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Abstract

The hypoxic environment is prominently witnessed in most solid tumors and is associated with the promotion of cell proliferation,
epithelial-mesenchymal transition (EMT), angiogenesis, metabolic reprogramming, therapeutic resistance, and metastasis of tumor
cells. All the effects are mediated by the expression of a transcription factor hypoxia-inducible factor-1oe (HIF-1a). HIF-1x tran-
scriptionally modulates the expression of genes responsible for all the aforementioned functions. The stability of HIF-1a is regulated
by many proteins and non-coding RNAs (ncRNAs). In this article, we have critically discussed the crucial role of ncRNAs [such
as microRNAs (miRNAs), long non-coding RNAs (IncRNAs), circular RNAs (circRNAs), Piwi-interacting RNAs (piRNAs), and
transfer RNA (tRNA)-derived small RNAs (tsSRNAs)] in the regulation of stability and expression of HIF-1a.. We have comprehen-
sively discussed the molecular mechanisms and relationship of HIF-1a with each type of ncRNA in either promotion or repression
of human cancers and therapeutic resistance. We have also elaborated on ncRNAs that are in clinical examination for the treatment of
cancers. Overall, the majority of aspects concerning the relationship between HIF-1a and ncRNAs have been discussed in this article.
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1 Introduction

A condition in which a supply of oxygen is limited to any
particular tissue is termed a hypoxic condition. Hypoxia
is a commonly observed feature in tumors. The severity of
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hypoxia varies among tumors and depends on a wide range
of factors [1]. In the uncontrollably dividing cells of the
tumor, the oxygen demand is elevated more than the sup-
ply which leads to the hypoxic condition. Also, an insuf-
ficient amount of blood is supplied to tumor tissues due
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to critical structural and functional abnormalities includ-
ing non-uniform vasculature, an incomplete endothelial
lining, an absence of flow regulation, and intermittent
stasis [2]. Additionally, the increased distance between
tumor cells and existing blood vessels (> 70 pm) further
interferes with the diffusion of oxygen and pushes the tis-
sue towards a hypoxic condition referred to as diffusion-
limited hypoxia [3-5]. Hypoxia can either induce death
in cancer cells or promote their survival depending on
the length of exposure to reduced oxygen levels. It has
been well-established that tumor hypoxia greatly promotes
angiogenesis, antiapoptosis, epithelial-mesenchymal tran-
sition (EMT), cancer cell invasion, metastasis, and resist-
ance against radiation therapy and chemotherapy. Hypoxic
condition diminishes therapeutic efficacy and accelerates
tumor progression [6, 7].

Hypoxia imparts its effect on tumor cells through a
transcription factor named hypoxia-inducible factor (HIF).
HIF transcription factors are present in the form of heter-
odimers consisting of HIF-a and HIF-f subunits. HIF-a
is a cytoplasmic resident whereas HIF-p is constitutively
expressed and housed in the nucleus. In humans, HIF-a
has three paralogs, namely, HIF-1a, HIF-2o/EPAS, and
HIF-3a whereas HIF-p has two paralogs, namely, ARNT
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and ARNT?2 [8]. In normoxic conditions, oxygen-sensitive
prolyl hydroxylases (PHDs) hydroxylate proline in a C-ter-
minal and an N-terminal oxygen-dependent degradation
domain of HIF-a [9]. The proline hydroxylation is rec-
ognized by Von Hippel-Landau (VHL) E3 ligase protein
and subsequently delivers the HIF-a to proteasome and
promotes its degradation thereby making it unavailable
to interact with its binding partner, HIF-p (Fig. 1) [10].
An additional layer to the regulation is provided by FIH
(factor-inhibiting HIF), an oxygen-sensitive asparaginyl
hydroxylase. FIH also catalyzes the hydroxylation of
HIF-a and prevents its association with transcriptional
coactivators (such as p300/CBP) [11-13]. In hypoxic con-
ditions, the reduced oxygen levels decrease the catalytic
activity of PHDs as they need oxygen as a cofactor for
hydroxylation reactions. In the absence of hydroxylation,
HIF-a translocates into the nucleus and complexes with
HIF-B and p300/CBP. The complex interacts with hypoxia-
responsive elements (HREs) to drive the transcription of
target genes [14]. The HIF transcription factors are known
to drive the transcription of over 150 genes. Some of the
target genes of HIFs are erythropoietin, heme oxyge-
nase-1, transferrin, transferrin receptors, adrenomedul-
lin, epidermal growth factor, vascular endothelial growth
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Fig. 1 Mechanism of HIF-1a signaling in normoxia and hypoxia. In
normoxia, oxygen-sensitive PHDs hydroxylate proline residues on
HIF-1a which leads to the subsequent VHL-mediated degradation
of HIF-1a. In hypoxia, HIF-1a couples with HIF-1p to transcribe the
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factor, transforming growth factor-f, platelet-derived
growth factor-B, glucose transporter-1, and insulin-like
growth factor-2 [15]. In tumor hypoxia, increased expres-
sion of these proteins is witnessed indicating the overac-
tivation of HIF signaling which contributes to the disease
progression and aggressive of tumors.

The function of HIF-1a in cancer has been of great inter-
est in recent years as the inhibition of HIF-1a has demon-
strated good suppression of cancer cell proliferation [16,
17]. Overexpression of HIF-1a promoted bladder cancer
progression, while SRT1720 (a pharmacological activator
of SIRT1) suppressed hypoxia signaling by activating SIRT1
(a deacetylase) and deacetylating HIF-1a to impart antitu-
mor effect [18]. USP25 (ubiquitin-specific protease 25) is
a deubiquitinating enzyme which was found to prevent the
ubiquitination of HIF-1a and accelerate pathological HIF-1-
driven metabolic reprogramming of pancreatic cancer [19].
Curcumol induced the degradation of HIF-1a to suppress
EMT and metastasis of colorectal cancer [20]. Similarly,
many reports have emphasized the significance of targeting
the HIF-1a pathway in cancers.

About 2% of genes present in the human genome code
for functional polypeptides and the other 98% were con-
sidered to be junk. Of lately, the discovery of an abundant
amount of non-coding RNAs (ncRNAs) in cells of human
origin has spread light on the importance of the 98% non-
coding region of the genome. The advancement in high-
throughput technologies and research in the last two decades
have revealed that a major portion of the non-protein-coding
region of DNA (98%) codes for ncRNAs that are crucially
involved in the maintenance of all cellular functions. micro-
RNA (miRNA), long non-coding RNA (IncRNA), circular
RNA (circRNA), Piwi-interacting RNA (piRNA), and trans-
fer RNA (tRNA)-derived small RNAs (tsRNAs) are some
of the ncRNAs that have been discovered so far. The mode
of action of all the types of ncRNAs is different, and they
can behave as either tumor promoters or tumor suppressors.
Some ncRNAs can also modulate the expression and activ-
ity of HIF-1a to promote or retard tumor progression. The
biogenesis and functions of miRNA, IncRNA, and circRNA
are provided in Fig. 2. In the following section, we have
emphasized the role of individual types of ncRNAs and their
role in the regulation of HIF-1a in human cancers.

2 Non-coding RNAs in cancer

2.1 miRNA

Basic research on microRNAs (miRNAs) has garnered
much attention because miRNAs have proven to be car-

dinal factors in regulatory gene circuits [21]. miRNAs are
single-stranded small ncRNA molecules with an average

length of 22 nucleotides, and they often modulate the
gene expression by interacting with the complementary
sequences present at the 3'-UTR of target mRNA [22].
The interaction between miRNA and mRNA leads to the
decapping, deadenylation, and translation suppression
of the target mRNA. miRNAs can also repress transla-
tion by binding to the 5’-UTR or other regions of mRNA
[23]. Additionally, few studies have demonstrated that
some miRNAs possess the function of interacting with
gene promoters to elevate the expression of target genes
[24, 25]. miRNA is transcribed by RNA polymerase II.
miRNA is produced as primary-miRNA (pri-miRNA)
which is subsequently acted upon by a ribonuclease
named DROSHA in the presence of DGCRS to gener-
ate a precursor miRNA (pre-miRNA). The pre-miRNA is
transported with the aid of exportin-5 from the nucleus
to the cytoplasm where Dicer, an RNase III-like enzyme,
cleaves the pre-miRNA to produce a mature miRNA,
which is subsequently loaded to argonaute proteins and
some auxiliary proteins to form RNA-induced silencing
complex (RISC) (Fig. 2A) [26-29]. The RISC machinery
is involved in the modulation of target mRNA expression
[30]. miRNASs have been demonstrated to be involved in
the regulation of metabolism, metastasis, proliferation,
drug resistance, and remodeling of tumor microenviron-
ment in cancers [31-36]. For example, ATAD2 (ATPase
family AAA domain containing 2) is an oncoprotein
which is overexpressed in various types of malignan-
cies and positively correlated with tumor progression.
miR-217 was found to target 3'-UTR of ATAD2 to down-
regulate the proliferation of prostate cancer cells [37].
In another study, miR-423-3p was reported to activate
Beclin-1-dependent autophagy and encourage gastric
cancer progression by decreasing the expression of Bim
[38]. miRNAs also modulate the HIF-1a signaling, and
the specific role of miRNAs in regulation of the HIF-1a
is provided in the subsequent sections.

