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Background: Hepatocellular carcinoma (HCC) is a leading cause of cancer-related mortality worldwide. Ubiquitin-specific proteases 
(USPs) modulate tumor progression by regulating substrate protein stability. However, the mechanisms of most DUBs in HCC remain 
poorly understood. This study aimed to investigate the role of USP9X in promoting HCC cell proliferation, survival, migration, and 
invasion.
Methods: Transcriptomic and clinical data of LIHC patients were obtained from TCGA to assess USP9X expression, prognosis, and 
pathway enrichment. USP9X expression in HCC and adjacent tissues was examined by immunohistochemistry and Western blotting. 
Functional assays (CCK-8, colony formation, wound-healing, Transwell) were performed following USP9X knockdown or over
expression in Lm3 and Huh7 cells. The USP9X–HSP90AA1 interaction was evaluated by Co-IP and mass spectrometry, and 
deubiquitination assays elucidated the mechanism. In vitro and in vivo experiments determined the effects of USP9X–HSP90AA1 
signaling on HCC growth and metastasis.
Results: Bioinformatic analyses revealed that USP9X expression was significantly elevated in LIHC tissues and correlated with poor 
prognosis. Immunohistochemistry and Western blotting confirmed higher USP9X protein levels in tumor tissues. Knockdown of 
USP9X inhibited proliferation and migration of Lm3 and Huh7 cells, whereas USP9X overexpression enhanced these phenotypes. Co- 
IP demonstrated a direct interaction between USP9X and HSP90AA1, and deubiquitination assays showed that USP9X decreased 
HSP90AA1 ubiquitination and increased its stability. Both in vitro and in vivo data indicated that USP9X promotes HCC progression 
through stabilization of HSP90AA1.
Conclusion: USP9X is a tumor-promoting factor that accelerates HCC progression by stabilizing HSP90AA1, highlighting USP9X as 
a potential therapeutic target for HCC.
Keywords: HCC, USP9X, HSP90AA1, deubiquitination, CO-IP, bioinformatics translation

Introduction
Primary liver cancer remains a major global health burden, ranking as the sixth most commonly diagnosed malignancy 
and the third leading cause of cancer-related death worldwide, with a substantial and persistent disease burden across 
regions.1,2 According to GLOBOCAN 2022, liver cancer accounted for 865,269 new cases and 757,948 deaths globally 
in 2022. China bears a particularly heavy burden, with 367,700 new cases and 316,500 deaths in 2022, accounting for 
42.5% of global incident cases. In the United States, liver and intrahepatic bile duct cancer is projected to cause 42,340 
new cases and 30,980 deaths in 2026.1,3–6 Although novel biomarkers such as Glypican-3 and Dickkopf-1 have been 
introduced into clinical practice,7,8 and the 5-year survival rate of patients with early-stage hepatocellular carcinoma 
(HCC) can reach 70% following curative resection or liver transplantation,9 postoperative recurrence remains alarmingly 
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high—around 15% after transplantation and up to 60% after partial hepatectomy.10,11 The 5-year survival rate for 
recurrent cases drops to 20–35%,12 with most relapses occurring intrahepatically, indicating a persistently tumor- 
promoting hepatic microenvironment.13 Moreover, the pronounced heterogeneity of HCC leads to unpredictable ther
apeutic responses and variable clinical outcomes.14 Therefore, elucidating the molecular mechanisms underlying HCC 
initiation and progression remains an urgent and critical challenge.

In eukaryotic cells, protein homeostasis (proteostasis) is essential for maintaining cellular function and regulating 
development and aging. This homeostatic network comprises coordinated molecular processes that preserve proteome 
integrity; its disruption contributes to metabolic disorders, tumorigenesis, neurodegeneration, and cardiovascular 
disease.15 Within this system, the ubiquitin–proteasome pathway (UPP) plays a central role in regulating protein turnover 
and quality control.16 Ubiquitin ligases (E3s) catalyze the attachment of ubiquitin chains to substrate proteins, marking 
them for degradation or functional modification, while deubiquitinating enzymes (DUBs) remove or remodel these 
ubiquitin tags to stabilize proteins and fine-tune signaling activity. These opposing processes precisely regulate key 
pathways such as p53, PI3K–AKT, DNA repair, metabolism, and immune checkpoint signaling. Disruption of this 
balance leads to proteostatic collapse, driving oncogenesis, metastasis, and therapeutic resistance.17–19

Several DUBs have been implicated in HCC pathogenesis and metastasis.20 Among them, USP9X is a prominent 
member of the USP family that regulates numerous biological processes—including cell-cycle progression, mitosis, 
intracellular transport, epithelial–mesenchymal transition, apoptosis resistance, immune modulation, stemness, and drug 
tolerance—mainly by stabilizing substrate proteins. USP9X expression and activity are further modulated by non-coding 
RNAs.21 Functionally, USP9X exhibits context-dependent roles in tumorigenesis: it is aberrantly expressed in acute 
myeloid leukemia,22 lung cancer,23 pancreatic cancer,24 and glioblastoma,25 often acting as an oncogene, while in certain 
malignancies it may exert tumor-suppressive functions.26 However, the precise role and prognostic significance of 
USP9X in HCC remain insufficiently characterized, making it an attractive target for mechanistic and therapeutic 
exploration.

