBI expression and VHL expression. Moreover,
Western blotting showed that VHL promotes PHB1 expres-
sion. Reports indicate that pVHL interacts with SKP2,
causing proteasome-dependent SKP2 degradation. More-
over, one study has shown that PHBI is a substrate of SKP2
in breast cancer cells [30]. Therefore, we hypothesized that
the low expression of PHB/ may be attributed to the pVHL
deletion, which may increase SKP2 expression and thereby
promote proteasome-dependent degradation of PHBI. The
Western blotting results were consistent with this hypothe-
sis.

Previous reports have shown that PHB/ exerts anti-
cancer effects by interacting with various transcription fac-
tors, including p53, c-myc, Rb, and E2F [11,41,42,43,44].
Fusaro et al. [31] revealed that PHBI improves p53-
mediated transcriptional activity. Therefore, we specu-
late that PHBI suppresses cancer progression by regulat-
ing p53 expression. The correlation analysis revealed that
PHBI expression is significantly positive with p53 expres-
sion. Additionally, Western blotting results demonstrated
that PHB1 knockdown down-regulates p53 protein expres-
sion. Conversely, ectopic PHBI expression upregulated
p53 protein expression in KIRC cells. As such, our find-
ings suggest that PHBI may serve as a tumor suppressor in
KIRC, partially through modulating the p53 signaling path-
way.

In addition, KIRC is considered one of the most
immune-infiltrated tumor types, and increasing evidence
suggests that metabolic reprogramming is closely associ-
ated with angiogenesis, inflammatory signaling, and im-
mune cell infiltration in the tumor microenvironment [45].
Since the tumor microenvironment plays an important
role in disease progression and therapeutic response, these
metabolic and immune characteristics may together influ-
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ence the efficacy of systemic therapies in KIRC. Previous
studies have also indicated that PHBI is involved in the
regulation of mitochondrial homeostasis and inflammatory
responses and may participate in immune-related biologi-
cal processes [36]. Therefore, PHB1 may contribute to the
regulation of the immune microenvironment in KIRC, al-
though the underlying mechanisms require further investi-
gation.

Limitations

Notably, although we observed a correlation between
PHBI and p53 expression, we have not conducted rescue
experiments to validate whether p53 is an essential func-
tional mediator of PHBI. Given these limitations, as well as
the relatively limited sample size of our protein expression
cohort, further comprehensive investigations, especially in
vivo functional validation, are required to precisely clarify
the direct downstream molecular targets of PHBI.

5. Conclusions

In conclusion, we found that PHB/ may act as a tu-
mor suppressor in KIRC. Besides, its low expression is
attributed to SKP2 upregulation caused by VHL deletion
or reduction, hence promoting ubiquitination and degrada-
tion of PHBI. More importantly, PHBI might be a tu-
mor suppressor through the p53 pathway. These findings
provide novel perspectives on the molecular mechanism of
KIRC, indicating that PHB/ is a potential treatment target
for KIRC patients.
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