2.2 LncRNA

LncRNAs are transcribed similarly to mRNAs, but
they lack protein-coding ability. The length of IncRNA
is more than 200 nucleotides [39, 40]. LncRNAs can
be found in the nucleus as well as in cytoplasm but
predominantly in the nucleus. Depending on the ori-
gin of IncRNA, they are categorized into intergenic,
intronic, bidirectional, sense, and antisense IncRNAs.
Unlike miRNAs, IncRNAs can modulate gene expres-
sion by various mechanisms. LncRNAs can function
as a signal, decoy, guide, scaffold, and RNA sponge to
regulate the biological behavior of cells (Fig. 2B) [41].
LncRNAs are implicated in the regulation of cellular
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Fig.2 Biogenesis and functions of miRNA, IncRNA, and circRNA.
A miRNA-coding gene is transcribed by RNA polymerase-1I to
form pri-miRNA which is processed by DROSHA and DGCRS8 to
form pre-miRNA, and subsequently, pre-miRNA is transported to
cytoplasm. Further, pre-miRNA undergoes DICER-TRBP-mediated
endonucleolytic cleavage and is loaded with AGO2 proteins to form
mature miRNA. Functionally, miRNA interacts with and degrades
the target mRNA. B LncRNA-coding genes are transcribed by RNA
polymerase-II/IlI to produce primary transcripts which are eventu-

mechanisms and are also involved in disease pathogen-
esis [42, 43]. Altered expression of IncRNAs is com-
monly observed in many types of human malignancies.
LncRNAs can have paradoxical functions. Some IncR-
NAs can serve as oncogenic, and some can be onco-
suppressors. Variation in the expression of oncogenic
and onco-suppressor IncRNAs is commonly observed
in the majority of human malignancies. For instance,
IncRNA miR155HG promoted the expression of TYRP1
(tyrosinase-related protein 1) by sponging miR-155-5p
and thereby increased the progression of ovarian cancer
[44]. Besides, overexpression of LINC01793 mediated
an unfavorable clinical outcome in hepatocellular carci-
noma [45]. LncRNAs are also involved in drug resist-
ance. Silencing IncRNA DDX11-AS1 increased miR-497
expression to elevate paclitaxel sensitivity in breast can-
cer [46]. Overexpression of IncRNA LHFPL3-AS1 pro-
moted HOXAG6 expression by suppressing miR-143-5p to
mediate radio-resistance in nasopharyngeal cancer [47].
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ally modified (capping/polyadenylation) and functionally controls the
gene expression by chromatin modifications and transcription acti-
vation/repression. Also, IncRNAs are transported to the cytoplasm
where they can interact with target proteins, miRNA, and mRNA to
modulate their activity. C CircRNA-coding genes are transcribed by
RNA polymerase-II in which the primary transcript undergoes back
splicing to produce a circRNA. CircRNA is transported to the cyto-
plasm where it can sponge miRNAs, sequester RNA binding proteins,
and can undergo translation

2.3 CircRNA

CircRNAs are endogenous ncRNA molecules with a
closed continuous loop structure which confers higher
stability to them compared to linear counterparts [48,
49]. The first circRNA was identified in an RNA virus in
1976 and subsequently identified using electron micros-
copy in the cytoplasm of monkey renal CV-1 cells [50,
51]. In the initial days, it was believed that circRNAs are
the product of erroneous RNA splicing. Advancements
in RNA sequencing technologies revealed the presence
of an abundant amount of circRNAs demonstrating that
circRNAs are one of the major players in the maintenance
of cellular homeostasis. CirRNAs are formed as a result
of specialized splicing named “back splicing” in which the
5’ terminus of an upstream exon is non-collinearly joined
with the 3’ terminus of a downstream exon (Fig. 2C). Cir-
cularization of exons results in the absence of 5' capping
and 3’ polyadenylation. Recent studies have demonstrated
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that circRNAs can be formed either between two exons,
two introns, or one intron and one intron which are termed
exonic, intronic, and exon-intronic circRNAs, respectively.
Like IncRNAs, circRNAs also participate in the spong-
ing of miRNAs and RNA-binding proteins, scaffolding,
and mediating the assembly of protein machinery. Of
lately, the role of circRNAs in oncogenesis and disease
progression is well demonstrated. Elevated levels of cir-
cRNA-100876 were witnessed in tumor tissues derived
from colorectal cancer patients, and its expression was
directly linked to lymph node metastasis [52]. CircRNAs
can sponge miRNAs to modulate the expression/activity
of various proteins. CircRNA C190 was found to sponge
miR-142-5p to facilitate the EGFR-MAPK-ERK axis and
thereby increase lung cancer progression [53].

2.4 piRNA

piRNAs are one of the least explored ncRNAs. The length
of piRNAs varies between 26 and 31 nucleotides, and
they interact with PIWI (P-element induced wimpy tes-
tis) proteins [54]. The expression of piRNAs was initially
discovered in germline cells, and later, their expression
was also found in somatic cells. piRNAs are transcribed
by RNA polymerase-II, and they take part in epigenetic
and retrotransposon post-transcriptional gene silencing by
interacting with PIWI proteins [55, 56]. Deregulation of
the expression of piRNAs can either promote or suppress
oncogenesis and tumor progression via DNA methylation,
mRNA turnover, and translational regulation. For instance,
piR-36712 is an onco-suppressor piRNA that was found to
be downregulated in tumor tissues of breast cancer patients
[57]. Mechanistically, piR-36712 competed with miR-7
and miR-324 to interact with SEPW1P mRNA and inhibit
SEPW1 protein expression. In the case of low expres-
sion of piR-36712, increased expression of SEPW1 was
observed which led to the suppression of p53 and eleva-
tion of Slug and subsequent malignant progression [57]. In
contrast, piR-651 was overexpressed in gastric cancer tis-
sues in comparison with non-cancerous tissues, and inhibi-
tion of piR-651 resulted in growth suppression of gastric
cancer cells [58]. These reports indicated that piRNAs can
serve either as tumor promoters or tumor suppressors.

2.5 tsRNA

RNA polymerase-III transcribes the gene coding for tRNA
to produce pre-tRNA which further undergoes nucleolytic
cleavage at 5’ and 3’ ends by RNase P and RNase Z, respec-
tively, followed by the addition of CCA nucleotides at the
3" terminus to form a mature tRNA. Some tRNAs are also
processed for the removal of a stretch of nucleotides present

between the anticodon and variable arm [59]. tRNAs are
the parent molecules of tsRNAs. tRNAs undergo cleavage
to produce tsRNAs with the length varying between 13 and
48 nucleotides. tsSRNAs can be classified into tRNA halves
(3040 nucleotides) and tRNA-related small RNA fragments
(tRFs) (18-30 nucleotides) [60]. tRNA halves are gener-
ally called tRNA-derived stress-induced RNAs (tiRNAs)
as they are largely produced under stress conditions such
as oxidative stress, hypoxia, and inadequate nutrition [61].
Angiogenin is a stress-dependent RNase that breaks tRNA
at anticodon loops to give tiRNAs.

tsRNAs can induce their biological effect in multiple
ways including the regulation of translation, functioning
like miRNAs, serving like piRNAs, and inhibition of apop-
tosis. 5'-tiRNA mitigated translation by disengaging eIF4G/
elF4A and elF4F (eukaryotic translation initiation factors)
from mRNA [62]. It is important to note that tsSRNAs can
be associated with AGO proteins (like miRNA) and make
complementation with target mRNA to promote their deg-
radation [63]. Some tsRNAs were found to interact with an
oncogenic RNA-binding protein (Y-box binding protein 1)
and thereby destabilizing the oncogenic transcripts [64].
tiRNAs were found to interact with cytochrome ¢ to form
ribonucleoprotein complexes and thereby suppressed the oli-
gomerization of Apaf-1 to protect mouse embryonic fibro-
blasts from undergoing apoptosis [65]. tsSRNAs can form a
complex with PIWI protein and can act as piRNA [61]. The
deregulated expression of tsSRNAs has been found in various
types of human cancers. tRF-Leu-CAG was reported to be
highly elevated in tumor tissues and serum of NSCLC and
positively associated with tumor stage [66]. In another report,
tRF-20-MONKS5Y93 was identified to suppress the EMT pro-
cess by targeting Claudin-1 in colorectal cancer cells [67].
In the following section, we have elaborated on the role of
ncRNAs that are involved in the modulation of the HIF-1a
pathway to impart their oncogenic or onco-suppressor func-
tions in different cancers.

3 miRNAs and HIF-1a
3.1 Oncogenic miRNAs

Some miRNAs can modulate the HIF-1a signaling path-
way or themselves can be under the transcriptional control
of HIF-1a to promote tumorigenesis (Fig. 3). For instance,
the expression of miR-224 was reported to be upregulated
during hypoxia and it was found to be transcriptionally
controlled by HIF-1a [68]. 3'-UTR of RASSF8 mRNA
was found to be the direct target of miR-224. Depletion
of RASSFS elevated the activity of NF-xB while the over-
expression of RASSFS displayed reverse effects [68]. In
another study, the expression of miR-224 was shown to
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Fig.3 HIF-la is regulated by oncogenic as well as onco-suppressor
miRNAs. miRNAs are well-known to impart their biological action
by interacting with their target mRNAs and promoting their degrada-
tion. The mRNAs that code for tumor-suppressor proteins are targeted
by oncogenic miRNAs, and mRNAs that code for oncogenic proteins

be upregulated in pancreatic cancer tissues, and the over-
expression was positively correlated with proliferation,
migration, and metastasis in pancreatic cancer cells [69].
miR-224 targeted 3’-UTR of TXNIP (thioredoxin-inter-
acting protein) which led to the activation of HIF-1a [69].
This suggests that the HIF-1a pathway is activated when
the expression of its negative regulator is suppressed by
miRNAs. miR-224 targets different mRNAs in different
cancers. It was reported to target PAK4 to accelerate gas-
tric cancer [70]. The downregulation of miR-224 led to a
reduction in the expression of mTOR to induce apoptosis
in gastric tumors [71]. As mentioned earlier, VEGF is a
transcriptional target of HIF-1a. miR-214 was found to
target ING4 (inhibitor of growth 4) in lung cancer cells
and reduction of ING4 increased HIF-1a, thereby subse-
quent upregulation of VEGF [72].

