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Abstract:    Accumulating evidence has shown that the hypoxic microenvironment, which is critical during cancer 
development, plays a key role in regulating breast cancer progression and metastasis. The effects of hypoxia-inducible 
factor 1 (HIF-1), a master regulator of the hypoxic response, have been extensively studied during these processes. In 
this review, we focus on the roles of HIF-1 in regulating breast cancer cell metastasis, specifically its effects on multiple 
key steps of metastasis, such as epithelial-mesenchymal transition (EMT), invasion, extravasation, and metastatic 
niche formation. We also discuss the roles of HIF-1-regulated non-coding RNAs in breast cancer metastasis, and 
therapeutic opportunities for breast cancer through targeting the HIF-1 pathway. 
 
Key words:  Breast cancer, Hypoxia-inducible factor 1 (HIF-1), Metastasis 
doi:10.1631/jzus.B1400221                     Document code:  A                    CLC number:  R737.9; Q2 
 
 

1  Hypoxic microenvironment and breast 
cancer 
 

Hypoxia has been extensively studied for dec-
ades within the tumor microenvironment, which in-
fluences malignant cells in various ways (Hu and 
Polyak, 2008). While the O2 supply matches the need 
of cell growth in normal tissues, the diffusion of O2 
from a blood capillary in a tumor mass that reaches a 
size of 1–2 mm3 is limiting because of structural and 
functional abnormalities of the newly formed tumor 
vessels, thus leading to the development of hypoxic 
areas in the tumor mass (Vaupel et al., 2004). 

Breast cancer is the most frequently diagnosed 
cancer and a major cause of death in women world-
wide (Jemal et al., 2011; Lech and Przemyslaw, 
2011). About 25%–40% of invasive breast cancers 
exhibit hypoxic regions (Lundgren et al., 2007). 
Studies using polarographic electrodes have shown 
that the median partial pressure of oxygen (pO2) in 
normal human breast tissue is 65 mmHg (1 mmHg= 
133.3 Pa). In contrast, human breast cancers have a 
median pO2 of 10 mmHg. In addition, more than half 
of all breast cancers studied had a pO2 of less than 
2.5 mmHg (Vaupel et al., 1991; 2007; Hohenberger 
et al., 1998). Studies have shown that intra-tumoral 
hypoxia has negative implications for survival of 
breast cancer patients, independent of prognostic 
parameters, such as the clinical tumor stage, histo-
logical grade, and lymph node status. Hypoxic tumors 
are associated with a more aggressive phenotype, 
increased risk of metastasis, increased resistance to 
radiotherapy and chemotherapy, and induced cancer 
immune suppression (Brizel et al., 1996; Mees et al., 
2009).  
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2  Basic biology of hypoxia-inducible factor 1 
(HIF-1) 
 

In most human solid tumors, adaptation to de-
creased O2 availability is achieved primarily through 
the activity of two hypoxia-inducible factors (HIF-1 
and HIF-2), which regulate the expression of over 
1000 target genes (Semenza, 2012). Overexpression 
of HIF-1 has been confirmed in many solid tumors, 
including ovarian, bladder, uterus, breast, colon, brain, 
pancreatic, renal, and prostate (Zhong et al., 1999; 
Talks et al., 2000). HIF-1 is a hetero-dimeric tran-
scription factor consisting of a constitutively ex-
pressed HIF-1β subunit (also known as the aryl hy-
drocarbon receptor nuclear translocator [ARNT]) and 
a tightly regulated HIF-1α subunit (Wang et al., 1995). 
Both HIF-1α and HIF-1β are members of the bHLH- 
PAS superfamily of proteins containing basic-helix- 
loop-helix (bHLH) and PER-ARNT-SIM (PAS) do-
mains involved in DNA binding and dimerization, 
respectively (Wang et al., 1995). HIF-1α also con-
tains an oxygen-dependent degradation (ODD) do-
main and two transactivation domains (N-TAD and 
C-TAD).  

