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Abstract

Hypoxia inducible factor-1a (HIF-1a) is a central molecule involved in mediating cellular processes. Alterations of HIF-1a
and hypoxically regulated microRNAs (miRNAs) are correlated with patients’ outcome in various cancers, indicating their
crucial roles on cancer development. Recently, an increasing number of studies have revealed the intricate regulations between
miRNAs and HIF-1a in modulating a wide variety of processes, including proliferation, metastasis, apoptosis, and drug
resistance, etc. miRNAs are a class of small noncoding RNAs which function as negative regulators by directly targeting
mRNAs. Evidence shows that miRNAs can be regulated by HIF-1a at transcriptional level. In turn, HIF-1a itself can be
modulated by many miRNAs whose alterations have been implicated in tumorigenesis, thus forming a reciprocal regulation
network. These findings add a new layer of complexity to our understanding of HIF-1a regulatory networks. Here, we will
provide a comprehensive overview of the current advances about the bidirectional interactions between HIF-1a and miRNAs
in human cancers. Besides, the review will summarize the roles of miRNAs/HIF-1a crosstalk according to various cellular
processes. Finally, the potential values of miRNAs/HIF-1a loops in clinical applications are discussed.
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Introduction

Hypoxia, a common feature of solid tumors in the middle-
late stages, plays a significant role in tumorigenesis by pro-
moting the formation of a neoplastic environment [1]. Tumor
cells adapt to hypoxia partially through a transcriptional pro-
gram orchestrated by the HIF family of transcription fac-
tors [2]. HIFs are heterodimers containing two subunits: an
oxygen-modulated a-subunit (HIF-o) and a constitutively
expressed B-subunit (HIF-p) [3]. Among three isoforms
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of HIFa (HIF-1a, -2a and -3a), HIF-1a is ubiquitously
expressed in various cells and regarded as the major regula-
tor of oxygen homeostasis [4]. The activity of HIF-1a can be
regulated by different oxygen conditions [5, 6]. Under nor-
mal oxygen conditions, HIF-1a is hydroxylated by a family
of prolyl-hydroxylases (PHDs) on two specific proline resi-
dues (Pro402 and Pro564) [7, 8]. Then, hydroxylated HIF-1a
is recognized and targeted for rapid proteasomal degradation
by the substrate recognition component of an E3-ubiquitin
ligase, the von Hippel-Lindau (VHL) tumor suppressor
[9, 10]. While under hypoxia, HIF-1a can escape protea-
somal degradation due to the decreased activity of PHDs
and inhibited hydroxylation [5, 7]. The level of HIF-1a is
also regulated by other O,-dependent ways. For example,
hydroxylation by inhibiting HIF-1 (FIH-1) impairs HIF-1a
transcriptional activity because this modification inhibits
the interaction between HIF-1a and coactivators p300/CBP
[11]. Moreover, HIF-1a upregulation can be the result of
increased reactive oxygen species (ROS) [12].

The increased HIF-1a dimerizes with HIF-1f can
specifically bind to the promoters of many hypoxically
regulated genes [13]. HIF-1a, therefore, modulates a
wide variety of cellular processes, including metabolism,
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redox homeostasis, inflammation, and angiogenesis [7,
9]. Moreover, dysregulation of HIF-1a is also correlated
to tumorigenesis and HIF-1a participates in different
signaling pathways in human cancers [9, 14]. HIF-1a is
widely involved in PI3K/Akt pathway, probable pinores-
inol-lariciresinol reductase 3 (PLR-3)/NF-kB pathway,
and Wnt signaling pathway [15-17].

HIF-1a is an attractive candidate for prognosis analy-
sis. Cells with an increased level of HIF-1a may be less
sensitive to apoptosis and show a more aggressive phe-
notype [18]. Elevated HIF-1a has been widely reported
to be linked with human cancer progression [19]. Immu-
nohistochemical analyses indicated that HIF-1a protein
is commonly overexpressed in primary and metastatic
tumor tissues compared to its absence in normal controls
[20]. Moreover, overexpressed intracellular HIF-1a is
associated with patient mortality and worse prognosis
[19]. Significant correlations between HIF-1a upregula-
tion and prognosis have been identified in cancers of the
esophagus [21], breast [22], ovary [23] and head and neck
[24], etc. In some types of cancer, HIF-1a protein is even
considered as an independent prognostic indicator [25].

miRNAs are a class of single-stranded, endogenous,
small noncoding RNAs (containing about 19-24 nucleo-
tides) that regulate target mRNA through inhibiting its
translation or promoting degradation [26, 27]. miRNAs
play significant roles in a broad range of biological and
pathological processes, including proliferation [28],
metabolism [29], apoptosis [30] as well as drug resist-
ance [26, 31]. miRNAs can simultaneously regulate sev-
eral target mRNAs, and act as either tumor suppressors
or oncogenes in human cancers [32]. Some studies have
indicated that miRNAs might be the ideal biomarkers for
early detection and prognosis prediction of cancers [33,
34].

To date, the significance of long non-coding RNAs
(IncRNAs) is gradually being recognized [35]. Com-
pared to miRNAs, IncRNAs are transcripts longer than
200 nucleotides with little or no protein-coding capacity
[36]. IncRNAs are widely participated in the gene regula-
tions at different levels, including epigenetic regulations
[37], transcription and posttranscriptional processing
[38]. Studies have demonstrated that IncRNAs poten-
tially contribute to tumor progression [39]. The roles of
IncRNAs as tumor suppressors or oncogenes have been
confirmed in various cancer [40, 41]. Notably, pivotal
roles of hypoxia-responsive IncRNAs (HRLs) in cancer
progression have been found, and some IncRNAs even
participate in the crosstalks of miRNAs and HIF-1a [35,
42]. Moreover, unique profiles of IncRNAs can also
reflect cancer progression and may serve as indicators
for patient’s outcome [39, 43].
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miRNA/HIF-1a interactive regulations

Many studies have elucidated the novel roles of miRNAs/
HIF-1a crosstalk in cancers. As a transcriptional factor,
the HIF-1o/HIF-1f dimmer can bind to the promoters of
miRNAs and regulate various cellular processes. In addi-
tion, tumor-related miRNAs can also modulate the activity
of HIF-1a, finally exerting pro- or anti-tumor effects on
tumor cells.