Networking between miRNAs and HIF-1a through differ-
ent mediators can significantly contribute to tumor progres-
sion by driving the EMT process. Ji and colleagues demon-
strated that expression of miR-574-3p is elevated in gastric
cancer tissues. The forced expression of miR-574-3p resulted
in the acceleration of cell proliferation, motility, and EMT of
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are targeted by tumor-suppressor miRNAs. In tumors, the expression
of oncogenic miRNAs is frequently upregulated whereas the onco-
suppressor miRNAs are often downregulated leading to the deregu-
lated expression of oncogenic proteins such as HIF-1a

gastric cancer cells [73]. The observed inhibitory effect of
miR-574-3p was found to be mediated through targeting cullin
2 (CUL2), a scaffold protein that has been known to suppress
HIF-1a expression. miR-574-3p promoted the expression of
HIF-1a by decreasing CUL2 to stimulate EMT and metas-
tasis [73]. HIF-1a and miRNA can form a positive feedback
loop to modulate the expression of each other. In an inter-
esting study, Xia and colleagues demonstrated that HIF-1a
facilitated the release of miR-301a-3p-containing exosomes
in gastric cancer cells and tissues under hypoxic conditions.
In turn, miR-301a-3p suppressed the HIF-1a degradation
by targeting PHD3 [74]. As learnt in the previous section,
PHD3 can promote the degradation of HIF-1a by hydroxy-
lating and marking it for ubiquitin-proteasome-mediated
degradation. In another report, hypoxia-induced expression
of miR-210 was found to downregulate the levels of GPD1L
(glycerol-3-phosphate dehydrogenase 1-like) by directly tar-
geting the mRNA of GPDIL and thereby stabilized HIF-1a
to increase the expression of HIF-1a-driven genes to form
a positive feedback loop [75]. miRNAs generally target and
degrade the mRNAs of tumor-suppressor proteins to promote
tumor growth. For example, miR-210-3p modulated aerobic
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glycolysis and contributed to the Warburg effect in triple-
negative breast cancer (TNBC) by directly targeting tumor
suppressors such as GPD1L and CYGB (cytoglobin) [76].
Aerobic glycolysis [Warburg effect (in tumor cells)] metabo-
lizes glucose into lactate. Although the efficacy of glycolysis
in ATP production is not optimal, it is vital for biosynthesis,
apoptosis, and production of signaling metabolites for pro-
moting survival in cancer cells [77-83]. Angiogenesis is a
crucial event in the progression of tumors, and many miRNAs
are positively correlated with angiogenesis. miR-574-5p and
HIF-1a were elevated in gastric cancer cells under hypoxic
conditions, and this was found to be mediated through directly
targeting PTPN3 (protein tyrosine phosphatase non-receptor
type 3) [84]. PTPN3 negatively modulates angiogenesis by
targeting the MAPK pathway. HIF-1a-induced miR-382
promoted angiogenesis by targeting PTEN (phosphatase and
tensin homolog) in gastric cancer cells [85]. All these reports
suggest that the association between miRNAs and the HIF-1a
pathway can significantly contribute to cancer progression.

3.2 Onco-suppressor miRNAs

Apart from oncogenic functions, some miRNAs can also
impart tumor suppressor functions by negatively modulat-
ing the HIF-1a pathway in cancer cells. In general, miRNAs
impart an onco-suppressor effect by binding and degrading
the mRNAs that code for oncogenic proteins. Notably, the
expression of onco-suppressor miRNAs is downregulated
with a parallel increase in the expression of oncogenic miR-
NAs. The expression of miR-138 and HIF-1a was found to
be decreased and increased, respectively, in tumor tissues
derived from melanoma patients. Interestingly, miR-138
was found to directly target HIF-1a in in vitro setup, and
overexpression of miR-138 substantially alleviated the tumor
expansion and metastasis in the xenograft melanoma model
[86]. The expression of miR-18a was reported to be down-
regulated in gastric cancer cells under hypoxia whereas the
forced expression of miR-18a induced apoptosis. The results
of bioinformatic analysis and luciferase assay demonstrated
that miR-18a targets HIF-1a to impart anticancer function
in gastric cancer cells [87]. HIF-1a targeting miRNAs often
alters glucose metabolism as HIF-1a plays a crucial role in
the Warburg effect and expression of glucose-metabolizing
enzymes. miR-18a-5p and miR-130a were found to target
HIF-1a to regulate the Warburg effect in chronic myeloge-
nous leukemia and non-small cell lung carcinoma (NSCLC),
respectively, in hypoxic conditions [88].

Bcl-w is an antiapoptotic protein that is overexpressed
in various types of tumors including NSCLC. miR-519d-3p
targeted Bcl-w and HIF-1a to decrease tumorigenicity and
metastasis of NSCLC. The existence of a positive feedback
loop between Bcl-w and HIF-1a was observed [89]. Some

miRNAs target HIF-1a to impart antiangiogenic activity and
counteract tumor growth. For instance, miR-576-3p inhib-
its angiogenesis in glioma and impairs the progression of
cancer cells by downregulating HIF-1a expression under
hypoxic conditions [90]. Abrogation of HIF-1a is also one
of the good strategies to suppress the EMT process. It was
reported that miR-622 directly targets 3-UTR of HIF-1a to
downmodulate EMT in lung cancer cells [91]. Mechanisti-
cally, miR-622 was found to be under the transcriptional
control of FOXO3a. FOXO3a is a transcription factor whose
activity is regulated by EGF/ERK signaling axis. Phospho-
rylation of ERK results in ubiquitin-proteasome-mediated
degradation of FOXO proteins, and inhibition of ERK
allows the operation of FOXO proteins. Inhibition of ERK
by U0126 resulted in upregulation of FOXO3a and miR-
622. miR-622-driven suppression of HIF-1a correlated with
reduced expression of mesenchymal markers such as Snail,
B-catenin, and vimentin [91]. Snail, Zeb, and Twist are the
transcription factors which are involved in the regulation of
the expression of EMT-related genes [92].

miR-186 imparted tumor-suppressor functions by target-
ing mRNA of KRT6 (keratin 8), which is a positive modu-
lator of expression of HIF-1a. miR-186 was found to be
transcriptionally suppressed by CREBP1 (cAMP response
element-binding protein 1), and elevated expression of
CREBP1 was observed in gastric cancer cells indicating
that CREBP1 suppresses the expression of miR-186 to pro-
mote proliferation, invasion, and EMT by enabling the oper-
ation of KRT6/HIF-1a axis [93]. Some miRNAs modulate
epigenetic modifiers to serve the functions of onco-suppres-
sors. miR-671-5p was found to be downregulated in ovar-
ian cancer tissues. An inverse relationship was observed
between miR-671-5p and HDACS/HIF-1a in ovarian cancer
cells [94]. Similarly, lung cancer tissues and cells exhibited
elevated expression of KDM3A (lysine demethylase 3A)
and HIF-1a and lowered expression of miR-449a. KDM3A
was reported to interact with HIF-1oa and miR-449a. miR-
449a refrained lung cancer development by suppressing
KDM3/HIF-1a axis [95]. The antitumor effects of miR-
449a have also been documented in gastric cancer, cervi-
cal cancer, breast cancer, and endometrial cancer [96-99].
All these reports have comprehensively demonstrated the
onco-suppressor functions of HIF-1a-targeting miRNAs in
human cancers.

3.3 Association of miRNAs with therapy response

Exosomes are extracellular vesicles with a particle size
ranging from 20 to 100 nm and are primarily enriched
in the tumor microenvironment [100, 101]. The secre-
tion and release of exosomes are increased under hypoxia
[102] which enhances the shedding of pro-angiogenic
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micro-vesicles [103]. Exosomes serve as vehicles for the
transportation of ncRNAs and proteins. Exosomes can
modulate the drug sensitivity of cancer cells [104]. For
instance, epithelial ovarian cancer cells transformed mac-
rophages into tumor-associated macrophage (TAM)-like
phenotype under hypoxia [105]. The exosomes released by
these macrophages carried miR-223, and exosomal miR-
223 contributed to the acceleration of drug resistance in
epithelial ovarian cancer cells [105]. HIF-1a can repress
certain miRNAs to elicit drug resistance. Xu and col-
leagues demonstrated that HIF-1a repressed miR-338-5p
to impart drug resistance in colorectal cancer cells [106].
miR-338-5p was found to target IL-6 which is essential for
the activation of oncogenic proteins namely STAT3 and
Bcl-2 [106]. The role of STAT3 and Bcl-2 in oncogenesis
and chemotherapeutic resistance has been well documented
[107-110]. Elevated expression of miR-338-5p or use of
PX-478 (inhibitor of HIF-1a) increased the sensitivity
of colorectal cancer cells to oxaliplatin by impeding the
HIF-1a/miR-338-5p/IL-6 axis [106]. In another study,
HIF-1a was found to upregulate TGF-p through the eleva-
tion of miR-210-3p. Subsequently, miR-210-3p promoted
EMT and induced resistance to temozolomide in glioma
cells [111]. Cobalt chloride and dimethyloxalylglycine are
the agents used to induce hypoxia in in vitro cancer cell
cultures. The expression levels of HIF-1a increase in the
cancer cells upon treatment with these agents indepen-
dently. HIF-1a expression was found to be stabilized by

Table 1 The regulation of HIF-1a by miRNAs in cancer

cobalt chloride and dimethyloxalylglycine, and increased
levels of HIF-1a triggered resistance to cisplatin in gastric
cancer cells [112]. It was found that HIF-1a transcription-
ally induces the expression of miR-421 and subsequently
miR-421 targets E-cadherin and caspase-3 to promote
metastasis and cisplatin resistance in gastric cancer [112].
In addition to chemotherapy, miRNAs can also determine
the response of cancer cells to radiation therapy. miR-
200c decreased the expression of phospho-EGFR, phos-
pho-AKT, VEGF, HIF-1a, and MMP2 and escalated the
radiosensitivity of cancer cells [113]. Figure 3 and Table 1
provide a summary of miRNAs modulating HIF-1a signal-
ing in various cancers.

