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Abstract. Metastasis is one of the major reasons for patient 
mortality in hepatocellular carcinoma (HCC), and the 
progression of HCC to a metastatic state depends on the local 
microenvironment. Hypoxia is a key condition affecting the 
microenvironment of HCC. Currently, various studies have 
shown that the expression of hypoxia‑ainducible factor‑1α 
(HIF‑1α) is associated with the invasion and metastasis of 
HCC. High expression of HIF‑1α often leads to poor prognosis 
in patients with HCC. In this review, the molecular structure 
of HIF‑1α is described, and the expression pattern of HIF‑1α 
in HCC under hypoxia, which is associated with metastasis 
and poor prognosis in HCC, is explained. The molecular 
mechanisms of HIF‑1α function and the metastasis of HCC 
are further discussed. The modulation of HIF‑1α can reduce 
sorafenib resistance and improve the prognosis of patients 
after TACE. Therefore, HIF‑1α may be a critical target for 
inhibiting HCC metastasis in the future.
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1. Introduction

Hepatocellular carcinoma (HCC) is the most frequently 
diagnosed cancer worldwide and the fourth leading cause of 
cancer‑related mortality (1). According to the Global Cancer 
Burden Data Report from the Global Cancer Observatory plat‑
form (https://gco.iarc.fr/projects), World Health Organization, 
there were 905,677 new cases of liver cancer in 2020, of which 
72.5% occurred in Asia. The total deaths from liver cancer 
were 830,180 in 2020. Despite the advances in surgical exci‑
sion and systematic treatment, the prognosis of patients with 
HCC remains poor (2). This may be due to the high rate of 
tumor recurrence and metastasis. Hypoxia is a hallmark of the 
solid tumor microenvironment. Activation of the transcription 
factor hypoxia‑inducible factor (HIF) enables cancer cells to 
adapt to the hypoxic environment via the transactivation of 
downstream target genes (3). The human genome encodes 
three different HIF subtypes: HIF‑1α, HIF‑2α and HIF‑3α (4). 
Recent studies have shown that the HIF‑2α expression level 
in HCC is correlated with clinical progression and poor 
survival (5), which promotes HCC metastasis by promoting the 
epithelial‑mesenchymal transition (EMT) pathway, promoting 
lncRNA NEAT1 activation and inducing stem cell factor (SCF) 
transcription (6‑8). Moreover, HIF‑1α plays an important role 
in HCC metastasis under hypoxic conditions (9), but the under‑
lying mechanism remains unclear. This review focuses on the 
role of HIF‑1α in tumor metastasis, including linked signaling 
pathways, their impact on the resistance to current first‑line 
therapies, and their implication in future therapies. HIF‑1α is 
expected to become a critical target for the treatment of HCC 
in the future.

2. The structure and biological function of HIF‑1α

The significant sequelae of most solid tumors include hypoxia 
and necrosis. Abnormal tumor microvessels, blocked micro‑
circulation, and impaired diffusion lead to insufficient or no 
oxygen supply in the tumor microenvironment (TME) (10). 
HIF is an important biosensor for the oxygen concentration in 
tumors. HIF is a heterodimer that consists of an O2‑sensitive 
HIF‑1α subunit and an O2‑insensitive HIF‑1β subunit (11).