Heat shock proteins (HSPs) are frequently upregulated in tumors and closely associated with therapeutic resistance. In 
HCC, HSPs promote tumor progression by sustaining cell survival, enhancing drug resistance, and facilitating metastasis, 
thereby serving as key biomarkers for diagnosis, prognosis, and therapy.27,28 HSP90AA1, a major cytosolic isoform of 
the HSP90 family, functions as a critical molecular chaperone and potential therapeutic target in cancer.29 Recent studies 
show that HSP90AA1 can also be secreted extracellularly and interact with various client proteins—including oncogenic 
and signaling molecules—to drive tumor progression and invasion.30–32 For instance, in HCC, FBXL6 binds to 
HSP90AA1 to stabilize and activate c-MYC, thereby promoting tumorigenesis.33 Notably, the stability of HSP90AA1 
is regulated by deubiquitinating enzymes;34 however, whether USP9X modulates HSP90AA1 stability in HCC remains 
unknown.

In this study, we demonstrate that USP9X is markedly upregulated in HCC and correlates with poor prognosis. 
Functional assays reveal that USP9X promotes HCC malignancy both in vitro and in vivo by deubiquitinating and 
stabilizing HSP90AA1. Collectively, our findings establish USP9X as a tumor-promoting factor that facilitates HCC 
progression through HSP90AA1 stabilization, providing a theoretical foundation for developing USP9X-targeted ther
apeutic strategies.

Materials and Methods
Data Acquisition and Processing
Transcriptomic and clinical data of patients with liver hepatocellular carcinoma (LIHC) were retrieved from The Cancer 
Genome Atlas (TCGA) database. Clinical variables included age, sex, histological grade, pathological stage, pathological 
T stage, pathological N stage, survival time, and survival status. All bioinformatic analyses were performed in R software 
(version 4.5.1) using the TCGAbiolinks package (version 2.38.0), dplyr package (version 1.2.1), tidyverse package 
(version 2.0.0), and DESeq2 package (version 1.50.2). Raw count data were used for differential expression analysis with 
DESeq2, and P values were adjusted using the Benjamini–Hochberg method. Genes with |log2 fold change| > 1 and 
adjusted P < 1 × 10−6 were considered significantly differentially expressed. For expression visualization, gene 
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expression values were normalized and presented as transcripts per million (TPM). Gene set enrichment analysis (GSEA) 
was performed to identify activated pathways in LIHC, which revealed significant enrichment of the “protein ubiquitina
tion” pathway based on the Reactome database. A Venn diagram was generated to identify the overlap between DEGs 
and members of the ubiquitin-specific peptidase (USP) family, yielding five candidate genes, including USP9X. Survival 
analysis and univariate Cox regression analysis were subsequently performed to evaluate their prognostic significance. 
Pan-cancer expression patterns were visualized using the TCGAplot package, and time-dependent receiver operating 
characteristic (ROC) curves were generated to assess the prognostic predictive value of USP9X. In addition, box plots 
were used to illustrate USP9X expression across different clinical stages.

Immunohistochemistry
Tumor and adjacent non-tumorous tissues were collected from 13 patients with pathologically confirmed hepatocellular 
carcinoma undergoing surgical resection at the Affiliated Suzhou Hospital of Nanjing Medical University. Paired 
paraffin-embedded tissue samples were used for qualitative immunohistochemical analysis of USP9X expression. 
None of the patients had received preoperative anticancer therapy. The study was conducted in accordance with the 
Declaration of Helsinki and approved by the Ethics Committee of the Affiliated Suzhou Hospital of Nanjing Medical 
University. Written informed consent was obtained from all participants.

IHC staining was performed as previously described,35 using a PV-9000 detection kit (Zhongshan Golden Bridge, 
China). Briefly, 5-μm sections were baked at 60 °C for 2 h, deparaffinized in xylene, and rehydrated through graded 
ethanol. Antigen retrieval was performed by heating in citrate buffer at 98 °C for 15 min, followed by PBS washing. 
Endogenous peroxidase activity was blocked for 15 min, and nonspecific binding was blocked with 5% bovine serum 
albumin (BSA) for 30 min at 37 °C. Sections were then incubated overnight at 4 °C with primary anti-USP9X antibody 
(55054-1-AP, Proteintech, China; 1:100). After washing, slides were incubated with HRP-conjugated secondary antibody 
at 37 °C for 30 min, developed with DAB for 10 min, and counterstained with hematoxylin (G1120, Solarbio). Images 
were captured using an Olympus BX53 microscope, and IHC scores were quantified as previously reported.36

Cell Culture
Human HCC cell lines Lm3 and Huh7, as well as HEK293 cells, were obtained from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China). All cell lines were authenticated by short tandem repeat (STR) profiling and 
confirmed to be free of mycoplasma contamination. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM; 
Gibco, China) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin at 37 °C in 
a humidified incubator containing 5% CO2.