O2 regulates HIF-1α stability and activity 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

through hydroxylation of proline and asparagine 
residues. Under normoxic conditions, two proline 
residues (P402 and P564) in the human HIF-1α ODD 
domain are hydroxylated by prolyl hydroxylase do-
main proteins (PHDs). Hydroxylation is required for 
binding of the HIF-1α protein to the von Hippel- 
Lindau protein (VHL). VHL is the recognition subu-
nit of an E3 ubiquitin ligase that adds a poly-ubiquitin 
chain to HIF-1α, which targets the protein for deg-
radation in the proteasome. Morever, O2-dependent 
hydroxylation of asparagine residue 803 (N803) in 
HIF-1α by factor inhibiting HIF-1 (FIH-1) suppresses 
the interaction of HIF-1α with the coactivators p300 
and CBP (CREB binding protein), and therefore in-
hibits the HIF-1α transactivation function under 
normoxic conditions (Mahon et al., 2001; Lando et al., 
2002). Under hypoxic conditions, both the prolyl and 
asparaginyl hydroxylation reactions are inhibited, 
leading to the stabilization of HIF-1α protein and 
increased interaction with its co-activators. Thus, in 
hypoxic cells, HIF-1α protein accumulates, hetero- 
dimerizes with HIF-1, binds to the consensus DNA 
sequence 5'-RCGTG-3' within hypoxia response el-
ements (HREs) located in target genes, and activates 
their transcription (Fig. 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 1  Hypoxia-inducible factor 1 (HIF-1) regulated by oxygen tension 

VHL: von Hippel-Lindau protein; PHD: prolyl hydroxylase domain protein; CBP: CREB binding protein; 
HRE: hypoxia response element; Ub: ubiquitin; FIH: factor inhibiting HIF 
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It is not only that the HIF-1 pathway is regulated 
by oxygen tension, but also that hypoxia-independent 
growth factor stimulation, loss of tumor suppressor 
function, and oncogenic activation have been reported 
to regulate HIF-1α activity (Semenza, 2003). Growth 
factor signals affecting the HIF-1α pathway include 
human insulin-like growth factor, human epidermal 
growth factor (EGF), and prostaglandin E2 (Feldser et 
al., 1999; Laughner et al., 2001; Fukuda R. et al., 2002; 
Liu et al., 2002; Fukuda N. et al., 2003; Grimshaw, 
2007). Function loss of tumor suppressor proteins, 
such as VHL, phosphatase, and phosphatase and ten-
sion homolog deleted on chromosome 10 (PTEN) and 
p53 in cancer cells, impairs the degradation of HIF-1α 
protein, or increases the synthesis of HIF-1 (Krieg et 
al., 2000; Zhong et al., 2000; Zundel et al., 2000; Ravi 
et al., 2001), thus leading to HIF-1α protein accumu-
lation. Activation of the oncogenic PI3K/Akt signaling 
pathway stimulates HIF-1α expression through mTOR- 
dependent translation (Zhong et al., 2000; Laughner et 
al., 2001). In addition, cellular reactive oxygen species 
and nitric oxide have also been shown to stabilize 
HIF-1α, causing protein accumulation (Kasuno et al., 
2004; Quintero et al., 2006; Gao et al., 2007).  
 
 
3  HIF-1 and breast cancer metastasis 
 

Over 90% of all breast cancer deaths are the result 
of metastasis, primarily to the bone, lung, liver, brain 
and lymph nodes. Tumor metastasis is the dissemi-
nation of cancer cells from the initial site of primary 
tumor growth to distant organs where they survive, 
proliferate, and form secondary tumors. Metastasis is 
a complex process containing a series of discrete steps: 
(1) epithelial-mesenchymal transition (EMT), during 
which cancer cells lose cell-to-cell contact and gain 
motility; (2) local tissue invasion, which is facilitated 
by the degradation of extracellular matrix (ECM);  
(3) intravasation, during which cancer cells penetrate 
the wall of a blood vessel and enter the circulation;  
(4) homing, during which cancer cells must survive 
within the circulation; (5) extravasation, during which 
cancer cells pass through the vascular wall and exit 
the blood stream at distant organs; and, (6) metastatic 
niche formation at the metastatic site to create a mi-
lieu that is favorable for cancer cell growth.  