Hypoxia‑induced gene expression mainly depends on the 
stability of the α subunit of HIF‑1α, which is an oxygen‑unstable 
subunit whose transcriptional activity is regulated by cellular 
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oxygen tension (12). HIF‑1α has two transactivation domains 
(TAD). The COOH terminal transactivation domain (C‑TAD) 
is located in amino acid residues from 786 to 826 in humans. 
The C‑TAD is recruited by co‑activators, and the co‑activators 
CBP and p300 regulate the transactivation of target genes (13). 
The NH2‑terminal transactivation domain (N‑TAD) is located 
in a region called the oxygen‑dependent degradation domain 
(ODDD), which is positioned in amino acid residues from 
400 to 600 (Fig. 1A). The ODDD is only recognized by 
von Hippel‑Lindau tumor suppressor protein (pVHL) under 
normoxic conditions, and pVHL is required to mediate the 
degradation of HIF‑1α in the ubiquitin‑proteasome pathway. 
The ODDD contains two key proline residues that target 
hydroxylation under normoxic conditions. Under normal 
oxygen levels, HIF‑1α undergoes hydroxylation of the proline. 
It is then recognized by the pVHL E3 ligase and degraded by 
the proteasome (14). In a hypoxic environment, an inadequate 
oxygen supply leads to impaired hydroxylation and degrada‑
tion of the HIF‑1α. This causes the HIF‑1α to stabilize and 
the stable HIF‑1α is then transferred to the nucleus. It acts as 
a heterodimer trans‑activator with a nuclear protein called an 
aryl hydrocarbon receptor nuclear transposer (ARNT). The 
resulting heterodimer (HIF‑1α/ARNT) specifically interacts 
with the hypoxia response element (HRE) to increase the tran‑
scription of genes involved in angiogenesis, erythropoiesis, 
and glycolysis (15). The HIF‑1α and HIF‑1β play critical roles 
in angiogenesis, proliferation, invasion, and cancer metabo‑
lism (16,17). Therefore, the ODDD controls the activity and 
stability of the α subunit, and the carboxy‑terminal region of 
the HIF‑1α represents the stability domain of the protein.

The HIF1A and HIF‑1β genes are expressed in various 
tissues in humans. HIF1A mRNA expression was found to be 
stable in most tissue culture cell lines and was not affected 
by cellular oxygen tension (18,19). Hypoxia does not increase 
HIF1A because hypoxia stabilizes the HIF‑1α protein primarily 
through post‑translational modifications (20). In contrast to 
those observed in vitro, HIF1A mRNA levels were found to 
be significantly elevated in the brain, heart, kidney, lung, and 
skeletal muscle in vivo in response to hypoxia (21). The HIF‑1α 
protein can be rapidly degraded by the ubiquitin‑proteasome 
system under normal oxygen conditions (22,23). Therefore, the 
stability of HIF‑1α is the main determinant of HIF‑1α activity.

HIF‑1α has been confirmed to be closely related to tumor 
metastasis, but the role of HIF‑1α in the metastasis of primary 
HCC has not been systematically discussed. This review aims 
to comprehensively elaborate on the role of HIF‑1α in the 
metastasis of HCC.

3. Expression and prognosis of HIF‑1α in hepatocellular 
carcinoma

Increased expression of HIF‑1α in hepatocellular carcinoma. 
The progression of hepatocellular carcinoma (HCC) depends 
on its local microenvironment. Hypoxia and inflamma‑
tion are two key factors affecting the microenvironment of 
HCC (24,25). Under moderate hypoxia, the stability of HIF‑1α 
is increased and tumor‑associated macrophages secrete more 
interleukin‑1β (IL‑1β). In the presence of persistent and 
severe hypoxia, the necrotic debris of HCC cells mediates the 
release of potent IL‑1β from tumor‑associated macrophages 

with an M2 phenotype via interferon‑β/nuclear factor 
kappa‑light‑chain‑enhancer containing Toll‑like receptor 
4/TIR domains that activate B‑cell signaling. The IL‑1β in 
HCC cells promotes HIF‑1α synthesis through cyclooxygenase 
2 (COX‑2) (26). Inflammation and hypoxia interact to promote 
the development of tumors (Fig. 1B‑a).

In addition to the interaction of hypoxia and inflam‑
mation, the increase in epigenetic regulators and the 
Dishevelled‑associated activator of morphogenesis (DAAM) 
can also promote the high expression of HIF‑1α in hepatoma 
cells. As an epigenetic regulator, histone deacetylase (HDAC) 
is essential for activating gene transcription under physiological 
conditions and is also involved in the occurrence and develop‑
ment of tumors. HDAC5 is a histone deacetylase with a high 
expression in HCC. An increase in HDAC5 leads to silencing 
of homeodomain‑interacting protein kinase‑2 (HIPK2), which 
induces the transcription of HIF‑1α resulting in high expression 
of HIF‑1α (27) (Fig. 1B‑b). DAAM consisting of DAAM1 and 
DAAM2 mainly mediates the coordination of form‑dependent 
actin remodeling (28). DAAM controls cell shape and polar‑
ized cell growth by regulating the actin cytoskeleton. In HCC 
cells, DAAM2 is a Wnt signal transduction effector that acts 
downstream of the Wnt ligand and upstream of β‑catenin. 
DAAM2 reduces Von Hippel‑Lindau (VHL) expression and 
thus upregulates HIF‑1α (29) (Fig. 1B‑c).