HIF-1a related miRNAs

During the past few years, multiple studies have demon-
strated that miRNAs can influence the tumorigenic pheno-
types of cancer cells (such as invasion, metastasis, angio-
genesis, and drug resistance) (Fig. 1; Tables 1, 2). More
importantly, HIF-1a is confirmed as a common target gene
of certain miRNAs (Fig. 2; Table S1).

miR-199

One of the most focused miRNAs is miR-199. Increased
level of either miR-199a-5p or miR-199b can significantly
inhibit the luciferase activity of HIF-1a in prostate adeno-
carcinoma [44, 45]. miR-199a-5p is reduced in hepatocel-
lular carcinoma (HCC) tissues and cell lines, and HIF-1a
is identified as the target of miR-199a-5p [29]. In colorec-
tal cancer, overexpressed miR-199a suppresses tumor pro-
gression through the HIF-1a/vascular endothelial growth
factor A (VEGF-A) pathway [46]. Moreover, HIF-1a is
a direct target of miR-199a in osteosarcoma and ovarian
cancer [26, 47].

miR-138

miR-138 is highly conserved miRNA among various spe-
cies [48, 49]. Two miR-138 genes (miR-138-1 and miR-
138-2) are mapped to chromosome 3p21.33 and 16q13,
respectively [48]. It is believed that only miR-138-2 is
functionally transcribed in human cells [50]. miR-138
plays a crucial role in human cancers [51-53]. In gall-
bladder cancer (GBC), the level of miR-138 is regulated
by the long non-coding RNA LINCO00152, and HIF-1a is
confirmed as the target gene of miR-138 [52]. In ovarian
cancer cells, miR-138 was reported to exert its anti-metas-
tasis effect by targeting the 3-UTR of HIF-1a [51]. miR-
138 is markedly reduced in clear cell renal cell carcinoma
(CCRCC), and HIF-1a is the target gene of miR-138 [53].
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Fig.1 The molecular regulatory networks about miRNAs regulate
HIF-1a in human cancers. The miRNA/HIF-1a interactive relation
play an intricate role in tumorigenicity including cell proliferation,

miR-18

The two members of miR-18 family (miR-18a miR-18b)
have been found to function as tumor suppressors in differ-
ent cancers [54-56]. miR-18a is downregulated in gastric
cancer, and it can target HIF-1a [56]. miR-18a/HIF-1a
feedback loop is closely related to tamoxifen sensitivity in
estrogen receptor (ER)-positive cells. And this feedback
loop can be modulated by a IncRNA, urothelial carcinoma-
associated 1 (UCAL1), which plays an oncogenic role in
breast cancer [55]. Besides, miR-18b is downregulated in
malignant melanoma tissues and cell lines, and HIF-1a is
a direct target of miR-18b [54].

Other miRNAs

The 3'-UTRs of HIF-1a also contains the binding sites for
other miRNAs. For instance, the base-pair between HIF-1a
and miRNA seed region is evident with miR-1 [28, 57], miR-
142 [58], and miR-186 [59]. Transfection of miR-526b-3p or
miR-22 can decrease HIF-1a protein levels in colon cancer
[60, 61]. In breast cancer cells, HIF-1a is identified as a rep-
resentative target of miR-497 [62]. miR-622 and miR-519¢

miR-21
miR-135b

cell cycle, apoptosis, metabolism, invasion and metastasis, angiogen-
esis, and drug resistance (different round colors showed). HIF-1a,
hypoxia inducible factor-1a

are involved in lung carcinogenesis by targeting HIF-1a [63,
64]. In parallel to these, miR-122, miR-145, and miR-138 are
also abnormally expressed in cancers and HIF-1a is identi-
fied as their direct target [51, 65, 66].

It is worth noting that most of miRNAs shows adverse
expression levels with HIF-1a since miRNAs can function
as negative gene regulators via the inhibition of RNAS trans-
lation or degradation of target mRNAs [67, 68]. However,
some miRNAs present consistent levels with HIF-1a, which
might due to the integrated effects of genes regulatory net-
works [69]. For example, upregulated miR-135b is positively
correlated with HIF-1a expression and acts as a tumor pro-
moter by increasing the level of HIF-1a [70]. In ovarian
cancer and breast cancer cells, both HIF-1a and miR-21 are
upregulated, and they can promote cancer progression [71,
72]. These findings indicate that there are complex regula-
tory networks between miRNAs and HIF-1a, and in-depth
studies are needed.

HIF-1a regulates miRNAs

HIF-1a is one of the important transcriptional activators,
and dysregulation of HIF-1a usually causes the alterations of
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Table 1 Summary of reported miRNAs directly targeting HIF-1o in human cancers
miRNAs Cancer or cell types Validation ways Functions References
Downregulated miRNAs
miR-1 Colorectal cancer Targets 3'-UTR of HIF-1a (luciferase Inhibits proliferation; suppresses Xu et al. [28]
assay) glycolysis
miR-199a-5p HCC Targets 3'-UTR of HIF-1a (luciferase Inhibits the Warburg effect; sup- Lietal. [29]
assay) presses cell growth
Prostate adenocarcinoma Targets 3'-UTR of HIF-1a (luciferase Inhibits proliferation, motility, and Zhong et al. [44]
assay) angiogenesis; iromotes apoptosis
Malignant melanoma Targets 3'-UTR of HIF-1a (luciferase Inhibits proliferation and growth; Yang et al. [116]
assay) arrests cells in G1 phase
miR-199a Osteosarcoma Targets 3'-UTR of HIF-1a (luciferase Reverses drug resistance Keremu et al. [26]
assay)
Colorectal cancer Western blot Inhibits proliferation, migration and  Ye et al. [46]
invasion
EOC Targets 3'-UTR of HIF-1a (luciferase Inhibits migration; inhibits ECM Joshi et al. [47]
assay) remodeling; inhibits cell growth
miR-199b Prostate adenocarcinoma Targets 3'-UTR of HIF-1a (luciferase Inhibits proliferation; increases cell Shang et al. [45]
assay) death
miR-138 Ovarian cancer Targets 3'-UTR of HIF-1a (luciferase Suppresses invasion, migration, and ~ Yeh et al. [51]
assay) metastasis
GBC Targets 3'-UTR of HIF-1a (luciferase Inhibits metastasis and EMT Cai et al. [52]
assay)
CCRCC Targets 3'-UTR of HIF-1a (luciferase Increases apoptosis; reduces migra-  Song et al. [53]
assay) tion
miR-18b Malignant melanoma Targets 3'-UTR of HIF-1a (luciferase Decreases proliferation; induces cell ~ Chen et al. [54]
assay) cycle arrest; inhibits glycolysis
miR-18a Breast cancer Western blot and qRT-PCR Reduces drug resistance Li et al. [55]
Gastric cancer Targets 3'-UTR of HIF-1a (luciferase Inhibits apoptosis and invasion Wu et al. [56]
assay)
miR-142 Pancreatic cancer Targets 3'-UTR of HIF-1a (luciferase Inhibits proliferation and invasion Lu et al. [58]
assay)
miR-186 Gastric cancer Targets 3'-UTR of HIF-1a (luciferase Inhibits proliferation; promotes apop- Liu et al. [59]
assay) tosis; inhibits glycolysis
miR-526b-3p Colon cancer Targets 3'-UTR of HIF-1a (luciferase  Suppresses proliferation, metastasis ~ Zhang et al. [60]
assay) and glycolysis
miR-22 Colon cancer Targets 3'-UTR of HIF-1a (luciferase Inhibits angiogenesis Yamakuchi et al. [61]
assay)
miR-497 Breast cancer Western blot Inhibits proliferation, growth, and Wau et al. [62]
angiogenesis
miR-622 Lung cancer Targets 3'-UTR of HIF-1a (luciferase Inhibits invasion and migration, Cheng et al. [63]
assay)
miR-519¢ Lung cancer Targets 3'-UTR of HIF-1a (luciferase Reduces angiogenesis Cha et al. [64]
assay)
miR-122 HCC Targets 3'-UTR of HIF-1a (luciferase Inhibits EMT Ambade et al. [65]
assay)
miR-145 HCC Western blot and qRT-PCR - Takahashi et al. [66]

miR-338-3p NPC

Upregulated miRNAs
miR-135b HNSCC
miR-21 Ovarian cancer

Breast cancer

Targets 3'-UTR of HIF-1a (luciferase
assay)