A high level of HIF-1α at diagnosis is predictive 

of early relapse and metastasis, and correlates with 
poor clinical outcomes in human breast cancer (Bos  
et al., 2003; Gruber et al., 2004; Generali et al., 2006). 
It has been reported that expression of HIF-1 target 
genes is increased in the triple-negative breast cancer 
subgroup (Zhong et al., 1999; Cancer Genome Atlas 
Network, 2012). HIF-1 plays key roles in many cru-
cial aspects of breast cancer biology, including an-
giogenesis, stem cell maintenance, metabolic repro-
gramming, EMT, invasion, metastasis, and resistance 
to radiation therapy and chemotherapy (Semenza, 
2012). Inhibition of HIF-1 activity in mice after or-
thotopic transplantation of triple-negative breast 
cancer cells has a dramatic effect on primary tumor 
growth as well as metastasis to lymph nodes and 
lungs (Zhang et al., 2012). Understanding the mo-
lecular and cellular mechanisms underlying metasta-
sis is required for accurate prognoses and for devel-
oping new therapeutic strategies. Recent studies have 
shown that the HIF-1 pathway regulates breast cancer 
metastasis through multiple mechanisms. Next,  
we will focus on the regulatory roles of HIF-1 in a 
series of discrete steps of breast cancer metastatic 
progression.  

3.1  HIF-1 mediates EMT 

During metastasis, epithelial cells detach from 
the primary tumor, adhere to and invade the sur-
rounding stroma, intravasate into the bloodstream, 
and disseminate to distant tissues where they extrav-
asate out of blood vessels and form secondary tumors. 
The process of epithelial cells detaching from primary 
tumors closely resembles that of cells undergoing 
EMT, and EMT has been regarded as the possible first 
step in the complex process of metastasis (Chaffer 
and Weinberg, 2011; Valastyan and Weinberg, 2011). 
Epithelial cells that undergo EMT lose their epithelial 
phenotype and acquire mesenchymal cell-associated 
characteristics (Thiery, 2002; Kalluri and Weinberg, 
2009; Creighton et al., 2010; Singh and Settleman, 
2010; May et al., 2011). Thus, EMT is characterized 
by cellular and molecular changes that include loss of 
cell-to-cell adhesion, which involves E-cadherin in 
adherent junctions and claudins in tight junctions, 
upregulation of the mesenchymal protein vimentin, 
reorganization of the cytoskeleton to acquire a more 
spindle-like morphology, and increased motility that 
involves dynamic actin microfilament networks.  
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HIF-1 provokes EMT through up-regulating 
EMT-associated transcription factors or repressors, 
activating the EMT-associated signaling pathways, 
modulating EMT-associated inflammatory cytokines, 
as well as regulating other pathways like epigenetic 
regulators (Bao et al., 2012). For instance, HIF-1 
induces EMT through the transcriptional control of 
E-cadherin, SNAIL (zinc finger protein snail), ZEB1 
(zinc finger E-box-binding homeobox 1), TWIST, 
and TCF3 (transcription factor 3, also known as E47) 
(Krishnamachary et al., 2006; Moreno-Bueno et al., 
2008). In breast cancer cells, EMT was activated by 
ZEB1-MYB-E-cadherin signaling under hypoxic 
stress, which induced higher expression of ZEB1 and 
lower expression of MYB (Hugo et al., 2013). Re-
cently, it has been discovered that hypoxia-induced 
biomolecules, including Jagged2, cyclooxygenase-2 
(COX-2), and urokinase receptor (uPAR) (Jo et al., 
2009; Xing et al., 2011; Bocca et al., 2014), also 
contribute to EMT changes and invasive ability of 
breast cancer cells. The HIF-1 pathway may also 
regulate EMT via regulating long non-coding RNAs 
(lncRNAs; such as H19 lncRNA) and calcium sig-
naling in breast cancer cells to promote cancer cell 
invasion in hypoxic microenvironments (Lock et al., 
2013; Davis et al., 2014; Matouk et al., 2014). 