Pseudohypoxia also causes HIF‑1α hyperexpression. 
Activated hepatic stellate cells promote epithelial‑mesen‑
chymal transformation (EMT) in HCC through pseudohypoxia 
promoted by transglutaminase 2 (TGM2) (30). Activated 
hepatic stellate cells upregulate TGM2 in HCC cells through 
inflammatory signaling (31). VHL induced by TGM2 under 
normoxic conditions is the key molecule of HIF‑1α degrada‑
tion (32). Under normoxic conditions, TGM2 can cause VHL 
consumption, resulting in HIF‑1α accumulation and pseudo‑
hypoxia, thus promoting EMT in HCC cells (30) (Fig. 1B‑d).

The accumulation of HIF‑1α was also found to be related 
to its stability. Hydroxylation of proline residues by proline 
hydroxylase domain enzymes (PHDs) is a key step in the degra‑
dation of HIF‑1α (33). Prolyl hydroxylase domain‑containing 
protein 2 (PHD2) requires O2 and α‑ketoglutarate as substrates 
for hydroxylation of HIF‑1α. O‑linked β‑N‑acetylglucosamine 
transferase (OGT) can stabilize HIF‑1α by reducing the level 
of α‑ketoglutarate (34). Recent results show that HAUSP 
(USP7) is a deubiquitinase of HIF‑1α (35). HAUSP can 
undergo hypoxia‑induced K63‑linked polyubiquitination by 
HectH9 to enhances its ability to deubiquitinate HIF‑1α and 
also serve as a scaffold of HIF‑1α‑induced gene transcrip‑
tion (36). Plasmacytoma variant translocation 1 (PVT1) 
is a long non‑coding (lnc)RNA that has been found to play 
an oncogenic role in a variety of malignant tumors. Lysine 
acetyltransferase 2A (KAT2A) is a histone acetyltransferase. 
Research shows that lncRNA PVT1 stabilizes HIF‑1α via 
KAT2A (37). Research has shown that the STAT3 protein binds 
to HIF‑1α through competition with pVHL, thus stabilizing 
HIF‑1α protein levels (38). GATA binding protein 3 interacts 
with the full‑length and the N‑terminal part of HIF‑1α (aa 
1‑401) under hypoxia to inhibit ubiquitination of HIF‑1α (39).

Relationship between HIF‑1α expression and prognosis of 
HCC. The expression of HIF‑1α in HCC tissues was found 
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to be significantly higher than that in chronic hepatitis B and 
normal liver tissues, but there was no significant difference 
when compared with that in the cirrhotic liver (40,41). A 
study analyzing the clinicopathological features in patients 
with HCC showed that upregulation of HIF‑1α mRNA 
expression was strongly associated with TNM stage III and 
Barcelona clinical hepatocellular carcinoma (BCLC) stage C. 
The survival analysis showed that HCC patients with high 
HIF‑1α mRNA expression had reduced overall survival when 
compared with patients with low HIF‑1α mRNA expres‑
sion (42). HIF‑1α expression was positively correlated with 
vascular invasion, TNM stage, tumor size, and portal vein 
tumor thromboembolism in HCC patients with cirrhosis. The 
patients with high HIF‑1α expression on the basis of liver 
cirrhosis had reduced overall survival (OS) when compared 
with the patients with low HIF‑1α expression (40). However, 
a meta‑analysis involving 851 patients with HCC showed no 
association between HIF‑1α protein expression and HCC 
envelope formation, cirrhosis, tumor size, or tumor differentia‑
tion, except for vascular invasion (43).

As a prognostic factor, high HIF‑1α expression was 
found to be associated with poor disease‑free survival and 
poor prognosis (44). A meta‑analysis of 34 studies involving 
3,578 patients showed that HIF‑1α overexpression was 
associated with poor OS, disease‑free survival (DFS), and 
relapse‑free survival (RFS) in HCC patients. Overexpression 
of HIF‑1α was also associated with clinicopathologic features 
including BCLC, intrahepatic metastasis, lymph node 
metastasis, tumor‑to‑lymph node metastasis (TNM), tumor 
differentiation, tumor number, tumor size, vascular inva‑
sion, and angiogenesis (5). Another meta‑analysis involving 
3,238 patients in 22 studies also showed poor prognosis in 

HCC patients presenting with overexpression of HIF‑1α (45). 
However, other studies showed that HIF‑1α protein expression 
was associated with tumor differentiation, and intrahepatic 
and extrahepatic metastases, but not with the presence of 
portal vein tumor embolism, prognosis, or hepatitis B surface 
antigen (HBsAg) status (41).

