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Abstract. Stomatin‑like protein 2 (STOML2) has emerged as 
a key oncoprotein in hepatocellular carcinoma (HCC), with its 
regulation being associated with tumor progression and poor 
patient prognosis. The present mechanistic review delineates 
how STOML2 functions as a central hub to promote HCC 
malignancy, which is primarily through constitutive activa‑
tion of the PI3K/AKT signaling pathway. Direct mechanisms 
are detailed, including how STOML2 binds to the PI3K 
p85 subunit to stabilize the PI3K complex, promoting indi‑
rect modulations. These include potential interactions with 
receptor tyrosine kinases and negative regulators, such as 
PTEN, a number of which, while plausible, await definitive 
validation in HCC‑specific models. The subsequent activation 
of the PI3K/AKT cascade by STOML2 drives key hallmarks 
of cancer, enhancing cell proliferation, suppressing apoptosis, 
potentiating invasion and metastasis through epithelial‑mesen‑
chymal transition, and contributing to chemotherapy resistance. 
Furthermore, the present review summarizes the upstream 
regulatory networks controlling STOML2, encompassing 
transcriptional, epigenetic and post‑translational mecha‑
nisms, in addition to evaluating the therapeutic potential of 
targeting the STOML2/PI3K/AKT axis. Through integrating 
established evidence with clearly defined knowledge gaps, the 
present review provides a foundational framework for future 
research and the development of STOML2‑directed diagnostic 
and therapeutic strategies for HCC.
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1. Introduction

Epidemiology and treatment challenges of hepatocellular 
carcinoma (HCC). HCC ranks sixth globally in terms of 
incidence among malignant tumors and is the third leading 
cause of cancer‑related mortalities, with particular prevalence 
in Asia (1). Current treatment modalities for HCC primarily 
include surgical resection, liver transplantation, radiotherapy, 
local ablation and targeted therapy, with the latter typically 
focusing on key oncogenic signaling pathways, such as the 
PI3K/AKT pathway (2). Due to the insidious presentation of 
symptoms during the early stages, the majority of HCC cases 
are first diagnosed already at an advanced stage, limiting 
curative treatment options. For such patients, systemic therapy 
remains the mainstay, yet survival rates remain low. HCC 
exhibits high recurrence rates, metastatic potential and drug 
resistance, with particularly high postoperative recurrence 
rates (3). Early recurrence indicates a poor prognosis, which is 
frequently associated with numerous factors, including micro‑
vascular invasion (MVI), albumin‑bilirubin classification, 
satellite lesions and a high tumor burden score (4). Therefore, 
further investigations into the molecular mechanisms and 
influencing factors of HCC development are key in identifying 
novel diagnostic biomarkers and therapeutic targets.

Overview of the biological properties of stomatin‑like protein 2 
(STOML2). STOML2 is a member of the stomatin superfamily 
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and a membrane‑associated protein. It is primarily localized 
to the inner mitochondrial membrane; however, it was initially 
discovered on the surfaces of red blood cell membranes (4). The 
protein contains a number of conserved domains, including 
the characteristic stomatin/prohibitin/flotillin/HflK/C domain 
(also known as the band 7 domain) and a coiled‑coil domain, 
and functions as a scaffold protein that regulates membrane 
protein localization, mainly influencing mitochondrial 
dynamics (5). In normal cells, STOML2 participates in various 
physiological processes, including maintaining cell membrane 
stability and regulating ion channel activity (6).

Research background regarding STOML2 in tumors. In 
tumor cells, STOML2 expression levels frequently undergo 
abnormal changes, which are closely associated with tumori‑
genesis and progression (7). Extensive evidence has indicated 
that STOML2, as a lipid raft‑associated protein, exhibits 
markedly elevated expression in a variety of malignancies, 
including esophageal carcinoma, breast cancer and other 
solid tumors, as well as hematological malignancies. Its 
expression levels are positively associated with tumor staging, 
metastasis and poor prognosis (8,9). For the present review, 
a systematic survival analysis was conducted to assess the 
prognostic value of STOML2 expression across different 
cancer types using clinical survival data from the Human 
Protein Atlas (HPA) database (version  23.0; https://www.
proteinatlas.org/). Standardized survival datasets for multiple 
cancer types, including breast cancer, liver hepatocellular 
carcinoma (LIHC) and renal cell carcinoma, were down‑
loaded from the HPA. Data processing and visualization were 
performed using R software (version 4.3.1; R Foundation for 
Statistical Computing; https://www.R‑project.org/)  (10,11) 
with relevant bioinformatics packages, such as survival 
(https://cran.r‑project.org/package=survival) and survminer 
(https://cran.r‑project.org/package=survminer). Kaplan‑Meier 
survival curves were plotted, and differences between the 
groups were compared using the log‑rank test. For each 
cancer type, samples were dichotomized into STOML2‑high 
and STOML2‑low expression groups based on the median 
expression value of STOML2 across the respective cohort. 
The analysis of overall survival revealed that high STOML2 
expression was significantly associated with poor prognosis 
in both breast cancer (P<0.001) and LIHC (P<0.001). By 
contrast, high STOML2 expression exhibited a potentially 
favorable prognostic trend in renal cell carcinoma (P<0.001). 
Throughout the current review, P<0.05 was considered to 
indicate a statistically significant difference. These clinical 
phenotype data support the rationale for investigating the 
mechanism by which STOML2 promotes HCC progression in 
the current review.