3.2  HIF-1 mediates invasion and intravasation 

To invade the surrounding tissues, cancer cells 
need to degrade the surrounding basement membrane 
(BM) and extracellular matrix barriers. Matrix 
metallo-proteinases (MMPs) are members of zinc- 
dependent endo-peptidases that degrade many of the 
components of the ECM, including the BM. Among 
MMPs, MMP-2 and MMP-9 degrade type IV colla-
gen, which is a major component of the BM. MMP-2 
and MMP-9 have been positively correlated with a 
higher incidence of metastases and with a poor 
prognosis in breast cancer (Duffy et al., 2000; 
Pritchard et al., 2001; Incorvaia et al., 2007). Cells at 
the invasive front of solid tumors are frequently found 
to have a high expression level of HIF-1α (Horrée et 
al., 2007). Many reports suggest that hypoxia and 
HIF-1 upregulate the expression levels and/or activi-
ties of MMP-2 and MMP-9 (Krishnamachary et al., 
2006; Munoz-Najar et al., 2006).  

Type I collagen is very important for cell mi-
gration during invasion. When tumor size increases, 

collagen fibers straighten and align, which facilitates 
cancer cell invasion (Maglione et al., 2006; Proven-
zano et al., 2006; Conklin et al., 2011). Recent studies 
showed that HIF-1α plays a critical role in collagen 
biogenesis in breast cancers by upregulating the ex-
pression levels of pro-collagen prolyl (P4HA1 and 
P4HA2) and lysyl (PLOD1 and PLOD2) hydroxyl-
ases in both cancer and stromal cells (Gilkes et al., 
2013a; 2013b; 2013c). P4HA1 and P4HA2 are re-
quired for collagen deposition, while PLOD2 is im-
portant for collagen fiber crosslinking (Gilkes et al., 
2013a). Expression of P4HA1, P4HA2, and PLOD2 
is required for breast cancer metastasis. 

3.3  HIF-1 and extravasation  

Breast cancer cells may spread via either the 
lymphatic or vascular circulation (Weigelt et al., 
2005). However, less than 0.1% of cancer cells that 
enter the vascular circulation establish a metastatic 
lesion (Fidler, 1970). This indicates that extravasation 
of cancer cells from the circulation into a tissue mi-
croenvironment where cancer cells can survive and 
proliferate is a limiting step in the metastatic process. 
To extravasate, a cancer cell must first adhere to en-
dothelial cells (ECs) in the lung vasculature, a process 
known as margination, and then disrupt the tight in-
teractions between ECs to penetrate out of the blood 
vessel.  

Zhang et al. (2012) showed that HIF-1 promoted 
the extravasation of breast cancer cells in the lung. In 
addition, the invasion of naive breast cancer cells 
through EC monolayers increased when the cells 
were exposed to conditioned medium generated by 
hypoxic breast cancer cells. Biophysical measure-
ment of EC-EC interactions using transendothelial 
electrical resistance showed decreased EC-EC inter-
actions in the presence of conditioned medium gen-
erated by hypoxic breast cancer cells. These effects 
were not observed when conditioned medium from 
hypoxic breast cancer cells expressing shRNAs-  
targeting HIF-1 was used (Zhang et al., 2012). Fur-
ther experiments identified angiopoietin-like 4 
(ANGPTL4) as a factor secreted from cancer cells 
that was induced by hypoxia in an HIF-1-dependent 
manner. ANGPTL4 expression in cancer cells dis-
rupts vascular EC-EC junctions, increases the per-
meability of lung capillaries, and facilitates the ex-
travasation of cancer cells (Padua et al., 2008). In vivo 
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studies also showed that ANGPTL4 induced vascular 
leakiness and facilitated lung metastasis in mice 
(Huang et al., 2011). ANGPTL4 expression in pri-
mary breast cancers is associated with lung metastasis 
(Padua et al., 2008). 