4. HIF‑1α promotes metastasis of hepatocellular carcino‑
ma

Metastasis is a major challenge in the treatment of cancers. 
The vast majority of cancer‑related deaths are caused by 
metastatic conditions in vital organs (46). In a solid tumor, the 
abnormal new vascular system of the tumor and the increase 
in oxygen consumption by proliferating HCC cells are not 
balanced, and thereby there is always hypoxia in HCC tissue. 
Hypoxia promotes the invasion and migration of HCC, and 
HIF‑1α is also upregulated in HCC (47). Our understanding of 
the molecular basis of metastasis has improved in recent years, 
and the hypoxia‑induced transcription factor (HIF) remains 
one of the best indicators for monitoring metastasis (48).

Enhancement of HIF activity drives tumor progression 
by regulating the expression of hundreds of genes. These 
genes are closely associated with tumor progressions such 
as immune escape, glycolysis, cancer stem cell maintenance, 
angiogenesis, EMT, and cancer stem cell maintenance 
(Table I) (26,47,49‑61). HIF signals affect almost every step of 
the cascade leading to tumor metastasis (48,62).

HIF‑1α promotes metastasis by inducing immune escape 
in HCC. Changes in the development of immunosuppres‑
sive mechanisms by tumor cells play a crucial role in tumor 

Figure 1. Structure and synthetic pathway of HIF‑1α. (A) Structure of HIF‑1α. (B) (a) High expression of HDAC5 in hepatocellular carcinoma leads to silencing 
of HIPK2, which in turn induces the upregulation of HIF‑1α. (b) M2‑phenotype TAMs release IL‑1β in the presence of persistent hypoxia and inflammation, 
which promotes HIF‑1α synthesis. (c) DAAM can induce HIF‑1α by reducing the expression of VHL in hepatoma cells. (d) Activated HSCs promote the 
upregulation of TGM2 in HCC cells through inflammatory signals, which can cause VHL depletion and lead to HIF‑1α accumulation. TAMs, tumor‑associated 
macrophages; IL‑1β, interleukin‑1β; HDAC5, histone deacetylase5; HIF‑1α, hypoxia‑inducible factor‑1α; HIPK2, recombinant homeodomain interacting protein 
kinase 2; HSCs, hepatic stellate cells; VHL, Von Hippel‑Lindau; TGM2, transglutaminase 2; DAAM, Dishevelled‑associated activator of morphogenesis.
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development, which allows them to escape the host's immune 
system, thereby enhancing their survival and proliferative, 
migratory, and invasive capabilities (63). Hypoxia, which is 
associated with an imbalance in rapid tumor growth and an 
insufficient blood supply, is a common change that occurs in the 
microenvironment of solid tumors (64). Previous studies have 
found that HIF‑1α can increase the number of myeloid‑derived 
suppressor cells (MDSCs) (49,50) and plasmacytoid dendritic 
cells (pDCs) (51), and can induce IL‑1β (26,52,65) expression 
in the TME leading to immune escape.

MDSCs possess immunosuppressive activities, which 
allow cancers to escape immune surveillance and become 
non‑responsive to immune checkpoint blockade. HIF‑1α 
induces ectonucleoside triphosphate diphosphohydrolase 2 
(ENTPD2) in cancer cells to increase the extracellular level of 
5'‑AMP, which maintains MDSC undifferentiation in the tumor 
stroma (49). MDSCs enhance tumor cell stemness, increase 
angiogenesis, and advance the metastatic process by promoting 
EMT though IL‑6 secretion (50). pDCs play immunosuppres‑
sive roles in the TME. HIF‑1α was found to transcriptionally 
upregulate the expression of extracellular adenosine (eADO), 
and eADO was found to significantly enhance pDC recruit‑
ment into tumors via the adenosine A1 receptor (ADORA1) 
leading to immunosuppression (51). Tumor‑associated macro‑
phages, the primary proinflammatory cells within tumors, 
secrete more IL‑1β under hypoxic conditions due to increased 
stability of HIF‑1α (26). Another study demonstrated that 
IL‑1β could increase the expression of solute carrier family 7 

member 11, which facilitated HCC metastasis through colony 
stimulating factor 1‑induced tumour‑associated macrophage 
and MDSC infiltration in tumors (52).