Central role of the PI3K/AKT signaling pathway in HCC. 
As a pivotal signaling hub, the PI3K/AKT pathway serves as 
a regulator of cellular survival and proliferation. In HCC, 
this pathway exhibits abnormal activation in >50% of cases, 
making it a core driver of HCC initiation and progres‑
sion (12). Upon activation, PI3K catalyzes the conversion of 
phosphatidylinositol‑4,5‑bisphosphate (PIP2) into phospha‑
tidylinositol‑3,4,5‑trisphosphate (PIP3). PIP3 further recruits 
AKT to the cell membrane and induces its phosphorylation; 

activated AKT then phosphorylates various downstream 
substrates, such as mTOR and GSK‑3β, extensively regulating 
a plethora of biological processes in HCC, including cell cycle 
progression, protein synthesis, glucose metabolism, apoptosis 
resistance, epithelial‑mesenchymal transition (EMT) and 
metastasis (13). At present, targeting the PI3K/AKT pathway has 
become a key therapeutic direction for HCC management (14). 
Gene Set Enrichment Analysis (GSEA) was performed to 
investigate signaling pathway enrichment in samples with 
differential STOML2 expression. The analysis utilized The 
Cancer Genome Atlas (TCGA)‑LIHC cohort dataset, which was 
accessed and downloaded from the Genomic Data Commons 
portal (https://portal.gdc.cancer.gov/). Gene expression data 
(RNA‑Seq by Expectation‑Maximization normalized counts) 
were log2‑transformed. Samples were dichotomized into 
‘STOML2‑high’ and ‘STOML2‑low’ expression groups based on 
the median expression value of STOML2 across the entire cohort. 
GSEA was conducted using the GSEA software (version 4.3.2; 
Broad Institute) (15), available from https://www.gsea‑msigdb.
org/gsea/index.jsp, with the canonical signaling pathway 
gene sets (c2.cp.v2023.2.Hs.symbols.gmt) obtained from the 
Molecular Signatures Database (16) (https://www.gsea‑msigdb.
org/gsea/msigdb). Enrichment analysis was run with 1,000 
permutations. A gene set was considered significantly enriched 
if it met the following thresholds: |normalized enrichment score 
(NES)|>1, nominal P<0.05, and false discovery rate (FDR) 
q‑value <0.25. The analysis demonstrated significant enrich‑
ment of the PI3K/AKT signaling pathway in STOML2‑high 
expression samples [enrichment score (ES)=0.594; NES=1.733; 
FDR q‑value=2.004x10‑7]. Concurrently, the MAPK pathway 
(ES=0.566; NES=1.625; FDR q‑value=5.299x10‑6) and Wnt 
pathway (ES=0.592; NES=1.637; FDR q‑value=4.204x10‑4) 
were also markedly enriched (Fig. 1).

2. Expression characteristics and clinical importance of 
STOML2 in HCC

High expression of STOML2 in HCC tissues and cell lines
Tissue level. At the tissue level, numerous studies have demon‑
strated that both STOML2 mRNA transcripts and STOML2 
protein levels are notably higher in HCC tissues compared 
with those in adjacent normal liver tissues, as evidenced by 
techniques including reverse transcription‑quantitative PCR, 
western blotting and immunohistochemistry (17,18). In the 
present study, a paired comparative analysis of STOML2 
transcript levels was performed using the aforementioned 
TCGA‑LIHC cohort. As shown in Fig. 2, the log2(transcripts 
per million +1) value of STOML2 was significantly higher in 
HCC tumor tissues compared with that in matched adjacent 
non‑cancerous tissues from the same patients (P<0.001). 
The statistical significance was determined using a paired 
two‑tailed Student's t‑test, which is appropriate for comparing 
the means of two related (paired) samples. This finding, 
derived from analysis of TCGA‑LIHC dataset, further demon‑
strated the abnormal upregulation of STOML2 in HCC at the 
transcriptional level.

Cell line level. STOML2 is commonly upregulated in 
established liver cancer cell lines (including Hep3B, Huh‑7, 
MHCC97‑H cells) relative to normal hepatic counterparts, as 
supported by comparative expression analyses (19). 
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Subcellular localization. While STOML2 is primarily 
localized to the inner mitochondrial membrane under physi‑
ological conditions, it undergoes relocalization in HCC cells. 
In the context of HCC, STOML2 is found primarily in the 
cytoplasm and cell membrane, particularly in lipid rafts, which 
is consistent with its altered biological functions in promoting 
tumor progression (20).

Association between STOML2 expression and clinicopatho‑
logical characteristics of HCC. High STOML2 expression 

is markedly associated with multiple adverse clinical and 
pathological characteristics in patients with HCC. Patients 
with elevated STOML2 expression tend to exhibit larger 
tumor volumes, where its expression levels progressively 
increase with advancing TNM staging, particularly in patients 
with stage III‑IV disease (21). In terms of histological differ‑
entiation, STOML2 expression is generally higher in poorly 
differentiated HCC tissues compared with that in moderately 
or well‑differentiated groups, suggesting that its expression 
level is associated with the degree of tumor malignancy (22). 
Notable upregulation of STOML2 has been observed in 
patients with HCC and MVI or portal vein tumor thrombus, 
further indicating the potential involvement of this protein in 
HCC invasion (23). High STOML2 expression is also associ‑
ated with an increased risk of lymph node metastasis, since 
its expression levels have been shown to be markedly higher 
in cases with extrahepatic metastasis compared with those in 
patients who are non‑metastatic. In one previous study, the 
STOML2 protein exhibited a significantly higher positive 
expression rate in the distant metastasis group compared 
with that in the non‑metastatic group (94.4 vs. 58.3; P<0.05), 
suggesting a potential positive association between STOML2 
and distant tumor metastasis  (24). To specifically evaluate 
the prognostic impact of STOML2 in HCC, an independent 
survival analysis was conducted using TCGA‑LIHC cohort. 
The analysis utilized the full dataset from TCGA‑LIHC 
project, comprising RNA‑seq and clinical data for 371 
patients. As in previous analyses, patients were dichotomized 
into STOML2‑high and STOML2‑low expression groups 
based on the median expression value of STOML2 mRNA 
across the cohort. Survival curves were generated using the 
Kaplan‑Meier method, and differences in overall survival 
distributions between groups were compared using the Renyi 
test (a variant of the Cramér‑von Mises test). This rank‑based 
test is sensitive to early differences in survival, and was applied 
with the standard parameter setting (ρ=0.5) to weight such 
early deviations. The analysis demonstrated that STOML2 
expression was significantly associated with the overall 
survival of patients with HCC. As shown in Fig. 3, the overall 
survival of patients in the STOML2‑high expression group 
was significantly lower compared with that in the low‑expres‑
sion group (P<0.001), with a hazard ratio of 10.74 (95% CI, 
6.06‑19.02). This indicates that high STOML2 expression is an 
independent adverse prognostic factor for HCC. Collectively, 
these findings suggest that STOML2 serves a key role in the 
progression and metastasis of HCC. To further evaluate the 
dynamic prognostic accuracy of STOML2, a time‑dependent 
receiver operating characteristic (ROC) curve analysis was 
conducted. This analysis utilized the same TCGA‑LIHC 
cohort (comprising RNA‑seq and clinical data for 371 patients 
with HCC), ensuring consistency with the preceding survival 
analysis. STOML2 mRNA expression levels, represented as 
continuous log2 (transcripts per million + 1) values, served 
as the sole predictive variable. The primary outcome was 
1‑year overall survival. The analysis was performed using R 
software (version 4.3.1); specifically, the timeROC package 
(version 0.4) was employed to compute the time‑dependent 
ROC curves and the corresponding area under the curve 
(AUC) value at the 1‑year time point. The timeROC package 
implements a nonparametric inverse probability of censoring 