Hypoxic breast cancer cells also showed in-
creased adherence to EC monolayers in an HIF-1- 
dependent manner. Microarray analysis of metastasis- 
related genes identified a cell surface receptor, L1 cell 
adhesion molecule (L1CAM), which is a direct tran-
scriptional target of HIF-1 induced by hypoxia in 
triple negative breast cancer cells (Zhang et al., 2012). 
L1CAM is a protein involved in mediating cell-cell 
adherence by homophilic and heterophilic interac-
tions with integrins, neuropilin 1, or CD24 (Semenza, 
2012). Overexpression of L1CAM in cancer cells 
promoted the adhesion of cancer cells to EC mono-
layers in vitro, and increased the number of extrava-
sated cancer cells in lung tissue after tail vein injec-
tion (Zhang et al., 2012). HIF-regulated SDF-1/ 
CXCR4 (stromal cell-derived factor-1/CXC chemo-
kine receptor 4) signaling in ECs under hypoxic 
conditions may also promote the adhesion of breast 
cancer cells to ECs (Jin et al., 2012).  

3.4  HIF-1 and metastatic niche formation  

HIF-1 also regulates premetastatic niche for-
mation at distant organs prior to cancer cell arrival 
(Erler et al., 2006; 2009; Wong et al., 2011; 2012). 
During metastasis, bone marrow-derived cells 
(BMDCs) are recruited to metastatic sites, where they 
form cell clusters that precede tumor cell arrival and 
are subsequently colonized by metastatic cancer cells 
(Kaplan et al., 2005; Xing et al., 2011). Hypoxic 
breast cancer cells produce multiple members of the 
lysyl oxidase (LOX) family, including LOX, LOXL2, 
and LOXL4, in an HIF-1-dependent manner (Erler et 
al., 2009; Wong et al., 2011; 2012). LOX family 
members are enzymes secreted from primary breast 
cancer cells that catalyze collagen crosslinking at 
hydroxylated lysine residues. LOX was initially 
found to remodel ECM in the primary tumor. Recent 
studies revealed that LOX can remodel ECM at sites 
distant from the primary tumor. Primary breast cancer 
cells secrete LOX family members into the circula-
tion, leading to collagen crosslinking in metastatic 
tissues, which facilitates the recruitment of BMDCs 
and, subsequently, breast cancer premetastatic niche 

formation (Erler et al., 2006; 2009; Wong et al., 2011; 
2012). In addition, CD11b+/Ly6Cmed/Ly6G+ myeloid 
cells and CD3−/NK1.1+ natural killer cells are two 
BMDC populations that promote metastasis. Indeed, 
it has been found that recruitment of CD11b+/ 
Ly6Cmed/mLy6G+ cells was enhanced by hypoxic 
breast cancer cells (Sceneay et al., 2012).  

Interestingly, LOX family members, LOX, 
LOXL2, and LOXL4 have variable expression in 
human breast cancers and breast cancer cell lines 
(Wong et al., 2011). A clinical study revealed that 
LOX expression was associated with intra-tumoral 
oxygen tension and metastases of breast cancer in 
patients (Erler et al., 2006). Since LOX family 
members are extracellular secreted proteins that play 
critical roles in metastasis, a monoclonal antibody or 
small molecule inhibitor directed against LOX might 
be useful for breast cancer therapy. 
 
 
4  HIF-1-regulated non-coding RNA in breast 
cancer metastasis 
 

HIF-1 plays important roles in breast cancer me-
tastasis by mediating hypoxia-induced expression of 
mRNA-encoding genes. HIF-1 also regulates the ex-
pression of non-coding RNAs, which are critical reg-
ulators of migration, invasion, and metastasis. Various 
types of non-coding RNAs have been implicated in 
cancer progression, such as microRNAs (miRNAs), 
lncRNAs, endogenous small interfering RNAs (end- 
siRNAs), PIWI-interacting RNAs (piRNAs), circular 
RNAs (circRNAs), and long intergenic non-coding 
RNAs (lincRNAs) (Ling et al., 2013). Non-coding 
RNAs play pivotal roles in migration and invasion of 
breast carcinoma cells, and provide new insights into 
the molecular mechanisms that determine metastatic 
propensity. In this section, we summarize the pub-
lished research reporting HIF-1-regulated non-coding 
RNAs in the pathogenesis of breast cancer metastasis, 
with an emphasis on miRNAs and lncRNAs.  