RNA Extraction and Quantitative RT-PCR
Total RNA was extracted using TRIzol reagent (Invitrogen, USA), and reverse transcription was carried out according to 
the manufacturer’s instructions. Quantitative real-time PCR (qRT-PCR) was performed using a 20 μL reaction containing 
gene-specific primers and SYBR Green master mix. Amplification and quantification were performed as previously 
described.37 Relative mRNA expression levels were calculated using the 2−ΔΔCt method. Primer sequences are listed in 
Supplementary Table 1.

siRNA, Plasmids, and Transfection
Small interfering RNAs (siRNAs) targeting USP9X and HSP90AA1 were synthesized by GenePharma (China); 
sequences are shown in Supplementary Table 2. Overexpression plasmids were obtained from TRANSHEEP BIO 
(China), with details provided in Supplementary Table 3. Lm3, Huh7, and HEK293 cells were seeded in 6-well plates 
(3 × 105 cells/well). When confluence reached ~70%, transfection was performed using Lipofectamine 3000 (Thermo 
Fisher Scientific, USA) following the manufacturer’s protocol. USP9X and HSP90AA1 siRNAs or overexpression 
plasmids were introduced as indicated.
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Western Blot Analysis
Western blotting was conducted as described previously. Briefly, total protein was extracted using RIPA buffer 
supplemented with protease inhibitors, quantified by BCA assay, and separated by SDS–PAGE, followed by transfer 
to PVDF membranes. Membranes were blocked with 5% BSA for 1 h at room temperature and incubated overnight at 4 
°C with primary antibodies: anti-USP9X (55054-1-AP, Proteintech, China), anti-HSP90AA1 (60,318-1-Ig, Proteintech, 
China), and anti-β-tubulin (10068-1-AP, Proteintech, China) After washing, membranes were incubated with HRP- 
conjugated secondary antibodies, and signals were visualized using enhanced chemiluminescence (ECL). Band inten
sities were quantified using ImageJ software.

Functional Assays
Cell proliferation was assessed using the CCK-8 assay. Forty-eight hours after transfection, Lm3 and Huh7 cells were 
seeded in 96-well plates, and CCK-8 reagent (MCE, USA) was added following the manufacturer’s instructions. 
Absorbance was measured at 450 nm using a BioTek microplate reader. For colony formation assays, 1 × 103 cells 
per well were seeded in 6-well plates and cultured for 7 days, fixed with methanol, and stained with 0.1% crystal violet. 
Colonies were counted under a light microscope. Transwell assays were used to assess migration and invasion. Cells 
were seeded in the upper chamber of Transwell inserts, with medium containing 20% FBS in the lower chamber as 
a chemoattractant. After 24 h of incubation at 37 °C, migrated cells were fixed, stained with 1% crystal violet, and 
counted in five random fields. For wound-healing assays, confluent monolayers were scratched using sterile 10 μL pipette 
tips. Images were taken at 0 h and 12 h to evaluate migration. All experiments were performed independently at least 
three times.

Animal Experiments
All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Suzhou 
Institute of Systems Medicine. Animal care and use were performed in accordance with the welfare guidelines of the 
Animal Center of Suzhou Institute of Systems Medicine, based on AAALAC standards and Chinese regulations (GB/T 
35892–2018). Four-week-old male BALB/c nude mice were obtained from GemPharmatech Co., Ltd. (Jiangsu, China) 
and randomly divided into four groups (n = 5 per group). Xenograft models were established by subcutaneous injection 
of Huh7 cells into the right axillary region. Rescue complexes containing siRNA, plasmid DNA, and Lipofectamine 3000 
(1:1, v/v) were delivered by local intratumoral injection (20 μL per mouse). Tumor size was measured every 3 days, and 
tumor volume was calculated as V = (length × width2)/2. All procedures were conducted under isoflurane anesthesia (4% 
for induction and 1.5%–2.5% for maintenance). On day 18 after inoculation, mice were euthanized by CO2 inhalation 
followed by cervical dislocation, and tumors were harvested and weighed. The endpoint at day 18 was chosen because it 
allowed sufficient tumor growth for meaningful comparison among groups while remaining within predefined humane 
endpoint limits.

Co-Immunoprecipitation (Co-IP) Assay
Cells were lysed in IP lysis buffer (R0100, Solarbio, China), and the supernatant was collected after centrifugation. 
Twenty microliters of protein A/G agarose beads (SC-2003, Santa Cruz Biotechnology, USA) were added and incubated 
at 4 °C for 30 min. Total protein concentrations were measured by BCA assay. Equal amounts of lysates were incubated 
overnight at 4 °C with the indicated primary antibodies and 60 μL of protein A/G beads. Beads were washed three times 
with IP lysis buffer, and bound proteins were eluted by boiling for 8 min at 99 °C, followed by Western blotting.