Figure 2. Paired analysis of STOML2 expression in HCC and matched 
adjacent non‑cancerous tissues. STOML2 expression levels [log2(TPM+1)] 
are shown in paired tumor and adjacent non‑tumor tissue samples from the 
same patients with HCC. Data were obtained from The Cancer Genome 
Atlas‑Liver Hepatocellular Carcinoma cohort. Statistical significance was 
determined by paired Student's t‑test (***P<0.001). STOML2, stomatin‑like 
protein 2; HCC, hepatocellular carcinoma; TPM, transcripts per million. 

Figure 1. Gene Set Enrichment Analysis results for PI3K/AKT, MAPK and 
Wnt signaling pathways in STOML2‑high expression samples. The x‑axis 
represents gene rankings sorted by differential expression, whereas the 
y‑axis displays enrichment scores. Curves correspond to the PI3K/AKT 
pathway (ES=0.594; NES=1.733; adjusted P=2.004x10‑7), MAPK pathway 
(ES=0.566; NES=1.625; adjusted P=5.299x10‑6) and Wnt pathway 
(ES=0.592; NES=1.637; adjusted P=4.204x10‑4), indicating significant 
enrichment of these three pathways in the STOML2‑high expression group. 
Data were obtained from The Cancer Genome Atlas‑Liver Hepatocellular 
Carcinoma cohort. STOML2, stomatin‑like protein 2; ES; enrichment score; 
NES; normalized enrichment score. 
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weighting estimator for calculating time‑dependent sensitivity 
and specificity, which properly accounts for right‑censored 
survival data. The package is publicly available from the 
Comprehensive R Archive Network at https://CRAN.R‑project.
org/package=timeROC. As shown in Fig. 4, the AUC value 
of STOML2 for predicting 1‑year overall survival was 0.690. 
An AUC value exceeding the chance‑level threshold of 0.5 
indicates predictive capacity, with the observed value of 0.690 
suggesting a moderate predictive efficiency of STOML2 for 
the short‑term prognosis of HCC (25).

3. Mechanism underlying the STOML2 activation of the 
PI3K/AKT signaling pathway

Direct interaction and regulation
Interaction between STOML2 and p85. p85 is a regulatory 
subunit of PI3K. STOML2 may bind specifically to p85 through 
specific domains, such as the sterile α‑motif. This interaction 
enhances PI3K activity by promoting the formation of a stable 
p85‑p110 heterodimer between p85 and the catalytic subunit 
p110, thereby preventing degradation or conformational inac‑
tivation of free p110 (26). It may also directly enhance PI3K 
catalytic efficiency by relieving the self‑inhibition of p110 by 
p85 through conformational regulation, thereby promoting the 
conversion of PIP2 to PIP3 (27).

Stabilization of the PI3K complex. As a scaffold protein, 
STOML2 may enable the PI3K complex (consisting of the 
p85 regulatory subunit and p110 catalytic subunit) to specifi‑
cally bind with other upstream activators, such as receptor 
tyrosine kinases (RTKs; for example, EGFR or IGF‑1R), or 
localize to specific membrane domains, such as lipid rafts or 
plasma membrane invaginations. This process enhances signal 
proximity, improves signaling efficiency and PI3K complex 
stability, and also ensures directed transmission of down‑
stream signaling (28).

Facilitating AKT membrane recruitment and phosphory‑
lation activation. PIP3 serves as an important anchoring site 
for AKT recruitment to the plasma membrane. STOML2 may 
enhance AKT activation through the following two mecha‑
nisms: i)  Its localization in lipid rafts maintains a locally 
enriched PIP3 microenvironment on the membrane, providing 
a more stable binding site for AKT; or ii)  STOML2 may 

Figure 4. Time‑dependent receiver operating characteristic curve of 
STOML2 for predicting 1‑year overall survival of patients with HCC. The 
ordinate represents sensitivity (TPR) and the abscissa represents 1‑specificity 
(FPR). The AUC value was 0.690, indicating that STOML2 has moderate 
predictive value for 1‑year overall survival of patients with HCC. Data were 
obtained from The Cancer Genome Atlas‑ Liver Hepatocellular Carcinoma 
cohort. STOML2, stomatin‑like protein 2; TPR, true positive rate; FPR, false 
positive rate; HCC, hepatocellular carcinoma; AUC, area under the curve. 

Figure 3. Overall survival curve of patients with HCC stratified by STOML2 expression. The ordinate represents survival probability and the abscissa 
represents follow‑up time (days). The red curve represents the STOML2‑high expression group and the blue curve represents the STOML2‑low expression 
group. HR=10.74 (95% CI, 6.06‑19.02) and P<0.001 indicated that high STOML2 expression was significantly associated with poor overall survival of patients 
with HCC. The P‑value was determined using the Renyi test. Data were obtained from The Cancer Genome Atlas‑ Liver Hepatocellular Carcinoma cohort. 
STOML2, stomatin‑like protein 2; HCC, hepatocellular carcinoma; HR, hazard ratio.
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indirectly assist AKT phosphorylation by recruiting 3‑phos‑
phoinositide‑dependent protein kinase 1 and mTOR complex 
(mTORC)2 to the membrane vicinity, thereby promoting their 
respective phosphorylation of AKT at Thr308 and Ser473 sites, 
ultimately enhancing the stability of the active conformation 
of AKT (29).