Western blot and gRT-PCR

Western blot and qRT-PCR
Western blot and qRT-PCR

Inhibits proliferation, migration, and
EMT; overcomes drug resistance

Increases proliferation, migration,
and colony formation

Induces drug resistance
Promotes EMT

Shan et al. [117]

Zhang et al. [70]

Xie et al. [71]
Han et al. [72]

CCRCC, clear cell renal cell carcinoma; EOC, epithelial ovarian cancer; GBC, gallbladder cancer cell; HCC, hepatocellular carcinoma;
HNSCC, head and neck squamous cell carcinoma; NPC, nasopharyngeal carcinoma; HIF-1a, hypoxia inducible factor-1o; EMT, epithelial-mes-
enchymal transition; ECM, extracellular matrix; qRT-PCR, quantitative real-time polymerase chain reaction
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Table 2 HIF-1a regulates miRNAs in human cancers

miRNAs Cancer or cell types Validation ways Functions miRNA targets Group
Upregulated miRNAs
miR-210 Schwannoma qRT-PCR Inhibits apoptosis and EFNA3 Wang et al. [75]
autophagy; promotes
angiogenesis and
proliferation
Ovarian cancer - Promotes invasion and VMP1 Liu et al. [76]
metastasis
Ovarian cancer qRT-PCR Promotes proliferation; PTPN1 Lietal. [77]
inhibits apoptosis
Gastrointestinal cancer ChIP assay Promotes migration SPRED2 Chen et al. [78]
OPSCC qRT-PCR Influences metabolic ~ ISCU Saenz-de-Santa-
reprogramming Maria et al. [79]
Paragangliomas qRT-PCR Influences metabolic ~ — Merlo et al. [80]
reprogramming
CCRCC qRT-PCR Induces G2/M accu- E2F3 Nakada et al. [81]
mulation; Induces
aneuploidy and
multipolar spindle
formation
HCC Luciferase assay Promotes invasion and HIF-3a Kai et al. [82]
migration
Colon cancer gRT-PCR and Western Enhances autophagy;  Bcl-2 Sun et al. [83]
blot reduces radiosensi-
tivity
Gastric cancer qRT-PCR Promotes EMT HOXA9 Yu et al. [84]
Pancreatic cancer qRT-PCR - E2F3; EFNA3; GIT2; Chen et al. [85]
MNT; ZNF462;
EGR3
ESCC qRT-PCR Inhibits proliferation;  PLKI Li et al. [86]
induces G2/M phase
cell cycle arrest
miR-21 Cervical cancer gRT-PCR and Western Increases radioresist- PTEN Song et al. [87]
blot ance
OSCC ChIP assay Promotes cell growth, PTEN; Pdcd4; E-cad- Li et al. [88]
migration and inva- herin; Vimentin
sion
Pancreatic cancer ChIP assay Increases proliferation; — Mace et al. [89]
overrides cell cycle
arrest; Enhances cell
survival
miR-191 Lung cancer qRT-PCR Promotes proliferation NFIA Zhao et al. [90]
and migration
miR-224 Gastric cancer Luciferase and ChIP Promotes cell growth, RASSF8 He et al. [91]
assays migration and inva-
sion
miR-421 Gastric cancer Luciferase assay Promotes metastasis;  E-cadherin; Caspase-3 Ge et al. [92]
inhibits apoptosis;
induces drug resist-
ance
miR-27a Gastric cancer ChIP and luciferase Induces multidrug MDR1/P-gp; LRP; Zhao et al. [93]
assays resistance Bcl-2
miR-107 Gastric cancer qRT-PCR - - Ayremlou et al. [94]
miR-382 Gastric cancer Luciferase assay Promotes angiogenesis PTEN Seok et al. [95]
miR-183 HCC qRT-PCR and Western Induces multidrug IDH2; SOCS6 Wang et al. [96]
blot resistance
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Table 2 (continued)

miRNAs Cancer or cell types Validation ways Functions miRNA targets Group
miR-494 Lung cancer ChIP assay Promotes angiogenesis PTEN; Akt/eNOS Mao et al. [97]
pathway
miR-145 Bladder cancer ChIP assay Induces apoptosis - Blick et al. [98]
miR-184 Glioma qRT-PCR and Western Suppresses apoptosis;  FIH-1 Yuan et al. [99]
blot facilitates invasion
and migration.
miR-485-5p; miR- STS RT-PCR and microar- — HIF-3a Gits et al. [100]
210-3p rays
miR-675-5p Glioma qRT-PCR and Western Promotes angiogenesis HuR/VHL? Lo Dico et al. [107]
blot
Downregulated miRNAs
miR-199a-5p HCC qRT-PCR Inhibits Warburg effect HIF-1a Lietal. [29].
and cell growth
miR-548an Pancreatic cancer ChIP assay Inhibits proliferation ~ Vimentin Zhu et al. [101]
and invasion
miR-17; miR-20a AML qRT-PCR and Western Inhibits cell differen-  p21;STAT3 He et al. [102]
blot tiation; promotes
proliferation
miR-33a HCC Western blot Inhibits invasion and ~ Twistl Guo et al. [103]
migration
miR-101 Pancreatic cancer qRT-PCR and Western Inhibits invasion and ~ EZH2 Cao et al. [104]
blot migration
miR-34a Colorectal cancer ChIP assay Inhibits the EMT and PPPIR11 Lietal. [105]
metastasis

CCRCC, clear cell renal cell carcinoma; HCC, hepatocellular carcinoma; OPSCC, oropharyngeal squamous cell carcinomas; OSCC, oral
squamous cell carcinoma; STS, soft tissue sarcomas; AML, acute myeloid leukemia; ESCC, esophageal squamous cell carcinoma cell; NFIA,
nuclear factor 1a; EFNA3, Ephrin A3; ISCU; Iron—sulfur cluster assembly enzyme; HIF-1a, hypoxia inducible factor-1a; RASSFS8, Ras asso-
ciation domain family member 8; IDH2, isocitrate dehydrogenase (NADP (+)) 2, mitochondrial; SOCS6, suppressor of cytokine signaling 6;
STATS3, signal transducer and activator of transcription 3; PTEN, phosphatase and tensin homolog; Pdcd4, programmed cell death 4; HIF-3a,
hypoxia inducible factor-3a; Twistl, twist family bHLH transcription factor 1; MDR1/P-gp, MDR1: multi-drug resistance genel/P-glycoprotein;
LRP, leucine-responsive global transcriptional regulator; Bcl-2, B cell leukemia/lymphoma 2; HOXA9, homeobox A9; SPRED2, sprouty related
EVHI domain containing 2; FIH-1, factor inhibiting hypoxia-inducible factor 1 alpha; VMPI, vacuole membrane protein 1; PTPNI, protein
tyrosine phosphatase, non-receptor type 1; PPP1R11, protein phosphatase 1 regulatory inhibitor subunit 11; VHL, von Hippel-Lindau; E2F3,
E2F transcription factor 3; GIT2, GIT ArfGAP 2; MNT, MAX network transcriptional repressor; ZNF462, zinc finger protein 462; EGR3, early
growth response 3; PLK1, polo like kinase 1; EZH2, enhancer of zeste 2 polycomb repressive complex 2 subunit; EMT, epithelial-mesenchymal
transition; ChIP, chromatin immunoprecipitation; qRT-PCR, quantitative real time polymerase chain reaction