4 LncRNAs and HIF-1a
4.1 Oncogenic IncRNAs

LncRNAs regulate HIF-1a by various mechanisms to elicit
oncogenic effects. Some IncRNAs serve as scaffolds and
thereby mediate the interaction between two different pro-
teins. For example, the levels of IncRNA HABON (hypoxia-
activated BNIP3 overlapping non-coding RNA) were signifi-
cantly increased under hypoxia in hepatocellular carcinoma
cells to promote their proliferation. Mechanistic investiga-
tion revealed that HABON is under the transcriptional con-
trol of HIF-1a. Unconventionally, HABON was found to

Cancer type Molecular axis

Mechanism and observed effects Ref.

miR-200c/HIF-1a
HIF-10/miR-338-5p/IL-6

Lung cancer

Colorectal cancer

HIF-1a downregulation by miR-200c to impair the migration of tumor cells

HIF-1a represses the expression of miR-338-5p to elicit chemoresistance. IL-6

[114]
[106]

is the downstream target of miR-338-5p

Colorectal cancer

CCL19/miR-206/HIF-1a/VEGF-A CCL19 promotes the expression level of miR-206 and suppresses HIF-1o/

[115]

VEGF-A axis to impair angiogenesis

Breast cancer HIF-1a/MALAT1/miR-141

HIF-1a promotes MALAT1 expression to downregulate miR-141 and

[116]

autophagy induction to increase the growth and metastasis of tumor cells

HIF-1o/miR-210
Gallbladder cancer miR-143-5p/HIF-1a/EMT

Breast cancer

HIF-1a accelerates the growth of breast cancer cells by regulating miR-210
Loss of miR-143-5p leads to induction of HIF-1o/EMT axis to increase inva-

[117]
[118]

sion of tumor cells

Gastric cancer PRL-3/NF-kB/HIF-1a/miR-210

PRL-3 induces the NF-kB/HIF-1a axis to increase miR-210 expression in

[119]

facilitating the tumorigenesis

Renal cell cancer  HIF-1a/miR-320a/HECTD2

Pancreatic cancer miR-421/SIRT3/HIF-1«

HIF-1a reduces miR-320a expression to upregulate HECTD?2 to promote tumor
progression

Cancer-associated fibroblasts secrete miR-421 which increases HIF-1a expres-

[120]

[121]

sion via SIRT3 downregulation to accelerate tumorigenesis

Pancreatic cancer miR-142/HIF-1a
genesis

Breast cancer

Loss of miR-142 during hypoxia results in HIF-1a upregulation and carcino-

miR-182/FBXW7/HIF-1a/VEGFA miR-182 reduces FBXW?7 expression to induce HIF-10/VEGF-A axis in pro-

[122]

[123]

moting tumor progression

Colorectal cancer HIF-1a/miR-23a~27a~24

Upregulation of miR-23a~27a~24 cluster by HIF-1a results in an increase in

[124]

cancer progression and mediating metabolic reprogramming
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promote the degradation of HIF-1a protein by facilitating
the interaction of VHL and PHD2 with HIF-1a [125]. In an
interesting study, IncRNA-packed in an extracellular vesi-
cle was found to function as a messenger between immune
cells and tumor cells in the tumor microenvironment. Chen
and colleagues demonstrated that a IncRNA named HISLA
(HIF-1a-stabilizing long non-coding RNA) is transmitted
through extracellular vesicles to breast cancer cells from
tumor-associated macrophages [126]. In breast cancer cells,
HISLA interacted with PHD?2 and prevented the interaction
between PHD2 and HIF-1a which led to suppression of
hydroxylation and degradation of HIF-1a and acceleration
of aerobic glycolysis to produce lactate (Warburg effect).
In turn, lactate produced by breast cancer cells elevated the
levels of HISLA in tumor-associated macrophages forming
a feed-forward loop between tumor-associated macrophages
and breast cancer cells [126]. Clinical findings suggested
that the expression of HISLA was correlated with reduced
chemotherapeutic response and poor survival of patients
with breast cancer [126]. Some IncRNAs regulate the
activity of proteins associated with glucose metabolism to
encourage the growth of cancer cells. LncRNA AC020978
was elevated in clinical samples of NSCLC and positively
correlated with disease progression and poor clinical out-
comes. Mechanistically, AC020978 physically interacted
with pyruvate kinase isozyme M2 (PKM2) and increased
the stability of PKM2. Additionally, AC020978 promoted
the nuclear translocation of PKM?2 and modulated PKM?2-
driven HIF-1a transcription activity [127].

Epigenetic modifications in the regulatory region
of the IncRNA gene can modulate its expression. The
hypomethylation of the promoter of IncRNA SNHGI11
(small nucleolar RNA host gene 11) activated the
expression of SNHG11 and contributed to dismal prognosis
in colorectal cancer patients [128]. SNHG11 physically
interacts with VHL recognition sites on HIF-1a and thereby
impedes the interaction of VHL with HIF-1a. As discussed
earlier, recognition of HIF-1a by VHL is essential for the
proteasome-mediated degradation of HIF-1a. Altogether,
SNHGI11 prevented the degradation of HIF-la and
facilitated tumor metastasis of colorectal cancer cells [128].
Similarly, IncRNA MIR210HG was upregulated in ovarian
cancer cells under hypoxic conditions and MIR210HG
promoted EMT and angiogenesis by preventing the VHL-
dependent degradation of HIF-1a [129]. LncRNAs can also
be involved in facilitating the maintenance of mesenchymal
stem-like cells in hypoxia. Mineo and colleagues showed
that IncRNA HIF1A-AS2 is elevated in mesenchymal
glioblastoma stem-like cells under hypoxic conditions.
IGF2BP2 and DHX9 were identified as the binding partners
of HIF1A-AS2. Depletion of HIF1A-AS2 resulted in
reduced growth of mesenchymal glioblastoma stem-like cell
tumors [130]. HIF-1a can directly promote the transcription

of some IncRNA genes which are known to trigger
tumorigenesis. HIF-1a elevated the levels of IncRNA
DARS-AS1 which was reported to accelerate growth and
antiapoptosis of myeloma cells. DARS-ASI interacted
with and prevented the ubiquitin-mediated degradation of
RBM39 (RNA-binding motif protein 39) whose expression
is positively correlated with dismal prognosis [131].

LncRNAs can modulate the activity of HIF-1a to regu-
late EMT, invasion, and metastasis of cancer cells. Inhibi-
tion of EMT-related transcription factors (such as Snail,
Twist, and Zeb) has been widely demonstrated as an ideal
strategy to combat EMT and subsequent metastasis of
tumor cells [132]. Upregulation of Zebl expression was
reported in the clinical samples of patients with invasive
ductal breast cancer [133]. Deng and colleagues have shown
that IncRNA-BX111887 (also termed BX111) was induced
by HIF-1a under hypoxia, and overexpression of BX111
substantially elevated the proliferation and invasion of pan-
creatic cancer cells. The mechanistic approach revealed that
BX111 directs the Y-box protein (YB1, a protein involved in
a broad range of DNA/RNA-dependent events), to the pro-
moter of the Zebl gene to activate its transcription [134].
Similarly, IncRNA PCGEMI1 was induced by hypoxia which
resulted in the expression of Snail to stimulate the invasion
and metastasis of gastric tumor cells [135]. LncRNA HIF-
1A-AS2 was demonstrated to competitively interact with
miR-153-3p to allow the translation of HIF-1« to promote
angiogenesis in HUVECs in hypoxia [136]. Taken together,
these reports suggest that there is a complicated relation-
ship that exists between oncogenic IncRNAs and hypoxia
to promote tumor progression [137].

4.2 Onco-suppressor IncRNAs

Some IncRNAs can act as onco-suppressors. Tumor
cells generally adapt different mechanisms to reduce the
expression of onco-suppressor IncRNAs. Several studies
have shown that forced expression of onco-suppressor
IncRNAS results in the suppression of tumor progression.
Pancreatic cancer is a lethal malignancy with no druggable
targets and accounts for a 5-year survival rate of about 9%
[138]. Due to the unavailability of effective drugs, many
efforts are being made to discover new therapeutic agents
for the treatment of pancreatic cancer. Hypoxia can trigger
the formation of a feedback loop between the expression of
HIF-1a and IncRNAs in pancreatic cancer. For example,
IncRNA-CF129 is markedly reduced in pancreatic cancer
tissues compared to the normal counterpart, and reduced
expression of CF129 contributed to the poor overall survival
of pancreatic cancer patients [139]. In normoxia, CF129
interacts with p53 and MKRN1 (an E3 ubiquitin ligase) and
promotes the degradation of p53. Under hypoxic conditions,
HIF-1a in association with HDACT represses the expression
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of CF129 which enables p53 to transcribe the FOXC2 gene.
FOXC?2 is a transcription factor that drives the expression
of HIF-1a and further ensures the suppression of CF129
expression to promote tumor progression [139].

LncRNAs can serve as decoys to regulate the expression of
mRNA at the translation level. For example, IncRNA HITT
(HIF-1a inhibitor at translation level) is reduced in many
types of cancer cells. It was found that increased expression
of HITT led to the inhibition of angiogenesis and tumor
growth. Mechanistically, HITT was found to act as a decoy
for YB-1, preventing the interaction of YB-1 with 5’-UTR of
HIF-1ao mRNA, and subsequently, the translation of HIF-1a
mRNA is hampered [140]. YB-1 protein is involved in the
regulation of many cellular processes such as DNA repair,
transcription, post-transcriptional processing of transcripts,
and translation. During the unavailability of YB-1, HIF-1a
mRNA is not translated leading to tumor suppression.
Unfortunately, HIF-1a induces the expression of miR-205
in tumor cells, and subsequently miR-205 directly targets
and promotes the degradation of HITT for an autoregulatory
loop [140]. In a follow-up study by the same group, the role
of HITT and epigenetic machinery in silencing HIF-1a was
studied. HITT was found to form an RNA-DNA triplex with
the promoter of HIF-1a and thereby guided EZH2 (enhancer
of zeste homolog 2) to the promoter leading to the suppression
of HIF-1a transcription. EZH2 is a functional subunit of
Polycomb repressive complex 2 (PRC2), a complex that is
involved in the methylation of lysine 27 of histone H3 to
repress the transcription of target genes [141].