HIF‑1α promotes metastasis by inducing glycolysis in 
HCC. The glycolytic phenotype destroys normal tissues 
and promotes the secretion of proteolytic enzymes such 
as cathepsin B or metalloproteinases through lactate and 
H+‑mediated extracellular environmental acidification, 
thereby promoting metastasis and invasion (66). As a result, 
glycolysis plays an important role in tumor invasion and 
metastasis. Recently, it was found that HIF‑1α can enhance 
the process of glycolysis in HCC cells. HIF‑1α directly binds 
to the hypoxia response element (HRE) in the promoter 
region of uroplakin 1A (UPK1A), leading to UPK1A being 
upregulated under hypoxia, thereby increasing the glycolysis 
of HCC cells (53). HIF‑1α activates transcription of lncRNA 
RAET1K through miR‑100‑5p to enhance hypoxia‑induced 
glycolysis in HCC cells (54). In addition, hypoxia‑inducible 
lncRNA NPSR1‑AS1 promotes the proliferation and glycolysis 
of HCC cells by regulating the MAPK/ERK pathway (55). 
Yes‑associated protein (YAP) binds to HIF‑1α and sustains 
HIF‑1α protein stability to promote HCC cell glycolysis under 
hypoxic stress (47).

HIF‑1 α promotes metastasis by inducing EMT and 
increasing the expression of factors related to angiogen‑
esis and metastasis. EMT is a highly conserved cellular 
program during which epithelial cells lose their polarized 
organization and acquire migratory and invasive capa‑
bilities, which has been recognized as a pro‑metastatic 
cellular event that promotes tumor cell invasion and 
malignant tumor progression (67). HIF‑1α induces EMT 
to promote metastasis through many pathways. i) Lysyl 
oxidases like 2 (LOXL2) is a member of the lysyl oxidase 
family, whose main function is to catalyze the covalent 
cross‑linkages of collagen and elastin in the extracellular 
matrix. HIF‑1α was found to induce EMT, HCC cell migra‑
tion, invasion and vasculogenic mimicry (VM) formation 
by regulating LOXL2 (56). ii) Vasodilator‑stimulated 
phosphoprotein (VASP) is a regulator of the actin 
cytoskeleton and cell migration. HIF‑1α induces VASP 
overexpression by directly binding two HREs in the 
VASP promoter region, and promotes the expression of 
EMT, MMP2 and MMP9 (57). iii) Hypoxia increases the 
production of reactive oxygen species (ROS) by inducing 
nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase 4 (NOX4). ROS can induce the GLI1‑dependent 
EMT process and promote the invasion and metastasis of 
HCC (58). iv) Epithelial (E)‑cadherin controls proliferation 
and cell polarization through intercellular adhesion and is 
essential for maintaining epithelial structure and homeo‑
stasis (68). E‑cadherin activation inhibits metastasis at 
multiple stages, including CTC accumulation in the primary 
tumor and extravasation of tumor cells in the vascular 
system (69). HIF‑1α inhibits transcription of E‑cadherin 
by upregulating Snai1 and SIP1, a transcriptional inhibitor 
of E‑cadherin (70), and activates EMT in HCC cells and 
promotes HCC invasion and metastasis (59). v) HIF‑1α 
downregulates the Wnt/β‑catenin pathway and enhances 

Table I. Molecular basis of HIF‑1α promoting HCC metastasis.

Phenotype Target (Refs.)