Ubiquitination Assay
HEK293 cells were co-transfected with plasmids encoding Flag-USP9X, HA-Ubiquitin, and Myc-HSP90AA1 or 
truncated/mutant forms of USP9X. After 24 h, cells were treated with 20 μM MG132 in DMEM for 6 h to inhibit 
proteasomal degradation. Cells were lysed in 200 μL SDS lysis buffer (ABS9117, Absin, China) and boiled for 8 min, 
then diluted with 0.8 mL IP lysis buffer. The supernatant was incubated with anti-Flag antibody and protein A/G beads 
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(SC-2003, Santa Cruz Biotechnology, USA) for 8 h at 4 °C. Beads were washed three times, eluted by boiling in loading 
buffer for 10 min, and analyzed by Western blot.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism 9.0. Comparisons between two groups were made using 
unpaired t-tests, and multiple-group comparisons were conducted using one-way ANOVA. CCK-8 data were analyzed by 
two-way ANOVA. Survival curves were generated using the Kaplan–Meier method and compared by the Log rank test. 
Data are presented as mean ± standard deviation (SD). Statistical significance was defined as P < 0.05. All experiments 
were repeated independently at least three times.

Results
Identification of Prognostically Significant Ubiquitin-Specific Proteases in HCC
Transcriptomic and clinical data from hepatocellular carcinoma (TCGA-LIHC) patients were analyzed to identify 
differentially expressed genes (DEGs) and prognostic deubiquitinases (DUBs). A volcano plot revealed substantial 
expression differences between tumor and normal tissues, identifying 4053 DEGs—3046 upregulated and 1007 down
regulated (Figure 1A). Gene set enrichment analysis (GSEA) using the Reactome database indicated significant activa
tion of the “Protein ubiquitination” pathway in LIHC (Figure 1B). Intersecting DEGs with the Ubiquitin Specific 
Peptidase gene family yielded five candidates—USP9X, USP21, USP38, USP49, and USP54 (Figure 1C). Subsequent 
survival and univariate Cox analyses showed that USP9X was significantly associated with patient prognosis, while 
USP38, USP49, and USP54 lacked prognostic relevance (Figure 1D–I). Although USP21 also exhibited prognostic 
significance in the TCGA-LIHC dataset, previous studies provided limited protein-level and functional validation, 
reducing its predictive utility. In contrast, USP9X was consistently reported to be upregulated at both mRNA and 
protein levels and demonstrated clear oncogenic effects in vitro and in vivo.38 Therefore, USP9X was selected for further 
mechanistic investigation as a potential key regulator of HCC progression.

USP9X is Upregulated in HCC and Correlates with Poor Prognosis and Advanced 
Tumor Stage
Pan-cancer expression analysis using the TCGAPlot package revealed markedly elevated USP9X expression across 
multiple tumor types compared with normal tissues (Figure 2A and B). Specifically, in HCC, violin plots and paired- 
sample comparisons confirmed significantly higher USP9X mRNA levels in tumor tissues than in normal liver tissues 
(Figure 2C and D). Receiver operating characteristic (ROC) analysis showed that USP9X expression had moderate 
predictive accuracy for 1-year overall survival (AUC = 0.624) (Figure 2E). Kaplan–Meier survival analysis further 
demonstrated that high USP9X expression was associated with shorter overall survival (HR = 1.45, P = 0.033) and 
progression-free intervals (HR = 1.43, P = 0.026) (Figure 2F and G). Moreover, USP9X expression was positively 
correlated with clinical stage (P < 0.05) (Figure 2H). Immunohistochemistry revealed stronger USP9X staining in tumor 
tissues compared with adjacent non-tumorous tissues (Figure 2I), and Western blot analysis of four paired samples 
confirmed elevated USP9X protein levels in tumors (Figure 2J). Collectively, these results provide consistent evidence 
that USP9X is significantly upregulated in HCC and associated with advanced disease stage and poor prognosis, 
supporting its role as a potential oncogenic driver and prognostic biomarker.

Knockdown of USP9X Suppresses HCC Cell Proliferation and Tumorigenicity
To explore the functional role of USP9X in HCC, loss-of-function assays were conducted using siRNA-mediated 
knockdown in Huh7 and Lm3 cells. qRT-PCR and Western blot analyses confirmed efficient USP9X depletion by two 
independent siRNAs (si-USP9X-1# and si-USP9X-2#) at both mRNA and protein levels (Figure 3A–F). CCK-8 assays 
showed that USP9X knockdown significantly inhibited proliferation in both cell lines (Figure 3G and H). Consistently, 
colony formation assays revealed a marked reduction in clonogenic capacity upon USP9X silencing (Figure 3I). 
Transwell assays demonstrated that USP9X depletion impaired migration and invasion (Figure 3J), while wound- 
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healing assays confirmed delayed closure (Figure 3K). In vivo, xenograft tumors derived from USP9X-silenced cells 
exhibited smaller volumes and lower weights compared with controls after 18 days (n = 5 mice per group, Figure 3L). 
Together, these findings indicate that USP9X promotes HCC cell proliferation, migration, and tumorigenic capacity.