Reducing the expression of HIF-1a by IncRNAs can
greatly suppress the disease progression. The IncRNA
ENST00000480739 is lowly expressed in pancreatic cancer
cells, and its ectopic expression resulted in overexpression
of OS-9 (osteosarcoma amplified-9) to downregulate
HIF-1a thereby preventing the metastasis of tumor cells
[142]. Some IncRNAs can modulate EMT and autophagy
in a HIF-1a-dependent manner. LncRNA CPS1-IT1 (CPS1
intronic transcript 1) was found to inhibit metastasis and
EMT by suppressing hypoxia-induced autophagy through
the inactivation of HIF-1a in colorectal cancer [143].
LncRNA MTI1JP (metallothionein 1J, pseudogene) was
reported to be reduced in tumor tissues of TNBC patients,
and its overexpression resulted in the elevation of miR-
138 and reduction of HIF-1a in TNBC cells [144]. The
crucial role of hypoxia on the expression of IncRNAs and
tumor angiogenesis was demonstrated in the study by Li
and colleagues. In normoxic conditions, the expression
of IncRNA ZNFTR was high which sequestered the
transcription factor ATF3 (activating transcription factor
3) and thereby blocked transcriptional activity of ATF3.
Also, this enabled the expression of the ZNF24 protein
which further served the role of transcription repressor of
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the VEGFA gene [145]. In hypoxic conditions, HIF-1o/
HDAC1-driven deacetylation repressed the expression of
ZNFTR which allowed ATF3 to repress the expression of
ZNF24. The reduction in the expression of ZNF24 resulted
in the elevated expression of VEGFA and subsequent tumor
angiogenesis in pancreatic cancer [145]. These studies have
demonstrated the different mechanisms by which IncRNAs
behave as onco-suppressors in various cancers.

4.3 Association of IncRNAs with therapy response

Therapeutic resistance is a major concern in many disease
conditions including cancer. In this section, we have discussed
how the relationship between HIF-1a and IncRNAs impacts
the therapeutic response of cancer cells. LncRNA PVT]1 (plas-
macytoma variant translocation 1) is overexpressed in tumor
tissues of pancreatic cancer patients, and it was found to be
associated with poor clinical outcomes. HIF-1a was reported
to interact with the promoter of the PVT1 gene to express it as
well as to stabilize PVT1 transcripts. Interestingly, PVT1 was
also found to transcriptionally regulate the expression of the
HIF-1a gene as well as stabilize the HIF-1a protein forming
a feedback regulatory loop in pancreatic cancer cells [146]. In
another report, PVT1 was found to sponge miR-143 to modu-
late the expression of HIF-1a. Depletion of PVT1 and overex-
pression of miR-143 potentiated the sensitivity of pancreatic
cancer cells to gemcitabine indicating that HIF-1a modulating
IncRNAs can regulate therapeutic response [147]. LncRNA
NORAD (non-coding RNA activated by DNA damage) was
demonstrated to be elevated in colorectal cancer tissues, and it
promoted the expression of HIF-1a by sponging miR-495-3p
[148]. Under hypoxia, colorectal cancer cells presented resist-
ance to 5-fluorouracil and a stronger ability to form vasculo-
genic mimicry, whereas depletion of NORAD resulted in the
sensitization of colorectal cancer cells to 5-fluorouracil [148].

Cisplatin is the first-line anticancer drug administered to
treat advanced gastric cancer patients, and unfortunately, cis-
platin resistance is not uncommon in gastric cancer patients
[149]. LncRNA HMGA 1P4 promoted cisplatin-resistance in
gastric cancer cells by modulating the expression of genes
that are associated with multidrug-resistance such as MDR1,
MRP1, mTOR, and HIF-1a [150]. Another IncRNA that par-
ticipates in cisplatin resistance in gastric cancer is DANCR.
Overexpression of DANCR prevented apoptosis and pro-
moted the proliferation of tumor cells. DANCR increased the
expression of MDR1 and MRP1 in gastric cancer cells while
having no effect on the levels of HIF-1a and mTOR [151].
Similarly, the expression of PVT1 was elevated in tumor tis-
sues derived from cisplatin-resistant gastric cancer patients.
Increased expression of PVT1 elevated the expression of
MDRI1, MRP, mTOR, and HIF-1a [152]. These reports sug-
gest that targeting IncRNAs could be a good strategy for
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counteracting therapeutic resistance in cancers. Figure 4 and
Table 2 provide a summary of IncRNAs modulating HIF-1a
signaling during cancer progression.

5 CircRNAs and HIF-1a

The majority of the circRNAs studied in connection with
HIF-1a so far were found to impart their activity through
the sponging of miRNAs. For instance, the levels of circ-
MAT?2B were reported to be significantly high in tumor tis-
sues of gastric cancer patients in comparison with adjacent
normal counterparts [186]. Circ-MAT?2B served as a com-
petitive endogenous RNA to sponge miR-515-5p whereas
the direct molecular target of miR-515-5p was found to be
HIF-1a [186]. Interestingly, the promoter of circ-MAT2B
was found to have two HIF-1a binding sites, and results of
the ChIP-PCR assay demonstrated that HIF-1a transcrip-
tionally regulates the expression of circ-MAT2B forming a
regulatory loop. The knockdown of circ-MAT2B abrogated
tumor growth in xenograft model and suppressed glucose

uptake and lactate production in cell-based studies [186].
Similarly, circ-MAT2B was demonstrated to sponge tumor
suppressor miRNAs such as miR-610 and miR-431 in colo-
rectal cancer and NSCLC, respectively, to promote tumor
progression (Fig. 5) [187, 188].

Liu and colleagues reported the elevation of circ-03955 in
pancreatic cancer tissues as well as in cells, and it was found
to sponge miR-3662 to allow the stabilization and translation
of HIF-1a transcripts [189]. miR-200c-3p was sponged by
circ-001783 to increase breast tumor proliferation and inva-
sion [190]. Circ-0007331 was predicted to act as a molecular
sponge to sequester miR-200c-3p whose downstream target
is HIF-1a in endometriosis [191]. Exosomal miR-200c-3p
suppressed the migration and invasion of lipopolysaccha-
ride-treated colorectal cancer cells by targeting Zebl mRNA
[192]. High expression of miR-200c-3p decreased the lev-
els of PD-L1, c-Myc, and p-catenin and sensitized ovarian
cancer cells to olaparib and irradiation [193]. As discussed
earlier, HIF-1a plays a crucial role in aerobic glycolysis
and the regulation of glycolytic pathways. A recent study
demonstrated that HIF-1a transcriptionally upregulates the
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Fig.4 The activity and expression of HIF-1a is regulated by IncR-
NAs. LncRNAs (HISLA) can be transmitted between different cells
in the tumor microenvironment through exosomes. HISLA can
interact with PHDs to prevent the prolyl hydroxylation of HIF-la.
LncRNA SNHGI11 can interact with HIF-la and prevent the rec-
ognition of HIF-1a by VHL. LncRNA AC020978 can interact with

and stabilize PKM2 to increase HIF-la-mediated transcription of
AC020978 and also other target genes. The stabilized PKM?2 can also
promote the Warburg effect. HIF-1a transcriptionally activates the
expression of DARS-AS1 which eventually interacts with and pre-
vents RBM39 from degradation. LncRNA HIF1A-AS2 sponges miR-
224 and prevents the degradation of HIF-1a transcripts
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Table 2 Role of IncRNAs regulating HIF-1a signaling in tumorigenesis

LncRNA Molecular axis

Cancer type

Mechanism and observed effects

Ref

COL4A2-AS1 miR-20b-5p/HIF-1a

LINK-A HIF-1a

GHET1 HIF-1a

AWPPH
PMAN

HIF-1a
HIF-1a/PMAN

PVTI1 KAT2A/HIF-1a

ZEB1-AS1 HIF-1a

ZEB2-AS1 miR-143-5p/HIF-1a

OIP5-AS1 miR-124-5p/IDH2/HIF-1«

LINC00649 NF90/NF45/HIF-1a

DLX6-AS1 miR-199a-5p/HIF-1a

TMPO-AS1 miR-199a-5p/HIF-1a

MTA2TR MTA2TR/ATF3/MTA2/HIF-1a

LINCO00511 HIF-1a/LINCO00511/miR-153-5p

DSCR8 miR-98-5p/STAT3/HIF-1a

GHET1 HIF-1a/Notch
NUTF2P3-001 miR-3923/KRAS

FAMS83A-AS1 HIF-1la/glycolysis

MEG3 DNMT3b/MEG3/HIF-1a

NEAT1 HIF-1a

PVTI1 miR-199a-5p/HIF-1a

LINCO00525

CRPAT4 AVL9

miR-338-3p/UBE2Q1/B-catenin/HIF-1o

Colorectal cancer

Ovarian cancer
Ovarian cancer

Glioma
Gastric cancer

Nasopharyngeal cancer

Pancreatic cancer

Gastric cancer

Cervical cancer

Breast cancer

Nasopharyngeal cancer

Retinoblastoma

Pancreatic cancer

Colorectal cancer

Ovarian cancer

Prostate cancer
Pancreatic cancer

Lung cancer

Lung cancer

Colorectal cancer

Renal cancer

Induction of glycolysis, antiapoptosis, and accel-
eration of proliferation. COL4A2-AS1 increases
HIF-1a expression via sponging miR-20b-5p

Enhanced metastasis of tumor cells via HIF-1a
overexpression

GEHT]1 interacts with the VHL and blocks the
degradation of HIFla

Promoted cell motility by upregulating HIF-1a

HIF-1a increases PMAN expression to promote
peritoneal metastasis of gastric cancer

PVT1 functions as a scaffold for KAT2A to recruit
TIF1p for increasing HIF-1a stability and pro-
moting tumor progression

A positive feedback loop between ZEB1-AS1 and
HIF-1a increases carcinogenesis and invasion

ZEB2-AS1 promotes HIF-1a expression via
sponging miR-143-5p thereby enhancing growth
and invasion

OIP5-AS1 suppresses miR-124-5p expression to
increase IDH2 expression thereby triggering
HIF-1la signaling

LINCO00649 enhances stability and expression of
HIF-1a via interacting with NFOO/NF45

DLX6-AS1 sponges miR-199a-5p to increase
HIF-1a expression thereby enhancing the malig-
nant phenotype of tumor cells

TMP-AS1 sponges miR-199a-5p to increase
HIF-1a expression thereby promoting cancer
malignancy

MTAZ2TR increases HIF-1a expression in a dea-
cetylation manner

HIF-1a promotes LINC00511 expression which
sponges miR-153-5p. HIF-1a is a direct target of
miR-153-5p

DSCRS sponges miR-98-5p and promotes STAT3
expression to induce HIF-1a signaling for cancer
progression

Silencing GHET1 impairs HIF-1o/Notch axis
thereby suppressing cancer growth

Hypoxia increases KRAS expression via sponging
miR-3923

FAMS83A-AS1 prevents the degradation of HIF-1a
by interacting with the VHL recognition site on
HIF-1a.