HIF-1 regulates the expression of many miRNAs 
in breast cancer cells. In MCF-7 breast cancer cells, 
41 miRNAs were significantly up-regulated and  
28 miRNAs were down-regulated by the hypoxic 
treatment (Camps et al., 2014). Expression of 
miR-210, for instance, which is induced by HIF-1 in 
most cancer cells, promotes tumor proliferation and  
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invasion, and is associated with a poor clinical out-
come in breast cancer (Volinia et al., 2012). miR-10b 
is activated by HIF-1/TWIST1 (twist-related protein 
1) signaling, and overexpression of miR-10b initiates 
robust invasion and metastasis in otherwise non- 
metastatic breast cancers (Ma et al., 2007; 2010; 
Haque et al., 2011). miR-20a and miR-20b, which are 
co-expressed with vascular endothelial growth factor 
(VEGF)-A and HIF-1α, also play important roles in 
breast cancer metastasis (Li et al., 2012) (Table 1). 

lncRNAs are novel molecules that participate in 
a broad range of biological processes and complex 
diseases, especially in cancer progression. For 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

example, the oncofetal H19 lncRNA is concomitantly 
induced by both transforming growth factor beta 
(TGF-β) and hypoxia in a mouse breast cancer model, 
and regulates E-cadherin expression and stimulates 
tumor metastasis through a positive feedback loop 
between Slug and H19/miR-675 (Matouk et al., 2014). 
Several other lncRNAs, such as linc-RoR (regulator 
of reprogramming) and UCA1 (urothelial cancer 
associated 1), have been proved to be regulated by  
hypoxia/HIF-1α, but their detailed mechanistic func-
tions remain elusive (Takahashi et al., 2013; Hou et 
al., 2014; Huang et al., 2014; Xue et al., 2014)  
(Table 1).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Examples of the hypoxia/HIF-1α regulated ncRNAs in cancer metastasis 

ncRNA 
Type  

(genomic location) 
Regulation 
by hypoxia

Effect on 
metastasis

Target gene or  
effector 

Reference 

miR-10b MicroRNA (chr 2) ↑ ↑ HOXD10 Ma et al., 2007; Haque et 
al., 2011 

miR-20a MicroRNA (chr 13) ↓ ↓ VEGF-A Li et al., 2012 

miR-20b MicroRNA (chr X) ↓ ↓ VEGF-A Cascio et al., 2010; Li et 
al., 2012 

miR-210 MicroRNA (chr 11) ↑ ↑ BRCA1, FANCD, 
FANCF, PARP1, 
E-cadherin, Rb1 

Camps et al., 2008; Rothé 
et al., 2011; Volinia et 
al., 2012 

miR-24 MicroRNA (chr X) ↑ ↑ PTPN9, PTPRF, 
Sprouty2 (SPRY2)

Kulshreshtha et al., 2007; 
Du et al., 2013; Li et al., 
2013; Camps et al., 2014

miR-27a MicroRNA (chr 19) ↑ ↑ Sprouty2 (SPRY2) Kulshreshtha et al., 2007; 
Camps et al., 2014; Li et 
al., 2013 

miR-372/373 MicroRNA (chr 19) ↑ ↑ RECK, NF-κB, and 
TGF-β pathways 

Loayza-Puch et al., 2010; 
Keklikoglou et al., 2012

miR-495 MicroRNA (chr 14) ↑ ↑ E-cadherin, REDD1 Hwang-Verslues et al., 
2011 

miR-675 MicroRNA (chr 11) ↑ ↑ RECK, NF-κB, and 
TGF-β pathways 

Loayza-Puch et al., 2010; 
Keklikoglou et al., 2012

Oncofetal 
H19 RNA 

lncRNA (chr 11) ↑ ↑ Slug, E-cadherin, 
angiogenin, FGF18

Matouk et al., 2007; 2010; 
2014 

linc-RoR lncRNA (chr 18) ↑ ↑ mi-205, ZEB2 Takahashi et al., 2013; 
Hou et al., 2014 