its downstream genes, including miRNAs. Some hypoxam-
iRs carry a hypoxia response element (HRE) in their promot-
ers which can bind to HIF-1a [69]. Just as mentioned above,
some miRNAs are apt to inhibit HIF-1o and some of them
are also regulated by HIF-1a (Table 2; Fig. 2).

miR-210

miR-210 is a key regulator of hypoxia and generally rec-
ognized as a robust HIF target [73]. Elevated miR-210 is
detected in various cancers and acts on a number of targets
[74], including B cell lymphoma-2 (Bcl-2), vacuole mem-
brane protein 1 (VMP1) and iron—sulfur cluster assembly
enzyme (ISCU). Hypoxia-induced miR-210 is involved in
the development of schwannoma by targeting ephrin-A3
(EFNA3) [75]. In ovarian cancer, HIF-1a/miR-210 axis
is an important contributor for tumor progression through
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acting on VMP1 and non-receptor type 1 (PTPN1) [76, 77].
Besides, both the HIF-1a and miR-210 are upregulated
in the cells of gastrointestinal cancer, and the chromatin
immunoprecipitation (ChIP) assay confirms that HIF-1a
can enhance miR-210 transcript levels via directly binding
to the HRE in promoter region of miR-210 [78]. In some
cancers (oropharyngeal squamous cell carcinomas (OPSCC)
and paragangliomas), HIF-1a induced miR-210 may influ-
ence the metabolic reprogramming [79, 80]. Also, miR-210
is found to be upregulated in CCRCC cells as a result of
HIF-1o accumulation [81].

Interestingly, the majority of the findings about the role of
HIF-10/miR-210 axis are found in gastrointestinal cancers,
which may be due to the biological specificity. In HCC cells,
HIF-1a/miR-210/HIF-3a regulatory circuit is closely related
to the cancer metastasis [82]. Likewise, Sun Y and his col-
leagues have found that HIF-1o/miR-210/Bcl-2 pathway was
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responsible for the carcinogenesis of colon cancer [83]. miR-
210 is regulated by HIF-1a in gastric cancer, and blocking
this pathway might be conducive to inhibit tumor growth
[84]. In pancreatic cancer cells, miR-210 expression is
found to be induced by hypoxia through a HIF-1a-dependent
pathway [85]. Besides, miR-210 is highly expressed under
hypoxic conditions compared to normal oxygen condi-
tions in esophageal cancer cells [86]. These facts highlight
the importance of hypoxia/HIF-1« in regulating miR-210
expression during the carcinogenesis and provide critical
clues for the treatment of gastrointestinal cancers [73].

miR-21

Apart from miR-210, miR-21 is another abundantly
expressed hypoxamiR under the regulation of HIF-1a.
Induction of miR-21 under hypoxia has been variably
reported in cancer cells [87-89]. Song et al. have found
that upregulated miR-21 in radioresistant cervical cancer
was related to HIF-1a overexpression. Importantly, they

proposed that there was a HIF-1o/miR-21 positive feedback
loop through the PTEN/Akt/HIF-1a pathway in cervical
cancer cells [87]. miR-21 shows a highest level among the
differentially expressed miRNAs in hypoxic exosomes [88].
The expression level of miR-21 is dependent on both HIF-1«
and HIF-2« in oral squamous cell carcinoma (OSCC) cells.
In another study, Mace et al. have reported that miR-21 was
significantly induced by hypoxia through HIF-1a upregula-
tion in pancreatic cancer cells [89].

Others miRNAs

Using miRNA profiling techniques and bioinformatics
analysis, more and more hypoxamiRs have been identi-
fied in recent years. For instance, miR-191 is found to be
upregulated under chronic hypoxia and regulated by HIF-1a
in non-small cell lung cancer (NSCLC) cells [90]. In gas-
tric cancer cells, miR-224 is upregulated by HIF-1a at the
transcriptional level [91]. Overexpressed miR-421, miR-
27a, miR-107, and miR-382 are induced by the high level of
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HIF-1a in gastric cancer cells. The direct regulatory rela-
tionships of HIF-1a on these miRNAs are demonstrated by
different approaches, including ChIP assay, luciferase assay,
as well as qRT-PCR [92-95]. In HCC cells, the expression
levels of miR-183 and HIF-1a are positively correlated, and
miR-183 expression is affected by HIF-1a [96]. miR-494 is
induced in lung cancer cells in response to hypoxia, likely
via a HIF-1a-mediated mechanism [97]. In addition, HIF-1a
can directly bind to the promoter region of miR-145 and
HIF-1a promotes its expression in bladder cancer [98]. miR-
184 is observed to be significantly upregulated in glioma
under the regulation of HIF-1a [99]. In soft tissue sarco-
mas (STS), miR-485-5p and miR-210-3p are identified as
the most increased miRNAs under hypoxia, and alterations
of these two miRNAs can be influenced by HIF-1a [100].
There are also many downregulated miRNAs under
hypoxia [69]. For instance, miR-548an, a tumor suppressor
miRNA, is down-regulated by HIF-1a in pancreatic can-
cer cells, and it contributes to increasing vimentin level and
facilitating the pancreatic tumorigenesis [101]. Hypoxia/
HIF-1a can reduce the levels of miR-17 and miR-20a via
downregulating c-Myc in acute myeloid leukemia (AML)
cells [102]. miR-33a and miR-199a-5p are found to be

pNM2 —— ( miR-1%8a ) |———
HIF-1a 1y
HUR —
miRNAs

IncRNA UCA1 ‘—l
IncRNAs
HIF-1a/Hypoxia l HIF-1a

Reported as tumor ]’

suppression gene miR-18a

Reported as oncogene

HIF-la +—— p-STAT3

p53

miR-183

IDH2 | — socse

Fig.3 Model of auto-regulatory feedback loop between several
selected miRNAs and HIF-la. The components of each feedback
loop are colored according to genes type or genes functions (see the
key at the middle left). DNM2, dynamin 2; GPDIL, glycerol-3-phos-
phate dehydrogenase 1 like; HIF-1a, hypoxia inducible factor-la;
HIF-3a, hypoxia inducible factor-3a; HUR, RNA-binding protein
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reduced under the regulation of HIF-1a in HCC [29, 103].
Cao et al. have found that the deferoxamine mesylate (DFO)-
induced HIF-1a and HIF-1f can decrease the level of miR-
101 in pancreatic cancer cells [104]. Li et al. have demon-
strated that downregulated miR-34a was necessary for the
hypoxia-induced EMT, invasion and migration in colorectal
cancer cells. HIF-1a can directly inhibit the expression of
miR-34a in p53-defective colorectal cancer cells, whereas
the level of miR-34a is increased in pS3-proficient colorectal
cancer cells under hypoxia [105] (Fig. 2). These findings
suggest that the functions and correlations of miRNAs and
HIF-1a in human cancer may be cell-type dependent.