MEGS3 inhibition by DNMT3B leads to HIF-1a
overexpression to mediate the malignant trans-
formation of epithelial cells

NEAT]1 sponges 582-5p. HIF-1a is the speculated
target of miR-582-5p

PVT]1 sponges miR-199a-5p to increase HIF-1a
expression

LINCO00525 increases UBE2Q1 expression by
interacting with miR-338-3p to induce the activa-
tion of HIF-1a

Hypoxia increases CRPAT4 expression to regulate
AVLO thereby increasing cancer progression

[153]

[154]

[155]

[156]
[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]
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Table 2 (continued)

LncRNA Molecular axis Cancer type Mechanism and observed effects Ref

HYPAL HIF-1o/HYPAL/miR-431-5p/CDK14 Gastric cancer Hypoxia can increase HYPAL expression and [176]
HYPAL promotes CDK14 expression via miR-
431-5p sponging

STEAP3-AS1 Wnt/B-catenin Colorectal cancer HIF-1a promotes STEAP3-AS1 expression to [177]
induce Wnt signaling for cancer progression

DAC3-AS1 HDAC2/FOXA3 Hepatocellular carcinoma HIF-1o promotes DAC3-AS1 expression to [178]
increase the interaction of HDAC2 and FOXA3
thereby increasing PKM2 expression and pro-
moting cancer metastasis

CASC9 HIF-10/CASC9 Lung cancer CASC9 and HIF-1a form a positive feedback loop [179]
thereby increasing cancer progression

DLEU1 HIF-10/CKAP2 Breast cancer DLEUI acts as a coactivator for HIF-1a and [180]
activated the transcription of CKAP?2 to facilitate
malignancy.

SOS1-IT1 HIF-1a/SOS1-IT1 Endometrial cancer HIF-1a promotes SOS1-IT1 expression thereby [181]
accelerating tumor progression

PCED1B-AS1 PCEDIB-AS1/miR-411-3p/HIF-1a Pancreatic cancer PCED1B-AS1 promotes HIF-1a expression via [182]
targeting miR-411-3p thereby facilitating tumor
progression

HOXA-AS2 HOXA-AS2/miR-519/HIF-1a Nasopharyngeal cancer =~ HOXA-AS2 sponges miR-519 to increase HIF-1ae  [183]
expression for cancer progression acceleration

FALEC HIF-1a/FALEC Prostate cancer HIF-1a-mediated FALEC expression accelerates  [184]
the malignant progression

GAPLINC HIF-1a0/GAPLINC Gastric cancer Hypoxia increases HIF-1a expression to mediate ~ [185]

GAPLINC expression thereby increasing cancer
progression

expression of hexokinase-2 (HK2) to stimulate aerobic gly-
colysis and enhance breast cancer progression. However,
miR-487a was found to target HIF-1a and thereby suppress
HIF-1a/HK?2 axis. CircRNF20 (circ_0087784) was found
to sponge miR-487a to enable the stabilization and transla-
tion of HIF-1a and its downstream target HK?2 to boost the
progression of breast tumors [194]. Similarly, circ-0046600,
circ-0004543, circPIP5K1A, and circ-HIPK3 allowed the
expression of HIF-1a by sequestering miR-640, miR-217,
miR-600, and miR-338-3p in the liver, cervical, lung, and
cervical cancer cells, respectively, to promote the advance-
ment of disease [195—-198]. CircRNAs can also promote the
growth of cancer cells by modulating the cap-independent
translation of HIF-1a translation. Circ-ERBIN was shown
to be overexpressed in colorectal cancer cells which encour-
aged the growth of colorectal cancer. The interactome
analysis revealed miR-125a-5p and miR-138-5p as binding
partners of circ-ERBIN [199]. Further mechanistic analysis
demonstrated that both miR-125a-5p and miR-138-5p target
4EBP-1 [199]. 4EBP-1 is involved in the cap-independent
translation of HIF-1a under hypoxia. Therefore, seques-
tration of miR-125a-5p and miR-138-5p by circ-ERBIN
resulted in efficient cap-independent translation of HIF-1a
and subsequent acceleration of tumor angiogenesis [199].

5.1 Association of circRNAs with therapy response

A very limited number of studies have demonstrated the
role of the circRNA/HIF-1a axis in offering chemoresistance
in cancer cells. Elevated expression of circNRIP1, MDR-
1, P-glycoprotein, and HIF-1a and low responsiveness
to 5-fluorouracil were noted in gastric cancer cells under
hypoxic conditions whereas the depletion of circNRIP1
sensitized gastric cancer cells to 5-fluorouracil. Mechanis-
tically, circNRIP1 was reported to target miR-138-5p, which
is an upstream modulator of HIF-1a [200]. High expression
of circZNF91 was noted in tumor specimens derived from
pancreatic cancer patients, and its expression was positively
correlated with elevated expression of glucose-metabolizing
enzymes and reduced overall survival time [201]. It was also
noted that the exosomes released from pancreatic cancer
cells acted as carriers of circZNF91 which were transferred
into normoxic pancreatic cancer cells to transmit gemcit-
abine resistance [201]. In normoxic pancreatic cancer cells,
hypoxia-induced exosomal circZNF91 was found to com-
petitively interact with miR-23b-3p and thereby enable the
expression of Sirtuinl (a protein deacetylase). Elevated
Sirtuinl subsequently deacetylated and stabilized HIF-1o
to promote gemcitabine resistance in normoxic pancreatic

@ Springer



Cancer and Metastasis Reviews (2024) 43:5-27

O

@)

circ-03955

miR-487a circRNF20 miR-3662 )
HIF-1a ¢ ) HIF-1a
o miR-610 e ) miR-610
l HIF-1a l HIF-1a circ‘-MATZB
Wl oo
“g Tt Stable mRNA “ T, Stable mRNA
Au u q u
- l e l HIF-1a Ty
T A u\) “b
Stable mRNA 2
I
Aerobic = -~
glycolysis \ HIF-1a

()
f

HK2 <_ﬁ_ HK2

Fig.5 The activity and expression of HIF-la is regulated by IncR-
NAs. The majority of known circRNAs promote HIF-1la signaling
by sponging the onco-suppressor miRNAs. CirRNAs (circRNF20,

HRE Target
l genes

cancer cells indicating that circZNF91 plays a key role in
imparting therapeutic resistance in the tumor microenviron-
ment. Joo and coworkers have previously demonstrated that
Sirtuin] is involved in the stabilization of HIF-1« through its
deacetylation [202]. Additionally, the transcription of circ-
ZNF91 was found to be controlled by HIF-1a under hypoxic
conditions [201]. In sum, it can be concluded that the inter-
action between miRNAs and HIF-1a is generally disrupted
by circRNAs to promote tumorigenesis and drug resistance.
Therefore, targeting the circRNA/HIF-1a axis can help to
regulate glycolysis, proliferation, and metastasis of cancer
cells. Figure 5 and Table 3 depict the relationship between
circRNAs and HIF-1a in human cancers [200].

6 Other types of ncRNAs and HIF-1a

We used the keywords “piRNA and HIF-1a” and “tsRNA
and HIF-1a” to search publications related to the “HIF-
la-regulating piRNAs” and “HIF-1a-regulating tsRNAs,”
respectively, in PubMed. In both cases, only one study was
listed in the search (accessed on 19 June 2023). piRNA-823
was reported to be upregulated in colorectal cancer tumor
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circ-03955, circ-MAT2B) sponge miRNAs (miR-487a, miR-3662,
miR-515-5p, respectively) to stabilize and prevent the degradation of
HIF-1a transcripts

samples [205]. Mechanistic dissection revealed that piRNA-
823 mitigates the ubiquitination and subsequent degradation
of HIF-1a by elevating the levels of expression of glucose-
6-phosphate dehydrogenase, increasing glucose utilization,
and reducing intracellular reactive oxygen species [205].
This study also proposed the use of piRNA-823 as a prog-
nostic biomarker in CRC patients.

Tao and colleagues demonstrated that 5'tiRNA-His-
GTG is overexpressed in colorectal cancer tissues com-
pared to the normal counterpart. The mechanistic approach
revealed that angiogenin is transcribed by the HIF-1a
under hypoxic conditions in colorectal tumor cells. Angi-
ogenin cleaved the tRNA into 5'tiRNA-His-GTG [206].
Subsequently, 5'tiRNA-His-GTG was loaded onto AGO1/3
proteins and targeted 3'-UTR of LATS2 (Large tumor sup-
pressor 2) to promote the degradation of LATS2 transcript
[206]. If LATS?2 is not targeted, LATS phosphorylates
YAP and TAZ which leads to either sequestration of these
proteins or ubiquitin-facilitated protein degradation result-
ing in turning off of the Hippo pathway. Therefore, it was
concluded that 5'tiRNA-His-GTG responded to hypoxic
stress by activating HIF1o/angiogenin axis and promoting
the Hippo pathway.
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Table 3 The regulation of HIF-1a signaling by circRNAs for cancer therapy
CircRNA Molecular axis Cancer type Mechanism and observed effects Ref.