Indirect regulation of upstream signals
STOML2 interacts with RTKs. STOML2 resides in lipid 
rafts, which serve as platforms for the signal transduction 
of multiple RTKs. STOML2 may stabilize RTK localization 
on the membrane by affecting lipid raft integrity or directly 
interacting with specific RTKs (such as EGFR), thereby inhib‑
iting their endocytic degradation (30). These actions enhance 
ligand‑induced RTK activation, such as EGFR phosphorylation 
upon binding to EGF, which further promotes the downstream 
recruitment and activation of PI3K, ultimately upregulating 
the PI3K/AKT pathway (31).

Negative regulation of PTEN. PTEN serves as a key nega‑
tive regulator of the PI3K/AKT pathway by directly inhibiting 
AKT activation through the dephosphorylation of PIP3 (32). 
STOML2 may relieve the inhibitory effect of PTEN on the 
PI3K/AKT pathway by affecting PTEN stability, subcel‑
lular localization or through directly/indirectly inhibiting its 
phosphatase activity. Notably, this regulatory pattern has been 
inferred by previous studies in other malignancies (33,34). 
Tripartite motif‑containing 37 has been shown to accelerate 
PTEN ubiquitination and degradation through their interac‑
tion, thereby activating the PI3K/AKT pathway and promoting 
T‑cell acute lymphoblastic leukemia proliferation  (35). 
However, the specific molecular mechanisms by which 
STOML2 regulates PTEN in HCC remain unvalidated and 
require further experimental verification in HCC cell lines or 
animal models.

Synergistic effects with other positive regulators of the 
PI3K/AKT pathway. Activation of the PI3K/AKT pathway 
typically relies on multifactorial cooperation. STOML2 
may interact with, (or function synergistically with,) known 
positive regulators of this pathway. STOML2 has been demon‑
strated to amplify the activation effect on the PI3K/AKT 
pathway by enhancing the binding efficiency between Ras 
and PI3K or by cooperating with GRB2‑associated binding 
protein 1 to recruit PI3K to the membrane vicinity  (36). 
Additionally, STOML2 can participate in cross‑talk between 
the PI3K/AKT pathway and MAPK/Wnt pathway through 
interactions with molecules, such as platelet derived growth 
factor receptor‑β  (37). GSEA revealed co‑enrichment of 
these three pathways in STOML2‑high expression samples, 
suggesting they can synergistically amplify the regula‑
tory effects of STOML2 on malignant phenotypes in HCC. 
However, the specific molecular mechanisms underlying this 
cross‑regulation require further validation.

4. Downstream effects driven by the STOML2/PI3K/AKT 
axis and its pro‑cancer mechanisms

Promotion of cell proliferation and inhibition of apoptosis. 
A previous study conducted in hepatocellular carcinoma cell 
lines has indicated that knocking out STOML2 can suppress 
the expression of the PI3K/AKT/mTOR signaling pathway, 

leading to increased apoptosis and excessive activation of 
autophagy  (38). Consequently, STOML2 upregulation in 
HCC cells may activate the PI3K/AKT signaling pathway to 
promote proliferation. AKT inhibits GSK‑3β activity through 
phosphorylation, blocking its mediation of cyclin D1 degra‑
dation. This leads to the intracellular accumulation of cyclin 
D1, facilitating the transition from G1 to S phase (39). In renal 
carcinoma cells, 6‑gingerol can induce G1 arrest by inhibiting 
the AKT/GSK‑3β/cyclin D1 signaling pathway. Conversely, 
AKT regulates the FOXO family of transcription factors 
by promoting their cytoplasmic retention and inactivation, 
thereby downregulating the expression of cell cycle inhibitors 
p21Cip1 and p27Kip1. This promotes the action of their inhibitory 
effects on cyclin‑dependent kinases, accelerating cell cycle 
progression (40). This mechanism has been observed across 
numerous cancer types. In prostate cancer, AKT activation 
has been shown to suppress FOXO transcription factors, 
reducing p27 expression and promoting cell proliferation (41). 
Similarly, in breast cancer, constitutive AKT signaling leads 
to phosphorylation and cytoplasmic sequestration of FOXO 
transcription factors, resulting in decreased nuclear p27Kip1 
levels and accelerated G1/S phase progression (42). In addi‑
tion, AKT can phosphorylate the pro‑apoptotic protein 
Bad, causing it to bind to 14‑3‑3 proteins and lose activity, 
thereby failing to antagonize the anti‑apoptotic functions 
of Bcl‑2/Bcl‑xL (43). AKT can also directly phosphorylate 
caspase‑9 precursors, inhibiting their activation process and 
blocking the initiation of the apoptotic cascade. In non‑small 
cell lung cancer, AKT regulates the alternative splicing of 
caspase‑9 by phosphorylating the splicing factor SRp30a 
(also known as SRSF1). Phosphorylation of SRp30a by AKT 
enhances its activity and promotes the inclusion of a specific 
exonic sequence in the CASP9 pre‑mRNA. This alternative 
splicing event leads to the predominant production of the 
anti‑apoptotic isoform caspase‑9b, which lacks the catalytic 
domain, instead of the pro‑apoptotic isoform caspase‑9a. 
Consequently, the pro‑apoptotic cascade cannot be initiated, 
thereby promoting tumor cell survival (44). In endometrial 
carcinoma, silencing the S100A8 gene has been shown to 
inhibit AKT phosphorylation, leading to caspase‑9 activation 
and subsequent apoptosis induction (45). These studies collec‑
tively demonstrate the important role of the AKT/caspase‑9 
signaling pathway in tumorigenesis and progression. AKT also 
promotes mouse double minute 2 homolog nuclear transloca‑
tion through phosphorylation, accelerating p53 ubiquitination 
and degradation, thereby weakening p53‑mediated apoptosis 
pathways in various cancer cells, including HCC and 
glioblastoma cells (46). 

Enhancing cell invasion and migration
Inducing EMT. EMT is an important biological process 
through which tumor cells of epithelial origin acquire invasive 
and migratory capabilities. This transition enables tumor cells 
to escape the constraints of intercellular junctions, enhance 
their ability to invade the extracellular matrix and acquire stem 
cell‑like properties (47). The PI3K/AKT pathway serves as the 
core regulator of EMT. STOML2 can activate AKT, which 
phosphorylates and inhibits GSK‑3β activity. This release of 
regulatory control over GSK‑3β allows EMT transcription 
factors to escape phosphorylation‑mediated degradation and 
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become stabilized  (48). This subsequently downregulates 
epithelial markers, such as E‑cadherin and claudin‑1, while 
upregulating mesenchymal markers, such as N‑cadherin, 
vimentin and fibronectin. Consequently, HCC cells lose epithe‑
lial polarity and acquire the migratory and invasive properties 
that are characteristic of mesenchymal cells (49).