Immune escape ENTPD2, 5'‑AMP (49), MDSCs, IL‑6 (50)
 pDCs, eADO, ADORA1 (51)
 Tumor‑associated macrophages, IL‑1β (26)
 IL‑1β, PDL1 (52)
Glycolysis UPK1A (53)
 lncRNA RAET1K, miR‑100‑5p (54)
 lncRNA NPSR1‑AS1, MAPK/ERK (55)
 YAP (47) 
EMT, LOXL2, VM formation (56)
angiogenesis
 VASP, MMP2, MMP9 (57)
 ROS, NOX4 (58)
 E‑cadherin, Snai1, SIP1 (59)
 miR‑1273F, Wnt/β‑catenin (60)
Stemness SENP1, CD24, CD44, CD133 (61)

HIF‑1α, hypoxia‑inducible factor‑1α; ENTPD2, ectonucleoside 
tri‑phosphate diphosphohydrolase 2; MDSCs, myeloid‑derived 
suppressor cells; IL, interleukin; pDCs, plasmacytoid dendritic cells; 
eADO, extracellular adenosine; ADORA1, adenosine A1 receptor; 
PDL1, programmed death‑ligand 1; UPK1A, uroplakin 1A; 
YAP, Yes‑associated protein; LOXL2, lysyl oxidases like 2; 
VM, vasculogenic mimicry; VASP, vasodilator‑stimulated phos‑
phoprotein; MMP, matrix metalloproteinase; ROS, reactive oxygen 
species; NOX4, oxidase 4; SENP1, Sentrin‑specific protease 1.
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EMT in HCC cells by inducing expression of miR‑1273F 
in exosomes (60).

HIF‑1α promotes metastasis by inducing HCC stem cells. 
Cancer stem cells (CSCs) are a small subset of tumor cells 
with the capability to influence self‑renewal, differentiation, 
and tumorigenesis. As far as we know, the inflammatory 
microenvironment in HCC leads to the proliferation of stem 
cells with genetic or epigenetic alterations, facilitating their 
transformation from normal liver stem cells to liver cancer 
stem cells (LCSCs) (71). LCSCs play critical roles in regulating 
HCC stemness, self‑renewal, tumorigenicity, metastasis (72).

Accumulating evidence has demonstrated that CSCs are 
a primary cause of metastasis due to their role in new tumor 
initiation at local or distant sites (73‑75). The generation of 
CSCs is closely related to the EMT mechanism (76), and 
β‑catenin is one of the markers of EMT. Research has found 
that the Notch and Wnt/β‑catenin signaling pathways promote 
the stemness characteristics of LCSCs. Expression of transcrip‑
tion factors involving EMT (such as Snail) and stemness (such 
as Sox2 and Nanog) can be decreased by blocking the func‑
tion of Wnt/β‑catenin and/or Notch (77). As mentioned above, 
stabilization of HIF‑1α in hypoxic environments induces the 
EMT process and thus also modulates HCC stemness. Recent 
research has found that hypoxia enhances HIF‑1α stability and 
transcriptional activity by promoting HIF‑1α deSUMOylation 
of sentrin‑specific protease 1 (SENP1), and HIF‑1α promotes 
HCC stem cell by increasing the expression levels of CD24, 
CD44 and CD133 (61).

5. HIF‑1α: A new target for the treatment of HCC

Targeting HIF can reduce the resistance to sorafenib. 
Sorafenib, a kinase inhibitor drug, exerts anti‑angiogenic 
and anti‑metastatic effects by dose‑dependent inhibition 
of HIF‑1α and VEGF protein expression (78). However, the 
anti‑angiogenic activity by continuous sorafenib therapy 
can lead to tumor starvation and intratumor hypoxia, which 
may facilitate the generation of resistant cell clones adapted 
to hypoxia and nutrient deficiency (79). Sustained sorafenib 
treatment increases intratumoral hypoxia, which stabilizes the 
HIF‑1α protein, thereby reducing the sensitivity to sorafenib. 
Liang et al (80) suggested that hypoxia induced by continuous 
sorafenib treatment could lead to sorafenib resistance in HCC 
through activation of HIF‑1α and nuclear factor (NF)‑κB. It 
was also found that the β‑2‑adrenergic receptor (ADRB2) 
signal destroys the beclin1/VPS34/Atg14 complex in an 
Akt‑dependent manner, which negatively regulates autophagy 
and leads to stability of HIF‑1α, reprogramming of glucose 
metabolism in HCC cells, and resistance to sorafenib (81). A 
significant correlation between the hypoxic microenvironment 
and sorafenib resistance was demonstrated, suggesting that 
targeting HIF is a promising approach to improve therapeutic 
efficiency.