Overexpression of USP9X Enhances HCC Cell Proliferation and Tumor Growth
Gain-of-function experiments were performed to further validate the oncogenic role of USP9X. Overexpression of 
USP9X in Huh7 and Lm3 cells was verified by qRT-PCR and Western blotting (Figures 4A–Figure 4F). CCK-8 assays 
demonstrated enhanced proliferation upon USP9X overexpression (Figures 4G and Figure 4H). Consistently, colony 
formation assays showed increased colony numbers in USP9X-overexpressing cells (Figure 4I and J). Transwell and 
wound-healing assays confirmed that USP9X overexpression enhanced cell migration and invasion (Figures 4K–N). In 

Figure 1 Identification of prognostically significant ubiquitin-specific proteases (USPs) in HCC. (A) Volcano plot showing differentially expressed genes (DEGs) between 
tumor and normal tissues; red dots represent upregulated genes, and blue dots represent downregulated genes. (B) Gene Set Enrichment Analysis (GSEA) reveals significant 
enrichment of the “Protein Ubiquitination” pathway in HCC (NES = 1.3, P = 0.03). (C) Venn diagram illustrating the overlap between DEGs and ubiquitin-specific peptidase 
(USP) family genes, identifying five candidates (USP9X, USP21, USP38, USP49, and USP54). (D–H) Kaplan–Meier survival curves comparing overall survival in patients with 
high versus low expression of the five candidate genes. High expression of (D) USP9X (P = 0.039), (E) USP21 (P = 0.00098), and (H) USP54 (P = 0.017) is significantly 
associated with poor prognosis. (I) Multivariate Cox regression forest plot evaluating clinical parameters and the five candidate USPs as independent prognostic factors for 
overall survival.
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Figure 2 USP9X is upregulated in HCC and correlates with poor prognosis and malignant phenotypes. (A) Pan-cancer analysis of TCGA data showing that USP9X 
expression is significantly higher in multiple tumor types (yellow) compared to corresponding normal tissues (blue). (B) Paired-sample pan-cancer analysis confirming 
elevated USP9X expression in tumors. (C and D) TCGA-LIHC analysis showing significantly increased USP9X expression in HCC tissues versus adjacent normal tissues (P < 
0.001), validated in paired samples (P < 0.001). (E) Receiver operating characteristic (ROC) curves evaluating the predictive value of USP9X expression for 1-, 3-, and 5-year 
survival (AUC = 0.624, 0.561, and 0.566, respectively). (F and G) Kaplan–Meier survival analyses showing that high USP9X expression predicts poorer (F) overall survival 
(HR = 1.45, P = 0.033) and (G) progression-free survival (HR = 1.43, P = 0.026). (H) USP9X expression in HCC tissues across different pathological stages. Boxplots show 
USP9X expression in stage I, stage II, stage III, and stage IV HCC, and the asterisk indicates a statistically significant difference among groups. (I) Representative 
immunohistochemistry (IHC) images showing stronger USP9X staining in tumor tissues compared with matched adjacent tissues from two HCC patients (Scale bar = 
50 μm). (J) Western blot and quantitative analyses of four paired HCC samples confirming significantly higher USP9X protein levels in tumor (T) versus adjacent normal (N) 
tissues (*P < 0.05, **P < 0.01, ***P < 0.001, **** P < 0.0001, ns: not significant).
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Figure 3 Knockdown of USP9X suppresses HCC cell proliferation and tumorigenicity. (A–F) qRT-PCR and Western blot validation showing that two siRNAs (si-USP9X #1 
and si-USP9X #2) efficiently reduced USP9X mRNA and protein expression in Huh7 and Lm3 cells. (G and H) CCK-8 assays showing that USP9X knockdown markedly 
inhibited proliferation of (G) Huh7 and (H) Lm3 cells compared with si-NC controls. (I) Colony formation assays showing that USP9X depletion significantly decreased 
clonogenic capacity (P < 0.001). (J) Transwell assays demonstrating that USP9X silencing reduced migration and invasion in both Huh7 and Lm3 cells (P < 0.01, P < 0.001). 
(K) Wound-healing assays further confirming impaired migration after USP9X knockdown (P < 0.01, P < 0.001). (L) In vivo xenograft experiments showing that USP9X 
knockdown significantly inhibited tumor growth rate and final tumor weight (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 4 Overexpression of USP9X promotes HCC cell proliferation and tumor growth. (A–F) qRT-PCR and Western blot validation showing that the overexpression plasmid 
(oe-USP9X) effectively increased USP9X mRNA and protein levels in Huh7 and Lm3 cells. (G and H) CCK-8 assays indicating that USP9X overexpression significantly enhanced 
proliferation of (G) Huh7 and (H) Lm3 cells compared with vector controls. (I and J) Colony formation assays showing that USP9X overexpression significantly increased 
colony numbers in (I) Huh7 and (J) Lm3 cells (P < 0.05, P < 0.001). (K and L) Transwell assays showing that USP9X overexpression enhanced migration and invasion in (K) Huh7 
and (L) Lm3 cells (P < 0.001). (M and N) Wound-healing assays confirming that USP9X overexpression accelerated wound closure in (M) Huh7 and (N) Lm3 cells. (O) In vivo 
xenograft assays showing that USP9X overexpression significantly increased tumor growth rate and final tumor weight (*P < 0.05, **P < 0.01, ***P < 0.001).
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xenograft models, USP9X-overexpressing cells formed significantly larger and heavier tumors than controls (n = 5 mice 
per group, Figure 4O), confirming the tumor-promoting role of USP9X in vivo.