Regulation of cytoskeletal remodeling and pseudopodia 
formation. AKT can activate the Rho family of GTPases by 
phosphorylating their guanine exchange factors (or by inhib‑
iting their GTPase‑activating proteins), thereby regulating the 
activity states of these GTPases, such as Rac1 and Cdc42. 
This promotes the reorganization of the actin cytoskeleton, 
the dynamic assembly and dissociation of focal adhesions, 
and the formation of migration‑related pseudopodia, such as 
pseudopodia and filopodia, providing structural support and 
propulsion for the directed migration of HCC cells (50). 

Promotion of extracellular matrix. As a key component 
of the cellular microenvironment, the extracellular matrix not 
only provides structural scaffolding for cells but also regulates 
cell adhesion, migration and survival signaling through inter‑
actions with receptors, such as integrins (51). Under normal 
conditions, synthesis and degradation of extracellular matrix 
components are maintained at a dynamic equilibrium, which 
tumor cells can disrupt to promote invasion and metastasis. 
AKT can upregulate the transcriptional expression and secre‑
tion of MMPs, such as MMP‑2 and MMP‑9, by activating 
mTORC1 or the NF‑κB pathway. These MMPs specifically 
degrade extracellular matrix components, such as collagen 
and laminin, clearing physical barriers for HCC cells to breach 
the basement membrane and invade surrounding tissues (52). 
Therefore, it may be inferred that STOML2 upregulation can 
notably enhance the secretory activity of MMPs in HCC cells, 
thereby promoting their invasion and migration through this 
mechanism.

Promoting angiogenesis. Angiogenesis is a key process that 
enables tumors to obtain nutrients and oxygen after exceeding 
a certain size. This process is initiated when tumor cells, often 
under hypoxic stress, secrete pro‑angiogenic factors such as 
vascular endothelial growth factor (VEGF). VEGF signaling 
activates nearby endothelial cells, prompting their prolif‑
eration, migration and eventual tube formation to create new, 
often disorganized, blood vessels. These newly formed blood 
vessels not only supply the growing tumor but also serve as a 
key prerequisite for distant metastasis. Tumor cells at the inva‑
sive front can intravasate into these immature, leaky vessels, 
enter the systemic circulation, and subsequently spread to 
distant tissues and organs where they may extravasate and 
form secondary tumors (53). Although the role of STOML2 
in HCC angiogenesis has not been directly validated, the 
PI3K/AKT pathway, a key regulator of VEGF expression, 
may represent a potential mechanism (54). STOML2 activates 
AKT, initiating specific cascade reactions. AKT can phos‑
phorylate and inhibit prolyl hydroxylase activity, reducing 
the hydroxylation of hypoxia‑inducible factor‑1α (HIF‑1α). 
This inhibits its ubiquitination and degradation, enhancing its 
accumulation in the nucleus (55). As a notable transcription 
factor, HIF‑1α directly binds to the hypoxia response element 
on the VEGF gene promoter, markedly upregulating VEGF 
transcription and secretion. AKT may also synergistically 

promote the expression of VEGF and other proangiogenic 
factors by activating various transcription factors, such as 
c‑Myc and NF‑κB (56). These factors exert paracrine effects 
on vascular endothelial cells within the tumor microenviron‑
ment, activating their proliferation, migration and luminal 
formation capabilities  (57). However, direct evidence of 
STOML2‑mediated angiogenesis in HCC is currently lacking 
and requires further validation.

Regulation of tumor metabolic reprogramming (Warburg 
effect). Tumor metabolic reprogramming is a hallmark 
adaptation of cancer cells to rapid proliferation demands, 
with the Warburg effect (the preferential use of glycolysis 
for energy production even under aerobic conditions) being 
one of its most prominent metabolic phenotypes (58). This 
metabolic reprogramming not only fuels rapid cancer cell 
proliferation, but also promotes immune evasion and tumor 
progression by altering the tumor microenvironment (59). 
The PI3K/AKT pathway, as a central regulatory hub of 
cellular metabolism, serves a notable role in initiating and 
sustaining the Warburg effect. In addition, STOML2 may 
participate in HCC cell metabolic reprogramming by acti‑
vating this pathway (60). AKT promotes the recruitment of 
glucose transporter type 1 (GLUT1) to the cell membrane 
through phosphorylation, markedly enhancing cellular 
glucose uptake capacity. Simultaneously, AKT directly 
phosphorylates and activates hexokinase, particularly 
hexokinase 2 (which binds to mitochondria to prioritize 
glucose utilization), phosphofructokinase, pyruvate kinase 
and other key rate‑limiting enzymes of glycolysis, acceler‑
ating glucose breakdown into pyruvate through glycolysis. 
Furthermore, AKT upregulates GLUT1 expression by 
activating HIF‑1α, with this regulation being particularly 
pronounced under hypoxic conditions  (61). Furthermore, 
AKT inhibits GSK‑3β activity, thereby releasing its suppres‑
sion of glycogen synthase and promoting glucose storage as 
glycogen, providing cells with stable energy reserves (62). 
These combined regulatory actions enhance glycolytic 
flux in HCC cells, not only rapidly generating ATP to meet 
energy demands, but also supplying intermediates for the 
synthesis of biomolecules, such as nucleotides and amino 
acids, thereby sustaining the continuous proliferation of HCC 
cells (63). The precise mechanism by which STOML2 regu‑
lates the Warburg effect in HCC cells through PI3K/AKT 
pathway activation, including whether it influences lactate 
dehydrogenase activity or metabolic diversion of pyruvate, 
remains to be fully elucidated in HCC models.