Circ-0004543 Circ-0004543/miR-217/HIF-1a

Circ-MAT2B miR-515-5p/HIF-1a
Circ-03955 Circ-03955/miR-3662/HIF-1a
Circ-RNF20 Circ-RNF20/miR-487a/HIF-10/HK?2

Circ-0046600  Circ-0046600/miR-640/HIF-1x

Cervical cancer

Gastric cancer

Pancreatic cancer Circ-03955 increases HIF-1a expression via miR-
Breast cancer

Liver cancer

Circ-0004543 increases HIF-1a expression via miR- [196]
217 sponging to promote tumorigenesis

Circ-MAT?2B promotes proliferation, glucose
uptake, and lactate production via miR-515-5p
sponging and subsequent overexpression of
HIF-1a

[186]

[189]
3662 inhibition for glycolysis induction

Circ-RNF20 promotes HIF-1a expression via miR-  [194]
487a inhibition to upregulate HK2

Circ-0046600 promotes HIF-1a expression via miR- [195]
640 inhibition thereby contributing to increased
cell proliferation and EMT induction

CircPIPSK1A  CircPIPSK1A/miR-600/HIF-1a Lung cancer CircpIP5K1A sponges miR-600 which enabled the  [197]
upregulation of HIF-1a

Circ-HIPK3 Circ-HIPK3/miR-338-3p/HIF-1a Cervical cancer ~ HIPK3 sponges miR-338-3p to increase HIF-1a and [198]
to mediate the EMT mechanism

Circ-NRIP1 Circ-NRIP1/miR-138-5p/HIF-1a Gastric cancer Circ-NRIP1 sponges miR-138-5p to overexpress [200]
HIF-1a to mediate drug resistance

Circ-SLC25A16 Circ-SLC25A16 /miR-488-3p/HIF-1o/LDHA Lung cancer Circ-SLC25A16 promotes HIF-1o expression via [203]
miR-488-3p sponging and subsequent upregula-
tion of LDHA

Circ-100859 Circ-100859/miR-217/HIF-1a Colon cancer Circ-100859 elevates HIF-1a expression via miR- [204]

217 sponging thereby accelerating colon cancer
progression

7 Clinical examination of ncRNAs
as therapeutic agents

Since the discovery of ncRNAs, a significant number of
efforts have been made to use them as therapeutic agents
against human cancers. The major hurdles in the devel-
opment of ncRNA-based therapeutics are the route of
administration, dosage optimization, off-target effects,
and drug delivery system. Despite successful implemen-
tation in the preclinical studies, ncRNA-based therapeu-
tics have failed to enter clinics to date. Among ncRNAs,
miRNA-targeting approaches have reached clinical trials
for the treatment of cancers. Upregulation of the expres-
sion of oncogenic miRNAs and downregulation of the
expression of onco-suppressor miRNAs are the common
trends observed in the majority of the studies performed
using patient-derived tumor tissues. As learnt earlier,
miRNAs interact with their target mRNA to promote
mRNA degradation or suppress their translation. Con-
sidering these facts, efforts have been made to admin-
ister synthetic miRNAs (anti-miRNAs) that can make
complementation with oncogenic miRNAs to allow the
expression of target mRNAs. Another approach is the
administration of synthetic miRNAs (miRNA mim-
ics) that mimics the role of onco-suppressor miRNAs.
miR-34 is one of the potent onco-suppressor miRNAs

with inhibitory activity against tumorigenic functions
facilitated by CDK4/6, SIRT1, and SOX2. Delivery of
either anti-miRNAs or miRNA-mimics to target sites is
a daunting task. A liposomal nanoparticle loaded with
a synthetic mimic of the miR-34a (named MRX34) was
examined in patients with advanced solid tumors [207].
Administration of MRX34 with dexamethasone premedi-
cation displayed a manageable toxicity profile in most
patients and some clinical activity [207]. Although the
study was terminated early due to serious immune-medi-
ated adverse effects that led to the death of four patients,
dose-dependent modulation of relevant target genes pro-
vided proof of concept for miRNA-based cancer therapy
(NCTO01829971). In another study, cobomarsen (an oli-
gonucleotide inhibitor of miR-155) displayed a reduction
in the growth of diffuse large B-cell lymphoma without
any toxicity concerns in the patient (NCT02580552)
[208]. A clinical investigation is being carried out to
determine the effect of TargomiRs (miR-16-mimics
loaded into engeneic delivery vehicles) as a second-/
third-line treatment for patients with malignant pleural
mesothelioma and NSCLC (NCT02369198). miR-16
is a potent onco-suppressor that was demonstrated to
be downregulated in malignant pleural mesothelioma
tumors/cells, and its administration provided promising
anticancer effects [209].
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8 Conclusion and remarks

Hypoxia is one of the hallmark features observed in the micro-
environment of most solid malignancies which contributes to
the oncogenic features such as metabolic reprogramming, metas-
tasis, and drug resistance. HIF-1a regulates the expression of
genes responsible for the oncogenic behavior of the cell. HIF-1a
is one of the most widely studied transcription factors in rele-
vance to cancer progression, and numerous preclinical studies
have proposed that inhibition of HIF-1a could be a good thera-
peutic approach to counteract the proliferation of cancer cells.
On the other hand, there are a few limitations associated with
targeting HIF-1o in human cancers. In a phase II clinical trial,
17-(allylamino)-17-demethoxygeldanamycin failed to achieve
an objective response in the treatment of renal cell carcinoma
patients. 17-(Allylamino)-17-demethoxygeldanamycin is a potent
inhibitor of HSP9O0 that elevated the degradation of HIF-1a [210].
Also, differential expression of HIF-1a may contribute to the
limited efficacy of therapeutic agent that targets HIF-1o [211].
The expression, activity, and stability of HIF-1a are modulated
by oxygen-sensitive enzymes which make oxygen a key player
in determining the aggressiveness of the tumor cells. In addition,
various ncRNAs including miRNA, IncRNA, circRNA, piRNA,
and tsRNA were also reported to either promote or impede the
HIF-1a pathway in cancers. Although most of the discoveries
related to these ncRNAs in relevance to oncogenesis have been
deciphered in the last two decades, it is important to note that
these ncRNAs have a wide and critical role in the progression
of cancer, and it is much more complicated than the present-day
understanding. Considering the importance of ncRNAs, miR-
NAs are being examined as therapeutic agents in different phases
of clinical trials. Some of the clinical trials were discontinued
halfway through due to various problems suggesting that there
are multiple challenges to be crossed before the successful clini-
cal application of ncRNA-based drugs. For instance, although
MRX34 showed some clinical activity, the study was halted due
to immune-related adverse effects which resulted in the death
of a few patients. Determining the route of administration, use
of carriers, dosage optimization, and off-target effects are still
considered a matter of concern in RNAi-based therapies. Over-
all, an enormous amount of research is essential to uncover and
understand the role of ncRNAs in disease progression and their
relationship with oncogenic/tumor suppressor proteins.

Acknowledgments K.S.R. thank the Council of Scientific & Industrial
Research (New Delhi, India) and the Indian Science Congress Associa-

tion (Kolkata, India) for providing the emeritus scientist and Asutosh
Mookerjee fellowship, respectively.

Declarations

Conflict of interest The authors declare no competing interests.

@ Springer

References

1. Sin, S. Q., Mohan, C. D., Goh, R. M. W.-]., You, M., Nayak, S.
C., Chen, L., et al. (2022). Hypoxia signaling in hepatocellular
carcinoma: Challenges and therapeutic opportunities. Cancer and
Metastasis Reviews. https://doi.org/10.1007/s10555-022-10071-1

2. Vaupel, P, & Harrison, L. (2004). Tumor Hypoxia: Causative Fac-
tors, Compensatory Mechanisms, and Cellular Response. The Oncol-
ogist, 9(S5), 4-9. https://doi.org/10.1634/theoncologist.9-90005-4

3. Semenza, G. L. (2000). Hypoxia, clonal selection, and the role
of HIF-1 in tumor progression. Critical Reviews in Biochemistry
and Molecular Biology, 35(2), 71-103. https://doi.org/10.1080/
10409230091169186

4. Muz, B., de la Puente, P., Azab, F., & Azab, A. K. (2015). The
role of hypoxia in cancer progression, angiogenesis, metastasis,
and resistance to therapy. Hypoxia (Auckl), 3, 83-92. https://doi.
org/10.2147/hp.s93413

5. Vaupel, P, Thews, O., & Hoeckel, M. (2001). Treatment resist-
ance of solid tumors: role of hypoxia and anemia. Medical
Oncology, 18(4), 243-259. https://doi.org/10.1385/mo:18:4:243

6. Erler, J. T., Cawthorne, C. J., Williams, K. J., Koritzinsky,
M., Wouters, B. G., Wilson, C., et al. (2004). Hypoxia-Medi-
ated Down-Regulation of Bid and Bax in Tumors Occurs via
Hypoxia-Inducible Factor 1-Dependent and -Independent Mech-
anisms and Contributes to Drug Resistance. Molecular and Cel-
lular Biology, 24(7), 2875-2889. https://doi.org/10.1128/MCB.
24.7.2875-2889.2004

7. Pennacchietti, S., Michieli, P., Galluzzo, M., Mazzone, M.,
Giordano, S., & Comoglio, P. M. (2003). Hypoxia promotes
invasive growth by transcriptional activation of the met pro-
tooncogene. Cancer Cell, 3(4), 347-361. https://doi.org/10.1016/
S$1535-6108(03)00085-0

8. Graham, A. M., & Presnell, J. S. (2017). Hypoxia Inducible
Factor (HIF) transcription factor family expansion, diversifica-
tion, divergence and selection in eukaryotes. PLoS One, 12(6),
e0179545. https://doi.org/10.1371/journal.pone.0179545

9. Palazon, A., Goldrath, A. W., Nizet, V., & Johnson, R. S. (2014).
HIF transcription factors, inflammation, and immunity. Immunity,
41(4), 518-528. https://doi.org/10.1016/j.immuni.2014.09.008

10. Cavadas, M. A. S., Nguyen, L. K., & Cheong, A. (2013).
Hypoxia-inducible factor (HIF) network: insights from mathe-
matical models. Cell Communication and Signaling: CCS, 11(1),
42. https://doi.org/10.1186/1478-811X-11-42

11. McNeill, L. A., Hewitson, K. S., Claridge, T. D., Seibel, J. F., Hors-
fall, L. E., & Schofield, C. J. (2002). Hypoxia-inducible factor aspar-
aginyl hydroxylase (FIH-1) catalyses hydroxylation at the f-carbon
of asparagine-803. Biochemical Journal, 367(3), 571-575.