The loops of miRNAs/HIF-1a

One of the prominent biological functions of miRNAs is
to reinforce the inhibition of transcripts in cells. In turn,
HIF-1a itself can be regulated by some miRNAs, thus form-
ing the positive and negative feedback loops (Fig. 3). So far,
these miRNASs include the miR-210 [73, 74, 82], miR-199a
[29, 47, 106], miR-21 [87], miR-18a [55], miR-183 [96], and
miR-138 [52]. Additional players in the loops of miRNAs/
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(RBP); IDH2, isocitrate dehydrogenase (NADP (+)) 2, mitochon-
drial; PPP1R11, protein phosphatase 1, regulatory subunit 11; PTEN,
phosphatase and tensin homolog; SOCS6, suppressor of cytokine
signaling 6; STAT3, signal transducer and activator of transcription 3;
VHL, von Hippel-Lindau
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HIF-1a include miR-675-5p [107], miR-17-92 cluster [108],
miR-20b [109, 110] as well as miR-519c¢ [64].

Overexpressed miR-210 is a significant factor for
HIF-1a stabilization during hypoxia, and increased activity
of HIF-1a can trigger the accumulation of miR-210, thus
forming a positive-feedback loop of HIF-1a amplification
[73] (Fig. 3). Similarly, miR-675-5p, which is embedded
in hypoxia-induced long non-coding RNA H19, is required
to sustain the activity of HIF-1a [107]. In contrast to the
positive-feedback loops mentioned above, there are also
some miRNAs contribute to a negative-feedback loop
which may affect the level of HIF-1a. For instance, miR-
107 [111] and miR-155 [112] are reported to participate
in the negative-feedback loop for the resolution of HIF-1a
stabilization under hypoxia. P53-induced miR-107 can also
repress HIF-1p expression and hypoxic signaling [111].
Other regulators which act on the negative-feedback loops
refer to factor inhibiting HIF-1 (FIH-1) and cullin 2. Yuan
et al. have demonstrated that FIH-1 (the asparagyl hydroxy-
lase inhibitor of HIF-1a activity) was a target mRNA of
miR-184 and upregulated FIH-1 might negatively control the
protein level of HIF-1a [99]. Cullin 2 (CUL2) is a scaffold-
ing protein which is critical to the assembly of the ubiquitin
ligase system [113]. Hypoxia-induced miR-424 can target
CUL2 to stabilize the HIF isoforms [114]. Given the increas-
ing reports about the HIF-1a pathway in various cancers,
it is highly anticipated that the loops of miRNAs/HIF-1a,
directly or indirectly, provide new theoretical basis for clini-
cal applications.

Molecular mechanisms of miRNAs/HIF-1a
loops in cancers

As discussed earlier, miRNAs/HIF-1a loops are cancer type-
dependent and play an intricate role in carcinogenesis. In
this section, we will summarize the molecular mechanisms
of these deregulated miRNAs/HIF-1a loops according to
their various biological functions including cell proliferation
and cell cycle, apoptosis, metastasis, and drug resistance
(Fig. 1; Tables 1, 2).

Cell proliferation and cell cycle

Deregulation of the cell cycle underlies the uncontrolled cell
proliferation is the marked feature of cancer cells [115]. In
prostate adenocarcinoma, overexpressed miR-199a-5p inhib-
its tumor cell proliferation by targeting HIF-1a, and upregu-
lated HIF-1a can partly rescue the proliferation inhibition
caused by miR-199a-5p [44]. miR-199b can inhibit prolifera-
tion of prostate adenocarcinoma cells through affecting the
level of HIF-1a [45]. In colorectal cancer cells and tissues,
miR-199a acts as a tumor suppressor by directly targeting

HIF-1a [46]. Likewise, upregulated miR-199a-5p is reported
to inhibit proliferation of malignant melanoma cells, in part,
by coordinately suppressing HIF-1o [116].

miR-18b is also reported to remarkably decrease prolif-
eration of malignant melanoma cells by targeting the 3'-UTR
of HIF-1a [54]. According to a recent report, ectopical
expression of miR-1 exerts an anti-proliferative effect by tar-
geting HIF-1a in colorectal cancer cell lines [28]. In pancre-
atic cancer cells, re-expression of miR-142 can significantly
inhibit proliferation by downregulation of HIF-1a [58].
Meanwhile, the HIF-1a-histone deacetylase 1 (HDAC1)
complex transcriptionally inhibits miR-548an expression
under hypoxia, resulting in the high level of vimentin that
facilitates the proliferation of pancreatic cancer cells [101].
Similarly, miR-17 and miR-20a are downregulated by
HIF-1a, and they inhibit proliferation of AML cells [102].
Liu et al. showed that miR-186/HIF-1a axis is crucial to the
proliferation of gastric cancer cells, upregulated miR-186
inhibits tumor cells proliferation through targeting HIF-1a
[59]. miR-338-3p inhibits the cell growth and proliferation
of nasopharyngeal carcinoma (NPC) cells via reduction of
HIF-1a [117]. Additionally, upregulation of miR-526b-3p
and miR-497 may inhibit proliferation of colon cancer cells
and breast cancer cells by downregulating HIF-1«, respec-
tively [60, 62].

However, miR-135b was found to increase proliferation
of head and neck squamous cell carcinoma (HNSCC) cells
by inhibiting the HIF-1a [70]. Similarly, some of hypoxam-
iRs commonly act as tumor promoters by targeting differ-
ent mRNAs in cancer cells (Table 2). Upregulated miR-191
shows a promotive effect on NSCLC cell proliferation under
the conditions of chronic hypoxia [90]. Overexpression of
miR-21 is reported to remarkably promote proliferation of
OSCC and pancreatic cancer cells [88, 89]. Upregulation
of miR-210 promotes cell proliferation in schwannoma and
ovarian cancer [75, 77]. Li et al. [86] as well as Tsuchiya
et al. [118] have demonstrated that miR-210 can inhibit pro-
liferation of ESCC cells by leading to cell cycle arrest in
G1/GO or G2/M phases, although it targets different mRNA
[Polo-like kinase 1 (PLK1), Fibroblast Growth Factor
Receptor-like 1 (FGFRL1)]. These results suggest that miR-
NAs/HIF-1a loops can either promote tumor proliferation or
suppress tumor proliferation, depending on the cell types.