Promoting chemotherapy resistance. Chemotherapy resis‑
tance is one of the primary causes of clinical treatment failure 
in HCC and sustained activation of the PI3K/AKT pathway is a 
key mechanism underlying this resistance to specific anticancer 
chemotherapies (64). Previous studies have revealed that phos‑
phatidylinositol‑binding clathrin assembly protein‑interacting 
mitotic regulator can enhance HCC cell resistance to sorafenib 
by activating the PI3K/AKT pathway (65), whereas syndecan‑1 
can promote HCC cell resistance to cisplatin through the 
PI3K/AKT pathway  (66). STOML2 notably reduces HCC 
cell sensitivity to conventional chemotherapeutic agents 
(such as sorafenib, cisplatin, doxorubicin and 5‑fluorouracil) 
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by activating AKT‑mediated anti‑apoptotic and pro‑survival 
signaling, in addition to enhancing DNA damage repair 
capacity. By contrast, STOML2 knockdown or combined 
treatment with the PI3K/AKT pathway inhibitor LY294002 
can effectively reverse this resistance phenotype, restoring 
cellular response to chemotherapy. This discovery identified 
a potential therapeutic target for overcoming chemotherapy 
resistance in HCC (67).

Collectively, the STOML2/PI3K/AKT axis drives multiple 
hallmarks of HCC progression, including sustained prolifera‑
tion, evasion of apoptosis, enhanced invasion and metastasis, 
and therapy resistance. A schematic summary of these mecha‑
nisms, distinguishing between validated pathways in HCC 
and hypotheses extrapolated from other types of cancer, is 
presented in Fig. 5.

5. Upstream regulatory mechanisms of STOML2 expression

Abnormal upregulation of STOML2 in HCC serves as a 
prerequisite for its activation of the PI3K/AKT pathway 
and subsequent promotion of tumor progression. Therefore, 
understanding the reasons behind this abnormal increase of 
STOML2 in HCC is important. 

Transcriptional level regulation
Activation of transcription factors. Abnormally activated 
oncogenic transcription factors in HCC can directly 
target and regulate STOML2 gene transcription  (68). The 
Wnt/β‑catenin pathway, which is frequently abnormally 
activated in HCC, initiates transcription by binding to the 
T‑cell factor/lymphoid‑enhancer factor binding element on 
the STOML2 gene promoter through the β‑catenin/transcrip‑
tion factor 4 complex (69). Additionally, transcription factors 
frequently upregulated in HCC, such as c‑Myc, STAT3 and 
NF‑κB, may synergistically promote STOML2 transcription 
activation by binding to specific sites within its promoter or 
enhancer regions (70).

Epigenetic regulation of STOML2 expression. i) DNA 
methylation. Methylation of CpG islands in gene promoter 
regions typically suppresses transcription. The hypometh‑
ylation observed in the STOML2 promoter region may 
contribute to its elevated expression in HCC. Downregulation 
of methyltransferases or inhibition of their activity in this 
region reduces methylation levels, thereby releasing the 
suppression of transcription initiation  (71); however, the 
specific methylation sites and regulatory patterns in HCC 
require further validation.

Figure 5. Schematic illustration of STOML2‑mediated activation of the PI3K/AKT signaling pathway and its regulation of malignant phenotypes in HCC. Solid 
blue lines represent mechanisms experimentally validated in HCC: i) STOML2 (primarily localized in the cytoplasm and lipid rafts of HCC cells) directly 
binds to the p85 regulatory subunit of PI3K, promoting the formation of a stable p85‑p110 heterodimer and enhancing PI3K catalytic activity. ii) Activated 
PI3K converts phosphatidylinositol‑4,5‑bisphosphate to phosphatidylinositol‑3,4,5‑trisphosphate, which recruits AKT to the cell membrane and facilitates its 
phosphorylation (at Thr308 by phosphoinositide‑dependent kinase‑1 and Ser473 by mTOR complex 2). iii) Phosphorylated AKT further activates downstream 
mTOR signaling to promote cell proliferation, phosphorylates GSK‑3β to stabilize EMT transcription factors (Snail, Slug and Twist), thereby downregulating 
epithelial markers (E‑cadherin and claudin‑1) and upregulating mesenchymal markers (N‑cadherin and vimentin), and inhibits apoptosis by phosphorylating 
Bad and caspase‑9. Dashed red lines indicate hypothetical mechanisms extrapolated from other malignancies: i) STOML2 may interact with RTKs to maintain 
RTK membrane localization and inhibit endocytic degradation. ii) STOML2 may promote the ubiquitin‑mediated degradation of PTEN (a negative regulator 
of PI3K/AKT) or block its membrane targeting. iii) Activated AKT could upregulate VEGF expression through hypoxia‑inducible factor‑1α stabilization to 
facilitate angiogenesis. iv) AKT may enhance glucose transporter 1 membrane recruitment and activate glycolytic enzymes to induce the Warburg effect 
(metabolic reprogramming). Notably, these hypothetical mechanisms have not been demonstrated by HCC‑specific experiments and require further validation. 
Boxes denote the final malignant phenotypes of HCC regulated by the STOML2/PI3K/AKT axis, including cell proliferation, invasion/migration, apoptosis 
inhibition and chemoresistance (to sorafenib, cisplatin and 5‑fluorouracil). This figure was created using Adobe Illustrator (version 27.0; Adobe Inc.). HCC, 
hepatocellular carcinoma; STOML2, stomatin‑like protein 2; EMT, epithelial‑mesenchymal transition; RTKs, receptor tyrosine kinases.
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ii) Histone modifications. Histone modifications regulate 
gene expression by altering chromatin accessibility. In HCC, 
the STOML2 promoter region is hypothesized to accumulate 
activating histone modifications such as H3K27ac, mediated 
by activating histone acetyltransferases, while simultaneously 
reducing repressive modifications. While specific histone 
modifications at the STOML2 promoter in HCC require 
experimental validation, general dysregulation of histone 
modifiers (e.g., acetyltransferases and deacetylases) contrib‑
uting to oncogene activation has been documented in HCC. 
This creates an open chromatin state, facilitating transcription 
factor binding and initiating transcription (72). 