Targeting of HIF‑1α can improve the efficacy of 
sorafenib. The combination of sorafenib and curcumin 
analog EF24 inhibited the hypoxic resistance to sorafenib 
by promoting the proteasome degradation of the 
VHL‑dependent HIF‑1α in HCC cells, resulting in the inhi‑
bition of target genes MDR1 and GLUT‑1, and a decrease in 

the activities of VEGF and NF‑κB (80). The use of natural 
compounds has also shown positive effects in improving 
sorafenib treatment. Genistein, a natural isoflavone, was 
found to enhance the antitumor effect of sorafenib in 
sorafenib‑resistant HCC cells and HCC xenograft mouse 
models by downregulating HIF‑1α, thereby inactivating 
Glut‑1 and HK2 to inhibit and sensitize aerobic glycolysis 
in HCC cells, resulting in mitochondrial apoptosis (82). 
Simvastatin that belongs to a group of HMG‑CoA reduc‑
tase inhibitors, inhibits the HIF‑1α/PPAR‑γ/PKM2 axis by 
hindering PKM2‑mediated glycolysis, resulting in decreased 
proliferation and increased apoptosis of HCC cells, and 
re‑sensitization of HCC cells to sorafenib (83).

Targeting HIF can improve the prognosis of patients after 
the TACE. Transarterial chemoembolization (TACE) is 
considered to be one of the most effective palliative care 
for patients with unresectable HCC, and the BCLC staging 
system has defined it as the standard of care for patients with 
mid‑stage HCC (84). Previous research has shown that the 
overexpression of HIF‑1α reduces the effectiveness of TACE 
against HCC (85). The expression of the HIF‑1α protein in 
HCC tissues was found to be increased after TACE surgery. 
To adapt to the hypoxic environment, HIF‑1α stimulates the 
expression of COX‑2 protein in HCC cells and promotes the 
EMT process, thus enhancing the invasion and metastasis of 
HCC, and this may lead to poor prognosis of HCC patients 
after TACE treatment (86). Therefore, improving the hypoxic 
state after TACE or reducing the expression of HIF‑1α may 
improve the prognosis of these patients.

Targeting HIF can reduce immune escape. The innate and 
adaptive immune systems play an important role in anticancer 
immune surveillance. Immune checkpoint inhibitors (ICIs) 
have proven that an effective immune response is able to 
eliminate tumor cells (87). Currently, preclinical evidence and 
clinical use of immunotherapy in HCC includes the use of 
programmed cell death‑1 (PD‑1), programmed death‑ligand 1 
(PDL1) and cytotoxic T lymphocyte‑associated antigen 4 
(CTLA4) inhibitors, such as nivolumab, atezolizumab and 
ipilimumab (88). Although immunotherapy brings hope to 
the treatment of HCC, its efficacy is still limited, which may 
be related to the complex TME in HCC (89). Research has 
revealed the increased HIF‑1α levels in the hypoxic TME 
causing the downregulation of T‑cell activity and induction 
of PD‑L1 on the surface of tumor cells, resulting in immune 
suppression and increased cell proliferation of tumor cells 
resulting in immune escape (90). Therefore, inhibition of 
HIF‑1α expression represents a promising novel strategy in 
cancer immunotherapy (91).

New concepts for targeting HIF‑1α. Studies have shown 
that HIPK2, USP22, and NF‑κB can regulate the expression 
of HIF‑1α. Some drugs, such as metformin, heme alkali, 
dandelion polysaccharide regulate HIF‑1α and inhibit the 
proliferation and metastasis of hepatoma cells. This provides 
some novel ideas for the treatment of HCC.