Apoptosis

Apoptosis is the programmed cell death that contributes to
eliminating unnecessary cells and maintaining the healthy
balance between cell survival and cell death in metazoan
[119, 120]. Defect in apoptosis plays crucial roles in tumor
progression, allowing tumor cells to survive over the
intended lifespans [120]. Generally, the available evidence
shows a predominantly anti-apoptosis role of these miRNAs
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in cancer cells [75, 77, 92, 99], whereas downregulation of
them promoting apoptosis [44, 45, 53, 59] (Tables 1, 2).
These studies have been performed in a series of cancer
cells, including ovarian cancer and breast cancer. Although
there are still significant gaps in our understanding of this
process, a number of targets (including HIF-1a, FIH-1, cas-
pase-3, and PTPN1.) have been identified to help explaining
the role of hypoxamiRs in apoptosis. Moreover, despite the
predominant evidence as mentioned above, recent studies
also demonstrated some unusual cases. For instance, miR-
18a is found to be downregulated in gastric cancer cells and
inhibits apoptosis of tumor cells by targeting HIF-1a [56].
Hypoxia/HIF-1a-induced miR-145 can also induce cell
apoptosis in bladder cancer [98].

Metabolism

Mitochondria, also named as the ‘‘energy factories’’, can
generate majority of adenosine triphosphate (ATP) under
normoxic conditions. Tumor cells shows a greater demand
for energy and oxygen for their rapid proliferation and
growth. Especially under hypoxia, tumor cells prefer to pro-
duce ATP through glycolysis pathway, which is less efficient
compared with the oxidative phosphorylation pathway [121].
This phenomenon, also called “the Warburg effect”, reveals
the relationships between metabolism and carcinogenesis. In
this process, certain miRNAs and HIF-1« play a significant
role either by decreasing the level of mitochondrial respira-
tion and biogenesis related genes or increasing the activity
of glycolytic enzymes [29, 69, 79].

For example, several studies have found that hypoxia-
induced miR-210 may contribute to this metabolic shift
through suppressing the level/functions of the genes or pro-
teins in the mitochondrial electron transport chain (ETC).
The targets of miR-210 in this metabolic shift include the
ISCU [79], NADH dehydrogenase (ubiquinone) lalpha sub-
complex4 (NDUFA4) [122], succinate dehydrogenase com-
plex, subunit D (SDHD) [122], cytochrome ¢ oxidase assem-
bly homolog 10 (COX10) [123], and glycerol-3-phosphate
dehydrogenase 1-like (GPDI1L) [69]. And these findings
have been demonstrated in various cancer cells, including
lung cancer, breast cancer, and colon cancer. Notably, some
target genes like SDHD usually acts as a tumor suppressor,
indicating a tumor promotion effect of miR-210. Evidence
from a HIF-1a/miR-210/GPDI1L circuit (Fig. 3) shows the
close relationships of HIF-1a/miR-210 loop and metabo-
lism in carcinogenesis. Besides, hypoxia-induced miR-210
is reported to influence metabolic reprogramming both in
OPSCC [79] and paragangliomas cells [80], which is closely
related to the Warburg effect.

Some miRNAs may play a different role as compared
with miR-210. Restoration of miR-1 level can inhibit gly-
colysis in colorectal cancer cells via targeting HIF-1a,
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suggesting an anti-tumorigenic role of miR-1 [28]. Similarly,
other reports have found that miR-186 [59], miR-526b-3p
[60], and miR-18b [54] might inhibit glycolysis by down-
regulating the level of HIF-1a in cancer cells. miR-199-5a/
HIF-1a loop shows a suppressive effect on Warburg effect
of HCC cells under hypoxia [29].

Metastasis and invasion

Cancer metastasis is commonly known as the spread of
tumor cells to distant parts of the body from its original site
[52, 124]. Metastasis and invasion are highly dependant on
the tumor—stromal interaction, such as extracellular matrix
(ECM) remodeling and epithelial-mesenchymal transition
(EMT) [52, 82]. Recent studies on cancer metastasis high-
lighted the significant role of reciprocal regulations between
miRNAs and HIF-1a. Study conducted by Ye et al. has
revealed a link between miR-199a and HIF-1a in colorectal
cancer, and ectopic expression of miR-199a could decrease
migratory and invasive capacity of cancer cells by targeting
HIF-1a [46]. Likewise, miR-199a can inhibit metastasis of
epithelial ovarian cancer (EOC) cells via suppressing the
expression of HIF-1a [47]. In pancreatic cancer, upregula-
tion of miR-142 shows an anti-metastatic role by targeting
HIF-1a [58], similar results are also found in studies referred
to miR-548an [101] and miR-101 [104]. miR-138/HIF-1a
axis is demonstrated to reduce the migration of CCRCC cells
[53]. miR-138 can also suppress the invasion and metasta-
sis of ovarian cancer cells by downregulating HIF-1a [51,
52]. Besides, miR-526b-3p [60], miR-18a [56], miR-338-3p
[117], and miR-622 [63] may also inhibit the invasion and
metastasis of cancer cells through targeting HIF-1a.

There are also some reports on the pro-metastasis role
of HIF-1a-related miRNAs in human cancers. Hypoxia
induced miR-210 promotes invasion and migration in HCC
[82], gastrointestinal cancer [78], and ovarian cancer [76].
Moreover, hypoxia-induced miR-184 can facilitate the inva-
sion and migration of glioma cells by targeting FIH-1 [99].
Ectopic expression of HIF-1a and miR-21 contributes to the
migration and invasion of OSCC [88]. In gastric cancer, both
hypoxia induced miR-224 [91] and miR-421 [92] can pro-
mote migration and invasion of cancer cells. Under hypoxia,
upregulated miR-191 can promote migration of lung cancer
cells by targeting nuclear factor 1o (NFIA) [90].

As for EMT and ECM, overexpression of miR-138 can
inhibit EMT in GBC cells, at part, by targeting HIF-1a
[52]. In HCC cells, restoration of miR-122 inhibits the
EMT by targeting HIF-1a [65]. miR-338-3p can inhibit
EMT in NPC cells via downregulating HIF-1a [117]. In
colorectal cancer, low level of miR-34a is necessary for
the hypoxia-induced EMT, and miR-34a can reduce the
expression of protein phosphatase 1 regulatory inhibi-
tor subunit 11(PPP1R11) to prevent activation of signal
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transducer and activator of transcription (STAT3) [105].
miR-199a can inhibit ECM remodeling in EOC cells
through inhibition of HIF-1a [47]. Recently, a novel feed-
back circuit consisting of HIF-1a/miR-210/HIF-3a is
found to promote ECM remodeling and metastasis in HCC
cells [82]. However, HIF-1a induced miR-210 can pro-
mote EMT by directly targeting HOXA9 in gastric cancer
cells [84]. Han et al. have demonstrated that the formation
of cancer stem cells (CSC)-like cells biological features,
especially EMT, are associated with overexpression of
HIF-1a, and both of which are regulated by miR-21 [48].