USP9X Stabilizes HSP90AA1 to Promote Its Upregulation in HCC and Associates 
with Poor Prognosis
Co-immunoprecipitation followed by mass spectrometry identified HSP90AA1 as a potential USP9X-interacting protein 
(Table 1). Overexpression of USP9X markedly increased HSP90AA1 protein levels, while USP9X knockdown decreased 
them (Figure 5A and B). TCGA-LIHC data confirmed significantly elevated HSP90AA1 expression in tumors compared 
with normal liver tissue (Figure 5C), and high HSP90AA1 expression correlated with poor overall survival (Figure 5D). 
A strong positive correlation was observed between USP9X and HSP90AA1 transcript levels (R = 0.46, P = 3.5 × 10−29) 
(Figure 5E). Cycloheximide chase assays showed that USP9X depletion accelerated HSP90AA1 degradation, while 
USP9X overexpression prolonged its stability (Figure 5F and G). Treatment with the proteasome inhibitor MG132 
restored HSP90AA1 levels suppressed by USP9X knockdown (Figure 5H), indicating that USP9X stabilizes HSP90AA1 
by preventing proteasomal degradation. Together, these data identify USP9X as a critical deubiquitinase that stabilizes 
HSP90AA1, with both proteins co-upregulated in HCC and associated with adverse prognosis.

USP9X Directly Binds and Deubiquitinates HSP90AA1
Endogenous co-immunoprecipitation (Co-IP) assays using anti-USP9X and anti-HSP90AA1 antibodies confirmed 
reciprocal binding between the two proteins in Huh7 and Lm3 cells, with no interaction observed in IgG controls 
(Figure 6A and B). Co-expression of Flag-USP9X and Myc-HSP90AA1 in HEK293 cells confirmed a direct interaction 
(Figure 6C and D). Deubiquitination assays in the presence of MG132 revealed that USP9X overexpression markedly 
reduced Myc-HSP90AA1 ubiquitination (Figure 6E). Linkage-specific analyses demonstrated that USP9X preferentially 
removed K48-linked polyubiquitin chains, with minimal effect on K63-linked chains (Figure 6F). These findings 
demonstrate that USP9X directly binds to HSP90AA1 and removes K48-linked polyubiquitin chains to antagonize 
proteasomal degradation and enhance protein stability.

USP9X Promotes HCC Malignancy by Stabilizing HSP90AA1, Its Key Downstream 
Effector
Rescue experiments were conducted to verify whether HSP90AA1 mediates the oncogenic effects of USP9X in HCC. 
Western blotting in Huh7 and Lm3 cells showed that USP9X knockdown reduced HSP90AA1 protein expression, which 
was restored by exogenous HSP90AA1 overexpression, whereas HSP90AA1 silencing reversed the upregulation induced 
by USP9X overexpression (Figure 7A and B). Functionally, CCK-8 assays demonstrated that HSP90AA1 restoration 
rescued the inhibitory effect of USP9X depletion on cell viability, while HSP90AA1 knockdown attenuated USP9X- 
driven proliferation (Figure 7C and D). Similar trends were observed in colony formation, Transwell, and wound-healing 
assays, indicating that HSP90AA1 is required for USP9X-mediated enhancement of clonogenicity and migration 
(Figure 7E; sfigure 1A and B). In xenograft models, re-expression of HSP90AA1 restored tumor growth suppressed 
by USP9X silencing, whereas HSP90AA1 depletion blunted the tumor-promoting effect of USP9X overexpression (n = 5 
mice per group, Figure 7F). Together, these findings indicate that USP9X exerts its oncogenic role in HCC, at least in 
part, through HSP90AA1.