UCA1 lncRNA (chr 19) ↑ ↑ p27 (Kip1) Huang et al., 2014; Xue et 
al., 2014 

chr: chromosome; lncRNA: long non-coding RNA; HOXD10: homeobox D10; VEGF-A: vascular endothelial growth factor A; 
BRCA1: breast cancer 1; FANCD: Fanconi anemia, complementation group D; FANCF: Fanconi anemia, complementation group F; 
PARP1: poly(ADP-ribose) polymerase 1; RB1: retinoblastoma 1; PTPN9: protein tyrosine phosphatase, non-receptor type 9; 
PTPRF: protein tyrosine phosphatase, receptor type F; RECK: reversion-inducing-cysteine-rich protein with Kazal motifs; 
NF-κB: nuclear factor of kappa light polypeptide gene enhancer in B cells; TGF-β: transforming growth factor β; 
REDD1: DNA-damage-inducible transcript 4; FGF18: fibroblast growth factor 18; ZEB2: zinc finger E-box binding homeobox 2; 
p27: p27 protein; UCA1: urothelial cancer associated 1 
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5  HIF-1 as a therapeutic target 
 

Solid tumors, including breast cancers, contain a 
hypoxic microenvironment due to poor vasculariza-
tion in the rapidly growing tumor tissues and fast 
proliferation of cancer cells. HIF-1 plays a pivotal 
role in the adaptation of cancer cells to hypoxia by 
activating transcription of target genes that regulate 
angiogenesis, cell proliferation and survival, glucose 
metabolism, pH regulation, migration, invasion, and 
metastasis (Kim et al., 2006; Fukuda et al., 2007; 
Zhang et al., 2007; Semenza, 2011; 2012). Increased 
HIF-1 expression shows strong correlations with poor 
prognostic outcomes and low survival rates of pa-
tients with breast cancers (Rose et al., 2003). There-
fore, targeting the HIF pathway provides an attractive 
strategy to treat hypoxic tumors. The HIF-1 pathway 
is activated in the basal molecular subtype of breast 
cancer (Cancer Genome Atlas Network, 2012), sug-
gesting that HIF-1 inhibitors may be particularly 
effective in the treatment of triple negative breast 
cancers. 

The current HIF-1 inhibitors are classified by 
their mechanism of action and include those that af-
fect HIF-1α protein levels, HIF-1 dimerization, HIF-1 
DNA binding, or HIF-1 transactivation of target genes 
(Table 2). Inhibitors that decrease HIF-1α protein 
levels can be further divided into two groups, inhibi-
tors of HIF-1α translation and inducers of HIF-1α 
proteasomal degradation. HIF-1 inhibitors, such as 
digoxin and acriflavine, showed convincing potential 
therapeutic effects by decreasing primary tumor 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

growth, vascularization, invasion and metastasis in 
animal models of breast cancer (Lee et al., 2008; 
Zhang et al., 2008; 2012; Wong et al., 2011; 2012; 
Schito et al., 2012).  

The combination of HIF inhibitors with existing 
treatments may prove to be useful clinically. Cur-
rently, for breast cancer therapy, the selective estro-
gen receptor (ER) modulator tamoxifen is widely 
used. Combination chemotherapy using trastuzumab 
targeting human epidermal growth factor receptor 2 
(HER2) and bevacizumab targeting VEGF is another 
widely used therapeutic strategy. However, triple 
negative breast cancers respond poorly to currently 
available therapies. Since the HIF-1 pathway is highly 
activated in triple negative breast cancers, HIF-1 
inhibitors could be effective in treatment of such 
cancers. Clinical trials are warranted to determine if 
they may increase the survival of breast cancer pa-
tients alone or in combination with current therapeu-
tic regimens. 