Angiogenesis

Angiogenesis is a multistep process of blood vessels neo-
formation which provides oxygen and nutrients to cells,
allowing discharge of metabolic waste [125]. During the
neoplastic processes, increased demand for nutrients of
tumor cells drives a disruption of the balance between
proangiogenic and antiangiogenic factors, causing the
maintenance of primary tumors and the promotion of
metastasis at secondary sites [126]. Hypoxia is a well-
known trigger for its role in promoting neo-vessel for-
mation. Recent studies have extensively explored the
mechanisms of angiogenesis in tumor cells, and miRNAs/
HIF-1a loops are found to be involved in the various steps
of the angiogenic response. miR-199a-5p may inhibit the
angiogenesis of prostate adenocarcinoma cells by targeting
HIF-1a [44]. Upregulation of miR-497 can significantly
inhibit the angiogenesis of breast cancer cells via inhibit-
ing HIF-1a [62]. Silencing miR-22 enhances the angiogen-
esis of colon cancer cells through upregulation of HIF-1a
and subsequently facilitates the development of colon
cancer [61]. Besides, miR-519c¢ can inhibit the expression
level of HIF-1a, followed by reduced angiogenesis in lung
cancer cells [64].

Some miRNAs may promote the angiogenesis in human
cancers. For instance, HIF-1o/miR-210/EFNA3 axis may
promote the angiogenesis of schwannoma cells, and this
pathway can be taken as effective targets for clinical aux-
iliary treatment of neurilemmoma [75]. HIF-1a induced
miR-494 promotes the angiogenesis of lung cancer cells by
suppressing PTEN and Akt/eNOS pathway [97]. Long non-
coding RNA H19-derived miR-675-5p is required to induce
hypoxia-mediated angiogenesis in glioma [107]. In gastric
cancer cells, upregulated miR-382 promotes angiogenesis
via targeting PTEN and reducing the secretion of vascular
endothelial growth factors (VEGFs) [71]. Notably, research-
ers have confirmed a positive feedback between VEGF and
miR-210 in non-tumor cells [127]. If confirmed in cancer
cells, this finding may promote the development of anti-
VEGEF therapy (such as using miR-210 inhibitors).

Drug resistance and radioresistance

Multidrug resistance (MDR) and radioresistance remains
the major obstacle to successful cancer therapy. Generally,
anoxic cells present to be more chemoresistant and radiore-
sistant than normoxic cells [128]. Activation of the HIF-1a
related pathway may cause an increased chemoresistance
[129, 130] and radioresistance [131] in tumor cells. For
example, HIF-1a regulates the transcription of many genes
involved in chemoresistance (ABC transporter genes) and
radioresistance (p53, p21) in cancer cells [128]. Tumor cells
resisting to chemotherapies and radioresistance is highly
dependent on some mutational genes which might be the
therapeutic targets. miR-21 can decrease the levels of the
P-glycoprotein (P-gp) and HIF-1a proteins, thus increasing
the sensitivity of the A2780/taxol cells to paclitaxel [71].
HIF-1a induced miR-21 can increase the radioresistance in
cervical cancer cells [87]. In gastric cancer cells, both miR-
421 and miR-27a are identified to induce drug resistance by
targeting MDR-related genes, including MDR1/P-gp, and
LRP. In HCC, two feedback loops, HIF-1a/miR-183/IDH2
and HIF-1o/miR-183/SOCS6/p-STAT3, are responsible for
miR-183 upregulation, and upregulated miR-183 can induce
MDR through suppressing SOCS6 [96].

Under some circumstances, some miRNAs/HIF-1o axis
may play a positive role in reversing MDR. For instance,
miR-199a can reverse the cisplatin (CDDP) resistance in OS
cells, at least, by targeting HIF-1a [26]. In NPC, the cells
pre-transfected with miR-338-3p can overcome hypoxia-
mediated CDDP resistance [117]. miR-18a/HIF-1a axis
negatively contributes to acquired tamoxifen resistance in
the breast cancer cells [55]. Upregulation of miR-210 may
reduce radioresistance of colon cancer cells by targeting
Bcl-2 [83].

Although these findings show a great promise in revers-
ing MDR and radioresistance, there are still obstacles to put
certain knowledge into clinical practice, including lack of
the effective delivery systems, inconsistent outcomes, and
few clinical trials. In the future, great progresses of this field
should be expected.

Clinical applications
Diagnostic value for cancers

Increasing incidence rates of various cancers impose a heavy
burden to most countries, better diagnostic tools, therefore,
are needed. Many studies have showed strong evidence that
miRNAs/HIF-1a loops were commonly dysregulated in can-
cers. Figure 4 shows the expression abundance of HIF-1a
in various cancers tissues, which might be used to classify
cancer subtypes.
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Fig.4 Expression profile of HIF-la across all tumor samples and
paired normal tissues. Data publicly available from the Cancer
Genome Atlas (TCGA) database (https://cancergenome.nih.gov/)
were analyzed for the expression level of HIF-1a in carcinoma group
and adjacent group of different types of cancers. The height of bar
represents the median expression of certain tumor type or normal tis-
sue. ACC, adrenocortical carcinoma; BLCA, bladder urothelial carci-
noma; BRCA, breast invasive carcinoma; CESC, cervical squamous
cell carcinoma and endocervical adenocarcinoma; CHOL, cholan-
giocarcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid neo-
plasm diffuse large B-cell lymphoma; ESCA, esophageal carcinoma;
GBM, glioblastoma multiforme; HNSC, head and neck squamous cell

More importantly, circulating miRNAs are stable
and easily detected, it may outperform other biomarkers
when used to classify poorly differentiated tumors. Under
hypoxic conditions, specific expression patterns of miR-
NAs may be the valuable biomarkers for cancer detec-
tion. miR-15a/16, miR-34a, miR-126 and miR-128 are
significantly downregulated in A549 cells (lung cancer
cell line) as comparted to control cells, while miR-21 and
miR-210 are upregulated [132]. Distinct miRNAs signa-
ture (upregulated miR-210, miR-218, miR-224 and miR-
452) is associated with melanoma subtypes and they are
all regulated by HIF-1a [133]. Likewise, Blick et al. have
identified a HIF-1a-related miRNAs signature in bladder
cancer (upregulated miR-210, miR-193b, miR-145, miR-
125-3p, miR-708 and miR-517a) which might be help-
ful to distinguish bladder cancer patients [98]. In gastric
cancer, miR-107 is significantly higher in tumor tissues
and serum as compared to matched normal controls. Its
correlation with HIF-1a expression is also indicated in
gastric cancer patients [94]. Upregulated miR-210 is even
considered as a common risk factor for gastrointestinal
cancer [78, 134].
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carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear
cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML,
acute myeloid leukemia; LGG; brain lower grade glioma; LIHC, liver
hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC,
lung squamous cell carcinoma; OV, ovarian serous cystadenocarci-
noma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocy-
toma and paraganglioma; PRAD, prostate adenocarcinoma; READ,
rectum adenocarcinoma; SARC, Sarcoma; SKCM, skin cutaneous
melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ
cell tumors; THCA, thyroid carcinoma; THYM, Thymoma; UCEC,
uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma;
HIF-1a, hypoxia inducible factor-1a

Prognostic value for cancers

The expression of certain miRNAs has been reported to
be associated with the clinical outcome in several cancers.
Moreover, HIF-1a is differently expressed in various cancer
tissues, and the role of HIF-1a on predicting overall survival
(OS) may be variable. Therefore, the combination of miR-
NAs and HIF-1o seems to be more valuable.