iii) Non‑coding RNA regulation. Certain tumor‑suppressing 
microRNAs (miRNAs/miRs), such as miR‑101, miR‑139‑5p or 
miR‑485‑5p, can directly induce STOML2 mRNA degradation 
or inhibit translation by specifically binding to its 3'‑untrans‑
lated region (UTR), thereby limiting STOML2 expression 
under normal physiological conditions. However, in HCC, these 
tumor‑suppressing miRNAs are frequently downregulated due 
to gene segment deletions, abnormal promoter methylation or 
dysfunction in upstream regulatory pathways, markedly weak‑
ening their inhibitory effect on STOML2 (73). Concurrently, 
long non‑coding RNAs (lncRNAs), such as LINC00662 
and HOTAIR, or circular RNAs (circRNAs), including 
circ_0000517, which are highly expressed in HCC, can function 
as competitive endogenous RNAs (ceRNAs), acting as ‘molec‑
ular sponges’. LINC00662 can sequester miR‑101, reducing its 
binding opportunity with STOML2 mRNA, thereby relieving 
the miRNA‑mediated translational repression of STOML2 
and further promoting its upregulation (74). It has also been 
demonstrated that this lncRNA/circRNA/miRNA/STOML2 
ceRNA regulatory network in HCC can enhance activation of 
the PI3K/AKT pathway by upregulating STOML2, ultimately 
promoting malignant biological behaviors, such as tumor cell 
proliferation and invasion (75).

Post‑transcriptional and translational regulation. 
Post‑transcriptional and translational regulation may influ‑
ence STOML2 mRNA stability and translation efficiency. 
The competitive regulatory mechanisms involving monocyte 
chemotactic protein‑induced protein 2 and insulin‑like growth 
factor 2 mRNA‑binding protein 1 observed in breast cancer 
angiogenesis may similarly apply to HCC (76). With regard to 
mRNA stability, RNA‑binding proteins can regulate STOML2 
mRNA half‑life by recognizing specific sequences, including 
AU‑rich elements in the 3'‑UTR (77). Oncoproteins abnor‑
mally upregulated in HCC may bind to STOML2 mRNA, 
inhibiting its degradation by nucleases and notably prolonging 
mRNA survival. By contrast, downregulation of tumor 
suppressor RNA‑binding proteins may weaken this inhibitory 
effect on mRNA stability, indirectly promoting STOML2 
mRNA accumulation (78). Furthermore, in terms of transla‑
tion efficiency, STOML2 mRNA translation may be regulated 
by certain intracellular signaling pathways. The mTOR 
pathway, frequently activated in HCC, can promote transla‑
tion initiation by phosphorylating translation initiation factors, 
such as eukaryotic translation initiation factor 4E (EIF4) 
binding protein 1, thereby releasing its inhibition on EIF4 and 
facilitating ribosomal binding to STOML2 mRNA to accel‑
erate translation initiation (79,80). Furthermore, the 5'‑UTR 

structure of STOML2 mRNA may influence translation recog‑
nition and binding efficiency, thereby regulating STOML2 
protein synthesis. These potential post‑transcriptional and 
translational regulatory mechanisms may synergize with tran‑
scriptional control to contribute to maintaining high STOML2 
expression levels in HCC, which would provide a sufficient 
protein basis for its activation of the PI3K/AKT pathway (81).

Regulation of protein stability. Accumulation of the STOML2 
protein in HCC not only depends on transcriptional and 
translational upregulation, but is also closely associated with 
enhanced protein stability, a process primarily regulated by 
the intricate network of post‑translational modifications. The 
ubiquitin‑proteasome system, as a core pathway in protein 
degradation, serves a pivotal role in regulating STOML2 
stability (82). Under normal conditions, STOML2 is recognized 
by specific E3 ubiquitin ligases and undergoes ubiquitination, 
leading to degradation by the proteasome (83). However, in 
HCC, impaired function of these E3 ubiquitin ligases, due to 
downregulation (as observed for regulators such as MDM2 
or FBXW7 in certain HCC contexts), genetic mutations or 
blockade by oncoprotein binding, markedly reduces STOML2 
ubiquitination. Concurrently, upregulated deubiquitinating 
enzymes in HCC; for example, ubiquitin‑specific peptidases 
such as USP7 or USP22, which are often upregulated in HCC 
and known to stabilize various oncoproteins, may specifically 
remove ubiquitin chains from STOML2 molecules, further 
inhibiting its degradation (84). This dual mechanism collec‑
tively prolongs the STOML2 protein half‑life and enhances its 
stability, ultimately leading to notable intracellular accumula‑
tion. Additionally, other post‑translational modifications may 
indirectly influence its stability. Kinase‑mediated phosphory‑
lation of STOML2, potentially by kinases such as AKT, protein 
kinase C or ERK, which are frequently hyperactivated in HCC 
and known to phosphorylate scaffold or membrane‑associated 
proteins, can alter its spatial conformation, making it harder 
for E3 ligases to recognize or promote its binding to chap‑
erone molecules, including heat shock proteins, to form stable 
complexes (19). Acetylation modifications may enhance struc‑
tural stability through similar mechanisms (85). Furthermore, 
these modifications may synergistically regulate the subcellular 
localization of STOML2, maintaining its enrichment within 
lipid rafts to ensure effective activation of the PI3K/AKT 
pathway, thereby amplifying its oncogenic functions (6). 

6. Therapeutic strategies and prospects for liver cancer 
targeting the STOML2/PI3K/AKT axis

Direct strategies targeting STOML2. Among direct therapeutic 
interventions targeting STOML2, gene silencing technology 
currently represents the primary approach (86). RNA inter‑
ference employs small interfering RNA (siRNA) or short 
hairpin RNA designed to target STOML2 mRNA. Delivered 
into HCC cells through viral (adenovirus) or non‑viral 
vectors, these agents specifically degrade the target mRNA 
and knock down STOML2 expression  (87). Both in  vitro 
and in vivo studies have demonstrated that this intervention 
can effectively suppress HCC cell proliferation, invasion and 
migration, while inducing apoptosis and enhancing sensitivity 
to chemotherapeutic agents (88‑90).
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The development of small‑molecule inhibitors faces 
notable challenges. Since STOML2 primarily functions as 
a scaffold protein through protein‑protein interactions and 
lacks the typical active pockets found in enzymes, directly 
designing small molecules that can block its interactions is 
difficult (91). This underscores the importance of resolving 
the precise structural details of the interaction interfaces 
of STOML2 with key partners. Only by elucidating the 
molecular basis of these interactions can techniques, such as 
virtual screening, structure‑based drug design or fragment 
screening, be employed to identify small‑molecule compounds 
or peptide mimetics capable of competitively binding to the 
interaction surfaces. Such compounds would disrupt the 
binding of STOML2 to downstream molecules and block its 
function (92). Despite current technical challenges, the field 
retains potential for developments with ongoing advancements 
in structural biology techniques.