 
 
6  Concluding remarks and future directions 
 

HIF-1, as a master regulator of cell response to 
hypoxic stress, plays important roles in breast cancer 
metastasis. As summarized in Fig. 2, HIF-1 is in-
volved in almost every key step of the metastatic 
process, such as EMT, invasion, intravasation, ex-
travasation, and metastatic niche formation, as dis-
cussed in detail in this review.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Inhibitors of HIF-1 pathway 

Mechanism of action Inhibitor 
Inhibition of HIF-1α mRNA Aminoflavone, GL331 
Inhibition of HIF-1α protein  

synthesis 
Topoisomerase inhibitors (such as rapamycin, temsirolimus, and everolimus); 

cardiac glycosides (such as digoxin and digtoxin), microtubule targeting 
agents (such as 2-methoxyestradiol, epothilone B, and taxotere), topoiso-
merase inhibitors (such as camptothecin, topotecan, and NSC 644221), oli-
gonucleotides, AF, PX-478 

Inhibition of HIF-1α protein  
stabilization 

HSP90 inhibitors (such as 17-AAG, 17-DMAG, and apigenin), HDAC inhibi-
tors (such as FK228 and LAQ824), antioxidants (such as ascorbic acid), ol-
igonucleotides, selenium compound (such as berberine and MSC), PX-12, 
YC-1 

Inhibition of HIF-1α:HIF-1β  
dimerization 

Acriflavine 

Inhibitions of HIF-1:DNA binding Anthracyclines, echinomycin 
Inhibition of HIF-1 transactivity Bortezomib 

HSP90: heat-shock protein 90; 17-AAG: 17-allylamino-demethoxygeldanamycin; HDAC: histone deacetylase; MSC: methylseleno-
cysteine; 17-DMAG: 17-dimethylaminoethylamino-17-demethoxygeldanamycin 
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While most current studies have focused on 

HIF-1-regulated proteins, such as transcription fac-
tors, repressors and cytokines, recently, there has 
been growing appreciation of the role of ncRNAs, 
especially miRNAs and lncRNAs connected with 
HIF-1 controlled breast cancer metastasis. More 
comprehensive studies in this regard will shed light 
on the mechanisms underlying the regulation of hy-
poxia in breast cancer metastasis. A new concept has 
also been proposed that involves cancer stem cells in 
the connections between hypoxia and cancer metas-
tasis (Hill et al., 2009). The metastasis-promoting 
effects of HIF-1 help to maintain an expanding/  
renewing population of cancer stem cells ready to be 
distributed much like seeds or pollen blowing in the 
wind (Philip et al., 2013). A few studies have sup-
ported this point of view by demonstrating that hy-
poxia/HIF-1 induces cancer stem-like cells by Jag-
ged2 or mediates paracrine signaling between breast 
cancer cells and mesenchymal stem cells to promote 
metastasis (Xing et al., 2011; Chaturvedi et al., 2013). 
Further studies along these lines will be potentially 
valuable for dissecting the mechanisms of breast 
cancer metastasis.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Thus, while intensive mechanistic studies are 

under way, targeting HIF-1 has emerged as a new 
therapeutic approach for treating breast cancer pa-
tients. Novel strategies targeting HIF-1 are likely to 
be useful in combination with current therapeutic 
regimens. Future work is warranted to identify more 
selective HIF-1 inhibitors, to study their mechanism 
of action, and to incorporate them in clinical trials. 
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中文概要 
 

题  目：低氧诱导因子与乳腺癌转移 

概  要：肿瘤，特别是实体瘤，其内部微环境处于一种低

氧或缺氧的状态，肿瘤的这种低氧微环境将诱导

活化低氧诱导因子（HIF-1）信号通路。HIF-1 信

号通路在乳腺癌的转移中发挥着重要的作用。乳

腺癌的转移涉及肿瘤细胞的浸润、进入血管、通

过血液循环迁移、到达远端毛细血管内壁、穿透

血管壁进入新的器官以及在新的部位形成转移

灶等步骤，过程非常复杂。本文重点围绕 HIF-1

在转移各个步骤中的作用进行综述。 

关键词：乳腺癌；低氧诱导因子；肿瘤转移 