Table 1 LC-MS Analysis of USP9X Complexes: Top 10 Hits Ranked by Search Score

Gene Names USP9X HSP90AA1 TNRC6B UBA1 LDHB UBR4 NACA FSCN1 PDIA3

Score 203.71 105.67 68.51 55.94 55.29 54.84 52.514 51.021 48.551
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Figure 5 USP9X stabilizes HSP90AA1, promoting its upregulation in HCC and correlating with poor prognosis. (A and B) Western blot analysis showing that USP9X overexpression 
(oe-USP9X) increased, while USP9X knockdown (si-USP9X) decreased HSP90AA1 protein levels in Huh7 and Lm3 cells. (C–E) TCGA analysis showing that HSP90AA1 expression 
was significantly higher in HCC tissues (red box) than in normal liver tissues (black box). High HSP90AA1 expression correlates with worse overall survival (HR = 1.7, P = 0.002) and 
positively correlates with USP9X expression (R = 0.46, P < 0.01). (F–G) Cycloheximide (CHX) chase assays showing that USP9X silencing accelerated HSP90AA1 degradation, 
whereas USP9X overexpression prolonged its stability. (H) Treatment with the proteasome inhibitor MG132 rescued HSP90AA1 degradation induced by USP9X knockdown, 
indicating that USP9X stabilizes HSP90AA1 by preventing proteasome-mediated degradation (**P < 0.01, ***P < 0.001, ns: not significant. The presence (+) or absence (–) of the 
indicated treatments is shown above.).
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Discussion
Hepatocellular carcinoma (HCC) remains one of the most prevalent and lethal malignancies worldwide, with persistently 
poor survival outcomes. According to the World Health Organization, over one million deaths from HCC are projected to 
occur by 2030.39 Identifying novel therapeutic targets to improve patient prognosis is therefore a major clinical priority. 
Deubiquitination, a central process within the protein homeostasis network, regulates protein stability, activity, and 
localization by removing ubiquitin chains from substrate proteins. Through this mechanism, deubiquitinating enzymes 
(DUBs) exert precise control over cellular fate.40 Dysregulation of DUBs disturbs the balance of key tumor suppressors 
and oncogenic proteins—such as PTEN and Snail—thereby promoting cancer progression, invasion, and metastasis.15 

Figure 6 USP9X directly binds to and deubiquitinates HSP90AA1. (A and B) Endogenous co-immunoprecipitation (Co-IP) assays confirming the interaction between 
USP9X and HSP90AA1 in Huh7 and Lm3 cells. (C and D) Exogenous Co-IP assays verifying the direct interaction between Flag-USP9X and Myc-HSP90AA1. (E and F) In 
vivo ubiquitination assays demonstrating that USP9X removes ubiquitin modifications from HSP90AA1, preferentially targeting K48-linked polyubiquitin chains. (Plus sign (+) 
indicates that the corresponding reagent (eg, Flag-USP9X, MG132, K48-linked ubiquitin) was added or expressed; minus sign (–) indicates the control without that reagent.).
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Figure 7 USP9X promotes HCC malignancy by stabilizing HSP90AA1, which acts as a key downstream effector. (A and B) Western blot and quantitative analyses showing 
that USP9X knockdown decreased HSP90AA1 protein levels in Huh7 (A) and Lm3 (B) cells, which were restored by HSP90AA1 overexpression. Conversely, USP9X 
overexpression increased HSP90AA1 levels, while co-silencing HSP90AA1 abrogated this effect. (C and D) CCK-8 proliferation curves showing that USP9X knockdown 
inhibited 0–72 h cell growth, rescued by HSP90AA1 reintroduction; USP9X overexpression enhanced proliferation, which was weakened by HSP90AA1 knockdown (Huh7: 
(C); Lm3: (D)). (E) Transwell assays showing that USP9X knockdown reduced migration, rescued by HSP90AA1 overexpression; USP9X overexpression enhanced 
migration, which was suppressed by HSP90AA1 knockdown. (F) In vivo xenograft experiments showing representative tumor images, tumor growth curves, and final tumor 
weights: USP9X knockdown suppressed tumor growth, rescued by HSP90AA1 overexpression; USP9X overexpression enhanced tumorigenicity, which was significantly 
reduced upon HSP90AA1 silencing (*P < 0.05, **P < 0.01, ***P < 0.001, **** P < 0.0001).
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Given their substrate specificity and reversible enzymatic nature, DUBs have attracted increasing attention as potential 
therapeutic targets in cancer.41

In this study, we identify a novel oncogenic mechanism in which USP9X, a member of the ubiquitin-specific protease 
family, drives HCC progression by stabilizing HSP90AA1 through deubiquitination. We demonstrate that USP9X 
expression is markedly upregulated in HCC and correlates with unfavorable clinical outcomes. Functional analyses 
show that USP9X promotes tumor cell proliferation, colony formation, migration, invasion, and xenograft tumor growth. 
Mechanistically, USP9X directly binds to HSP90AA1 and removes K48-linked polyubiquitin chains, preventing protea
some-mediated degradation and enhancing HSP90AA1 stability. Collectively, these findings define the USP9X– 
HSP90AA1 signaling axis as a key driver of HCC malignancy and a promising therapeutic target.