Serine/threonine homologous domain interaction protein 
kinase 2 (HIPK2) is often downregulated in HCC tissues. 
HIPK2 directly binds to HIF‑1α and stimulates HIF‑1α 
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ubiquitination to degrade proteasomes. The downregulation 
of HIPK2 can enhance the angiogenesis of HCC by activating 
the HIF‑1α pathway and further promote tumor growth and 
metastasis. The downregulation of HIPK2 protein expression 
in HCC patients is associated with poor overall survival (92). 
Ubiquitin‑specific proteinase 22 (USP22) can stabilize 
HIF‑1α by deubiquitination. Promoting hypoxia can induce 
HCC stem cells and glycolysis (93). As the direct target genes 
of HIF‑1α, USP22 and TP53 can be upregulated by HIF‑1α 
transcription in hypoxia. The upregulation of TP53 inhibited 
the upregulation of USP22. In HCC cells with TP53 mutation, 
USP22 and HIF‑1α form a positive feedback loop promoting 
HCC stem cells. With the loss of function mutation at TP53 
and USP22 and/or HIF‑1α, HCC patients with high expres‑
sion tend to have poor prognoses. The lipoprotein complex 
targeting the USP22 highly induced tumor inhibition and 
enhanced the sensitivity to sorafenib in tumor‑bearing mice. 
USP22 promotes hypoxia‑induced HCC stem cells through 
the TP53‑inactivated HIF‑1α/USP22 positive feedback loop. 
USP22 is a promising target for HCC treatment (94). A study 
has assessed the temporal expression of HIF‑1α and NF‑κB 
subunits in HCC under short‑term and long‑term hypoxia and 
found that NF‑κB regulates HIF‑1α in hypoxic HCC (95). The 
NF‑κB subunits, p50 and p65 were found to enhance HIF‑1α 
transcription, while c‑Rel downstream miRNAs (including 
miR‑199a‑5p and miR‑93) and Dicer1 promoted HIF‑1α 
degradation (96). Targeting this regulator temporarily in the 
early hypoxic microenvironment may be a new therapeutic 
option for early cancer intervention.

Metformin‑mediated HIF‑1α inactivation leads to a 
decrease in PFKFB3 expression, which further inhibits 
phospho‑fructose kinase‑1 (PFK1) activity. Metformin signifi‑
cantly inhibits HCC cell proliferation by blocking the PFK1 
glycolytic flux. The HIF‑1α/PFKFB3/pfk1 regulatory axis is 
an important determinant of glucose metabolism reprogram‑
ming in HCC, which may provide an effective therapeutic 
target to inhibit the HCC (97).

Heme base is a benzo phenanthridine alkaloid, which can 
inhibit HIF‑1α signal transduction and EMT marker expres‑
sion, Snail translocation, Smad and PI3K‑AKT pathway 
activation. One study found that the heme base is a promising 
drug candidate that will target HIF‑1α/TGF‑β signal trans‑
duction to improve treatment in patients with HCC (98).

Dandelion polysaccharide (DP) is an α‑type polysac‑
charide derived from the root of the dandelion. It consists 
of glucose, galactose, arabinose, arabinose rhamnose, and 
glucuronic acid (99,100). It was found that dandelion poly‑
saccharide inhibited HIF‑1α expression by regulating the 
PI3K/Akt signaling pathway and exhibited an anti‑HCC cell 
proliferation, anti‑metastasis, and angiogenesis role (101).

6. Prospects

Hypoxia is a typical microenvironmental condition in almost 
all solid tumors, including HCC (102). HIF‑1α is highly 
expressed in a hypoxic environment and is associated with 
the metastasis and prognosis of HCC (64). This phenom‑
enon has aroused research attention to the role of HIF‑1α in 
promoting tumor progression. This review summarizes the 
role of HIF‑1α in the metastasis and prognosis of HCC. Here, 

we revealed the mechanisms of HIF‑1α in promoting the 
development of HCC and developing clinical drug resistance, 
as well as its predictive effect on the postoperative recurrence 
of HCC, which has important clinical significance for the 
treatment and prognosis of HCC. Detection of the HIF‑1α 
expression level can be considered in the routine assessment 
of HCC, which is of great significance for the treatment and 
prognosis of HCC.

However, researchers are still faced with challenges when 
they switch from laboratory discovery to clinical application 
by targeting HIF‑1α to inhibit the metastasis and develop‑
ment of HCC. Moreover, there are few experimental studies 
on inhibiting HIF‑1α clinically in the treatment of HCC. In 
an open study, patients with HCC who participated in clinical 
trials were given intravenous (i.v.) infusion of drugs to prove 
the mechanism of the inhibition of HIF‑1α by reducing 
HIF‑1α mRNA (nct02564614). The study results have not been 
published yet. One observational study on the comparison of 
HIF‑1α levels (nct00866957) in patients with various HCC 
treatments is being carried out by Dr Laura Kulik of the 
Feinberg School of Medicine at Northwestern University 
(Chicago, IL, USA).

Therefore, there is an urgent need for further studies 
involving multiple centers, higher sample size, and a long‑time 
follow‑up for the treatment and control of metastatic HCC by 
targeting HIF‑1α. It is believed that it will become a clinical 
reality in the near future.
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