One of the most extensive hypoxamiRs for predicting
prognosis is miR-210. Overexpression of miR-210 is preva-
lent in HCC and breast cancer patients, and is significantly
associated with worse survival with shorter disease-free
(DFS) and OS [82, 135]. Serum level of miR-210 varies
widely among mCRPC patients, and it correlates with the
treatment response by evaluating the change in prostate spe-
cific antigen (PSA) [136]. Besides, coordinated activation of
HIF-1a, CAIX, miR-210 and ISCU in OPSCC is associated
with high recurrence rate and low OS of surgically treated
patients [79].

Dysregulated miR-199a/HIF-1a regulatory loop (miR-
199a low/HIF-1a high) is an independent prognostic factor
for poor survival of patients with HCC and pancreatic cancer
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[29, 106]. Circulating exosomal miR-21 levels are correlated
with the T stage, lymph node metastasis, and HIF-1a expres-
sion in OSCC patients [88]. The gastric cancer patients with
low level of miR-421 have a significant longer OS [92]. miR-
548an is significantly correlated with increased tumor size,
advanced TNM stage, distant metastasis, and poor prognosis
[101]. Lack of miR-526b-3p expression in colon cancer is
positively related to the advanced stage and poor prognosis
[60]. The expression of HIF-1a is positively correlated with
the stage of pancreatic cancer, and miR-142 is negatively
correlated with lymphatic metastasis [58]. miR-138 directly
targets SRY-related high mobility group box 4 (SOX4) and
HIF-1a, and the patients with miR-138 low/SOX4 high
signature are predominant in late stage and tend to have
malignant phenotypes [51]. In addition, increased HIF-N
(HIF-1a in nucleus) can be a negative prognostic factor for
both disease-specific survival (DSS) and progression-free
survival (PFS) in prostate adenocarcinoma patients [44].
However, the role of miRNAs and HIF-1a on prognosis
analysis still need in-depth studies, more pre-clinical and
clinical researches with longer follow-up and larger cohorts
should be carried out.

Targeted therapy for cancers

Single miRNA can regulate several target genes, while a
mRNA can be modulated by multiple miRNAs simultane-
ously [27]. It is easy to understand that miRNAs can be
directly or indirectly regulated by some genes, including
their target mRNAs. To our knowledge, the regulatory
feedback loops, such as miR-124/p63 [137], E2F transcrip-
tion factor 3 b (E2F3b)/miR-200b [138], miR-139/Jun
proto-oncogene (Jun) [139], signal transducer and activa-
tor of transcription 1(STAT1)/miR-155-5p [140], miR-203/
Snail family transcriptional repressor 1(SNAI1) [141], play
important roles in tumorigenesis. It seems that individually
targeting a single miRNA or one target mRNA may be much
weaker in cancer treatment, whereas a combination of mul-
tiple miRNAs regulating the same target genes may be a
logical approach [27]. Therefore, a better understanding of
the reciprocal regulation between miRNAs and HIF-1a is
needed.

There is a positive association between the levels of miR-
182 and ER, as well as progesterone receptor (PR) in breast
cancer patients, especially in ER and PR positive cases
[142]. Moreover, there is an improvement in 5-year OS in
patients receiving radiotherapy (RT) and cotinamide (CON)
as compared with RT alone in patients with high miR-210
expression [143]. These facts indicate that the level of HIF-
la-related miRNAs may influence the curative effects of
cancer treatments. However, the major problem regarding
miRNA/HIF-1a loop/axis is whether they can be efficiently
targeted in cancer cells. It is conceivable that some miRNAs

inhibitors or mimics in combination with the anticancer
agents may be an available strategy for cancer treatment in
the next years.

For example, transfection of miR-199a mimic into osteo-
sarcoma cells can significantly sensitize cells to CDDP
through inhibition of HIF-1a [26]. miR-186/HIF-1a axis
seems to be a promising therapeutic target in an in vivo xen-
ograft tumor experiment of gastric cancer [59]. In glioma,
miR-675-5p might be a new therapeutic target for hypoxia-
mediated angiogenesis since miR-675-5p inhibitor is able to
counteract hypoxia process [107]. miR-135b mimics can act
as a tumor promoter by targeting the HIF pathway in geneti-
cally defined mouse model of HNSCC [70]. AntagomiR-21
can effectively suppress tumor growth and angiogenesis in
VEGFR2-1luc mouse breast tumor model and bioluminescent
imaging can be used as a tool for noninvasively and continu-
ously monitoring tumor angiogenesis in vivo [144]. Yu et al.
have proposed that miR-210 mimic was an ideal molecular
to block the invasion and metastasis of gastric cancer [84].
Besides, miR-210 might open up a new therapeutic avenue
to hypoxia GSCs [145].

Conclusion and perspective

Here, we attempt to briefly evaluate the available evidence
on the bidirectional interactions between HIF-la and
miRNASs in human cancers, the role of miRNAs/HIF-1a
crosstalk in cancer progression, and the clinical values of
miRNAs and HIF-1a in cancer management. miRNAs can
regulate the activity of HIF-1a, and HIF-1a can in turn mod-
ulate many miRNAs, thus the crosstalk between HIF-1a and
miRNAs plays a crucial role in the tumor progression. To
date, while many studies have confirmed miRNAs/HIF-1a
loops/axis involved in carcinogenesis, some problems are
still existed. For example, most of the studies only focus
on the temporal alterations of miRNAs and HIF-1a under
hypoxia, whereas the crosstalk between HIF-1a and miR-
NAs maybe a dynamic process. Furthermore, the majority
of studies on miRNAs/HIF-1a loops/axis are performed in
one or two types of cancer cell lines, it is difficult to confirm
whether the findings are universal or cancer type-depend-
ent. Besides, whether the difference of miRNA target sites
can influence the miRNAs/HIF-1a interaction is largely
unknown [146]. Finally, although we have made great efforts
to explore the effective small molecules that target miRNAs/
HIF-1a pathway, none of these molecules can effectively
restore the levels of miRNAs and HIF-1a as their exclusive
targets and the off-target effects.

Although many important questions refer to miRNAs/
HIF-1a crosstalk still remain to be answered, the potential
of miRNAs and HIF-1a being the clinical tools in future
emphasizes the significance of the studies discussed here.
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From the perspective of researchers, the following points
may be available. First, more basic and pre-clinical stud-
ies should be performed, and we should pay more attention
to follow the dynamic alterations in studies. Second, new
technologies and research tools are strongly needed. For
example, bioinformatics analysis may greatly promote the
development of cancer research studies in the next few years.
New technologies like next-generation sequencing may be
powerful tools for researches. Third, to minimize the errors
in basic studies and clinical trials, strict criterions are also
required, including standard operation procedures, standard
platforms, and so on. Finally, data sharing and large sample
analysis can improve the credibility of our studies.
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