The biological role of USP9X in cancer is highly context-dependent.42 Elevated USP9X expression has been reported 
in multiple tumor types, including pancreatic, esophageal, and glioblastoma cancers,24,43,44 where it promotes oncogenic 
signaling and tumor progression. In contrast, in other malignancies such as cholangiocarcinoma, USP9X exerts tumor- 
suppressive effects by stabilizing distinct substrates.26 Our findings reinforce the oncogenic nature of USP9X in HCC 
and reveal a previously unrecognized downstream mechanism. Prior studies have shown that USP9X facilitates HCC 
progression by stabilizing β-catenin; however, our results identify HSP90AA1 as an alternative and novel substrate. 
Moreover, while HSP90AA1 stability is known to be regulated by FBXL6-mediated ubiquitination33 and USP14- 
mediated deubiquitination,45 both of which influence liver disease progression, our study introduces USP9X as a new 
deubiquitinase for HSP90AA1. This discovery expands the regulatory network governing HSP90AA1 stability and 
identifies USP9X as a distinct, functionally important component of this pathway.

HSP90AA1, a major cytoplasmic chaperone, performs multifaceted roles in cancer biology.46 Beyond its canonical 
chaperone activity, HSP90AA1 regulates transcriptional processes47 and modulates autophagy. Under basal conditions, 
phosphorylation of HSP90AA1 by CDK5 at Ser595 inhibits its interaction with transcription factor EB (TFEB), thereby 
preventing TFEB nuclear localization and autophagy activation.48 This mechanism is functionally aligned with the well- 
established PI3K/AKT/mTOR signaling pathway, which also critically regulates autophagy in cancer cells by phosphor
ylating and cytoplasmic retention of TFEB through mTORC1.49,50 Furthermore, HSP90AA1-mediated autophagy 
contributes to chemoresistance; in osteosarcoma cells, HSP90AA1 enhances autophagy through the PI3K/Akt/mTOR 
pathway while suppressing apoptosis via JNK/P38 signaling.51 In HCC, nuclear HSP90AA1 interacts with host cell 
factor 1 (HCFC1) to occupy the TFEB promoter, maintaining TFEB transcriptional activity and nuclear localization. This 
leads to upregulation of LC3 and p62, sustaining autophagy–lysosomal gene expression essential for mitochondrial 
quality control (MQC).48,51

These observations suggest that USP9X-mediated stabilization of HSP90AA1 may contribute not only to tumor 
growth, but also to autophagic regulation and metabolic adaptation in HCC. Previous studies have shown that USP9X 
promotes autophagy and drug resistance in HCC through stabilization of p53.52 Our findings extend this model by 
identifying HSP90AA1 as an additional downstream effector through which USP9X drives malignant progression. We 
therefore speculate that the USP9X–HSP90AA1 axis may orchestrate a broader proteostatic and metabolic program 
involving autophagy- and stress-response pathways, thereby enhancing tumor cell survival under adverse conditions. 
Further investigation of these downstream events will help clarify the molecular basis by which HCC sustains adaptive 
resilience. From a translational perspective, the upregulation of USP9X in HCC tissues and its association with poor 
prognosis indicate that USP9X may have value not only as a functional oncogenic driver, but also as a potential 
prognostic biomarker. Evaluation of USP9X expression may assist in identifying patients with more aggressive disease 
and improve risk stratification for individualized clinical management.

Despite the robustness of our data, several limitations should be acknowledged. First, this study primarily focuses on 
the direct interaction between USP9X and HSP90AA1, while the global signaling network affected by HSP90AA1 
stabilization remains incompletely characterized. Second, potential cofactors or interacting partners of USP9X and 
HSP90AA1 were not investigated. Third, the lack of selective inhibitors targeting the USP9X–HSP90AA1 interaction 
currently limits immediate translational application.

Future research should therefore pursue three directions: (1) Systematic identification of HSP90AA1 client proteins in 
HCC using quantitative proteomics and interactome mapping; (2) Development or screening of small-molecule inhibitors 
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that selectively disrupt the USP9X–HSP90AA1 interaction; (3) Validation of this pathway’s therapeutic relevance in 
physiologically representative orthotopic HCC models, assessing its effects on tumor growth, metastasis, and drug 
responsiveness.

In conclusion, this study identifies USP9X as a critical deubiquitinase of HSP90AA1 and elucidates the USP9X– 
HSP90AA1 axis as a novel molecular mechanism promoting HCC malignancy (Figure 8). These findings expand the 
understanding of deubiquitination-mediated proteostasis in liver cancer and provide a theoretical and experimental 
foundation for developing USP9X-based prognostic tools and therapeutic strategies in HCC.
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