Targeting the downstream PI3K/AKT pathway
PI3K inhibitors. Inhibitors include pan‑PI3K inhibitors, 
subtype‑selective PI3K inhibitors and dual PI3K/mTOR 
inhibitors (93). However, monotherapy yields limited efficacy 
due to compensatory pathway activation, such as upregula‑
tion of the MAPK/ERK pathway, feedback enhancement of 
RTK signaling, or mTORC2‑mediated re‑activation of AKT, 
and frequently induces adverse reactions, including hypergly‑
cemia, rash and hepatotoxicity. Therefore, combination with 
other therapies is necessary to enhance outcome (94). 

AKT inhibitors. AKT inhibitors can be categorized into the 
following two types: i) Allosteric inhibitors, such as MK‑2206, 
which block AKT activation by binding to its pleckstrin 
homology domain; and ii) ATP‑competitive inhibitors, such 
as ipatasertib and capivasertib (95). Preclinical studies have 
indicated that MK‑2206 can markedly inhibit tumor growth in 
HCC mouse models (96,97), with its efficacy potentially being 
associated with STOML2 upregulation. STOML2‑activated 
AKT enhances drug sensitivity. However, the majority of AKT 
inhibitors remain in the early clinical trial phases (98). 

mTOR inhibitors. mTORC1 inhibitors, such as rapamycin 
and its derivative everolimus, have been approved for the 
second‑line treatment of advanced HCC. In a preclinical study 
it has been suggested that dual mTORC1/mTORC2 inhibitors 
demonstrate more potent antitumor activity than single‑pathway 
inhibitors, by further blocking downstream AKT signaling (99). 
Further related clinical trials are currently underway (100,101). 

Other approaches. Given the complexity of the PI3K/AKT 
pathway and tumor heterogeneity, combination therapy has 
emerged as a key strategy to enhance treatment efficacy. 
Combining EGFR inhibitors (erlotinib), MEK inhibitors 
(trametinib) or anti‑angiogenic agents (sorafenib and lenva‑
tinib) works to synergistically block numerous oncogenic 
pathways to enhance outcomes. This combinatorial approach 
of co‑targeting parallel pathways demonstrates broader thera‑
peutic potential beyond specific cancer types. For example, 
the conceptual rationale, that vertical or horizontal pathway 
blockade can overcome resistance, is supported by evidence 
in other malignancies. In glioblastoma, combining EGFR 
inhibitors with PI3K inhibitors can simultaneously suppress 
both the EGFR/ERK and PI3K/AKT/mTOR pathways, mark‑
edly inhibiting tumor growth and prolonging survival (102). 

This provides a proof‑of‑concept that informs analogous 
combination strategies in HCC. Pathway inhibitors may also 
be combined with immune checkpoint inhibitors. Activation 
of the PI3K/AKT pathway induces tumor immune escape, 
with preclinical studies in cancers such as osteosarcoma (103) 
and glioma (104) demonstrating that PI3Kβ inhibitors can 
enhance the efficacy of anti‑programmed cell death protein 1 
antibodies (103,104). 

Targeting upstream regulatory factors. Intervening in the 
upstream regulatory factors of STOML2 to indirectly reduce 
its expression, offers an alternative approach for targeted 
therapy. This primarily involves modulating non‑coding 
RNA regulatory networks to restore the expression of 
tumor‑suppressing miRNAs (105). In HCC, downregulated 
tumor‑suppressing miRNAs, such as miR‑101 and miR‑139‑5p, 
enhance STOML2 expression. Increasing tumor‑suppressing 
miRNA levels (through mimics) can reinstate inhibition of 
STOML2 mRNA and reduce STOML2 expression. Current 
challenges for this strategy include ensuring the stability and 
delivery efficiency of miRNA mimics in vivo to guarantee 
consistent function within HCC tissues (106). Inhibiting onco‑
genic lncRNAs or circRNAs represents another key pathway. 
LINC00662 and circ_0000517, which are upregulated in 
HCC, can act as ‘molecular sponges’, trapping large quanti‑
ties of tumor‑suppressing miRNAs and thereby elevating 
STOML2 expression  (107). For such regulatory factors, 
specific antisense oligonucleotides or siRNAs can be designed 
to degrade target lncRNAs/circRNAs or inhibit their func‑
tion, thereby reducing their adsorption effect. This allows 
miRNAs to re‑target STOML2 and suppress its expression. 
However, this approach faces particular uncertainties, such as 
ensuring sufficient in vivo delivery to tumor tissue, avoiding 
off‑target effects and overcoming the potential instability of 
these oligonucleotide agents (108). Other notable challenges 
include the risk of unintended immune stimulation, achieving 
tissue‑specific targeting, and the unknown long‑term safety 
and feasibility of large‑scale production for clinical use (109).

In comparison with previous reviews on STOML2 or 
the PI3K/AKT pathway in cancer (54,75), the present review 
provides a dedicated and mechanistic summary focusing 
specifically on HCC. Not only was the established evidence 
that STOML2 drives HCC malignancy through PI3K/AKT 
activation outlined, and its potential association with other 
pathways (such as MAPK and Wnt pathways) indicated by 
enrichment analyses noted, but the present review also criti‑
cally delineated the boundaries between validated mechanisms 
and speculative extrapolations from other cancer types (such 
as angiogenesis and PTEN regulation). By integrating clinical 
data, upstream regulatory networks and therapeutic targeting 
strategies, the present review presents a comprehensive frame‑
work that highlights STOML2 as a central node and pinpoints 
precise knowledge gaps, thereby offering a clearer direction 
for future translational research in HCC.

7. Conclusions and outlook

Overall, the STOML2/PI3K/AKT signaling axis represents 
a key mechanism driving malignant progression in HCC. 
Further elucidating the molecular mechanisms of this axis and 
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developing effective, precision‑targeted therapeutic strategies 
represent promise for enhancing HCC diagnosis, prognosis 
assessment and treatment efficacy, thereby offering patients 
with liver cancer greater survival prospects.
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