12. Lando, D., Peet, D. J., Whelan, D. A., Gorman, J. J., & Whitelaw,
M. L. (2002). Asparagine hydroxylation of the HIF transactiva-
tion domain: a hypoxic switch. Science, 295(5556), 858-861.

13. Mahon, P. C., Hirota, K., & Semenza, G. L. (2001). FIH-1: a
novel protein that interacts with HIF-1a and VHL to mediate
repression of HIF-1 transcriptional activity. Genes & Develop-
ment, 15(20), 2675-2686.

14. Hashimoto, T., & Shibasaki, F. (2015). Hypoxia-Inducible Fac-
tor as an Angiogenic Master Switch. Frontiers in Pediatrics, 3.
https://doi.org/10.3389/fped.2015.00033

15. Cheng, L., Yu, H., Yan, N., Lai, K., & Xiang, M. (2017).
Hypoxia-Inducible Factor-1a Target Genes Contribute to Retinal
Neuroprotection. Frontiers in Cellular Neuroscience, 11. https://
doi.org/10.3389/fncel.2017.00020

16. Wang, X., Du, Z. W., Xu, T. M., Wang, X.J., Li, W., Gao, J. L.,
et al. (2021). HIF-1a Is a Rational Target for Future Ovarian


https://doi.org/10.1007/s10555-022-10071-1
https://doi.org/10.1634/theoncologist.9-90005-4
https://doi.org/10.1080/10409230091169186
https://doi.org/10.1080/10409230091169186
https://doi.org/10.2147/hp.s93413
https://doi.org/10.2147/hp.s93413
https://doi.org/10.1385/mo:18:4:243
https://doi.org/10.1128/MCB.24.7.2875-2889.2004
https://doi.org/10.1128/MCB.24.7.2875-2889.2004
https://doi.org/10.1016/S1535-6108(03)00085-0
https://doi.org/10.1016/S1535-6108(03)00085-0
https://doi.org/10.1371/journal.pone.0179545
https://doi.org/10.1016/j.immuni.2014.09.008
https://doi.org/10.1186/1478-811X-11-42
https://doi.org/10.3389/fped.2015.00033
https://doi.org/10.3389/fncel.2017.00020
https://doi.org/10.3389/fncel.2017.00020

Cancer and Metastasis Reviews (2024) 43:5-27

21

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Cancer Therapies. Frontiers in Oncology, 11, 785111. https://
doi.org/10.3389/fonc.2021.785111

Korbecki, J., Simiriska, D., Gassowska-Dobrowolska, M., Listos,
J., Gutowska, 1., Chlubek, D., et al. (2021). Chronic and Cycling
Hypoxia: Drivers of Cancer Chronic Inflammation through HIF-1
and NF-kB Activation: A Review of the Molecular Mechanisms.
International Journal of Molecular Sciences, 22(19). https://doi.
org/10.3390/ijms221910701

Tan, P., Wang, M., Zhong, A., Wang, Y., Du, J., Wang, J.,
et al. (2021). SRT1720 inhibits the growth of bladder can-
cer in organoids and murine models through the SIRT1-HIF
axis. Oncogene, 40(42), 6081-6092. https://doi.org/10.1038/
s41388-021-01999-9

Nelson, J. K., Thin, M. Z., Evan, T., Howell, S., Wu, M.,
Almeida, B., et al. (2022). USP25 promotes pathological HIF-
1-driven metabolic reprogramming and is a potential therapeutic
target in pancreatic cancer. Nature Communications, 13(1), 2070.
https://doi.org/10.1038/s41467-022-29684-9

Bian, Y., Yin, G., Wang, G., Liu, T., Liang, L., Yang, X., et al.
(2022). Degradation of HIF-1a induced by curcumol blocks glu-
taminolysis and inhibits epithelial-mesenchymal transition and
invasion in colorectal cancer cells. Cell Biology and Toxicology.
https://doi.org/10.1007/s10565-021-09681-2

Kishore, C., & Karunagaran, D. (2022). Non-coding RNAs as
emerging regulators and biomarkers in colorectal cancer. Molec-
ular and Cellular Biochemistry, 477(6), 1817-1828. https://doi.
org/10.1007/s11010-022-04412-5

Ashrafizadeh, M., Mohan, C. D., Rangappa, S., Zarrabi, A.,
Hushmandi, K., Kumar, A. P, et al. (2023). Noncoding RNAs as
regulators of STAT3 pathway in gastrointestinal cancers: Roles in
cancer progression and therapeutic response. Medicinal Research
Reviews. https://doi.org/10.1002/med.21950

Uchino, K., Ochiya, T., & Takeshita, F. (2013). RNAI therapeu-
tics and applications of microRNAs in cancer treatment. Japa-
nese Journal of Clinical Oncology, 43(6), 596—607. https://doi.
org/10.1093/jjco/hyt052

Wang, Z., Rao, D. D., Senzer, N., & Nemunaitis, J. (2011). RNA
interference and cancer therapy. Pharmaceutical Research,
28(12), 2983-2995. https://doi.org/10.1007/s11095-011-0604-5
O'Brien, J., Hayder, H., Zayed, Y., & Peng, C. (2018). Overview
of MicroRNA Biogenesis, Mechanisms of Actions, and Circu-
lation. Frontiers in Endocrinology, 9. https://doi.org/10.3389/
fendo.2018.00402

Tay, Y., Zhang, J., Thomson, A. M., Lim, B., & Rigoutsos, I.
(2008). MicroRNAs to Nanog, Oct4 and Sox2 coding regions
modulate embryonic stem cell differentiation. Nature, 455(7216),
1124-1128. https://doi.org/10.1038/nature07299

Vasudevan, S., Tong, Y., & Steitz, J. A. (2007). Switching from
repression to activation: microRNAs can up-regulate translation.
Science, 318(5858), 1931-1934. https://doi.org/10.1126/science.
1149460

@rom, U. A., Nielsen, F. C., & Lund, A. H. (2008). MicroRNA-
10a binds the 5'UTR of ribosomal protein mRNAs and enhances
their translation. Molecular Cell, 30(4), 460-471. https://doi.org/
10.1016/j.molcel.2008.05.001

Henke, J. I., Goergen, D., Zheng, J., Song, Y., Schiittler, C. G.,
Fehr, C., et al. (2008). microRNA-122 stimulates translation of
hepatitis C virus RNA. The EMBO Journal, 27(24), 3300-3310.
https://doi.org/10.1038/emboj.2008.244

Filipowicz, W., Bhattacharyya, S. N., & Sonenberg, N. (2008).
Mechanisms of post-transcriptional regulation by microRNAs: are
the answers in sight? Nature Reviews Genetics, 9(2), 102-114.
Huang, S., Tan, X., Huang, Z., Chen, Z., Lin, P., & Fu, S. W.
(2018). microRNA biomarkers in colorectal cancer liver metas-
tasis. Journal of Cancer, 9(21), 3867-3873. https://doi.org/10.
7150/jca.28588

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Zhang, L.-F., Jiang, S., & Liu, M.-F. (2017). MicroRNA regula-
tion and analytical methods in cancer cell metabolism. Cellular
and Molecular Life Sciences, 74(16), 2929-2941. https://doi.org/
10.1007/s00018-017-2508-y

Syed, S. N., Frank, A. C., Raue, R., & Briine, B. (2019).
MicroRNA-A Tumor Trojan Horse for Tumor-Associated Mac-
rophages. Cells, 8(12). https://doi.org/10.3390/cells8121482
Mirzaei, S., Zarrabi, A., Hashemi, F., Zabolian, A., Saleki, H.,
Ranjbar, A, et al. (2021). Regulation of Nuclear Factor-KappaB
(NF-xB) signaling pathway by non-coding RNAs in cancer:
Inhibiting or promoting carcinogenesis? Cancer Letters, 509,
63-80. https://doi.org/10.1016/j.canlet.2021.03.025
Ashrafizadeh, M., Hushmandi, K., Hashemi, M., Akbari, M. E.,
Kubatka, P., Raei, M., et al. (2020). Role of microRNA/Epithe-
lial-to-Mesenchymal Transition Axis in the Metastasis of Blad-
der. Cancer., 10(8), 1159.

Ashrafizadeh, M., Zarrabi, A., Hushmandi, K., Hashemi, F.,
Moghadam, E. R., Owrang, M., et al. (2021). Lung cancer cells
and their sensitivity/resistance to cisplatin chemotherapy: Role
of microRNAs and upstream mediators. Cellular Signalling, 78,
109871. https://doi.org/10.1016/j.cellsig.2020.109871

Dutta, M., Das, B., Mohapatra, D., Behera, P., Senapati, S., &
Roychowdhury, A. (2022). MicroRNA-217 modulates pancre-
atic cancer progression via targeting ATAD2. Life Sciences, 301,
120592. https://doi.org/10.1016/j.1fs.2022.120592

Kong, P., Zhu, X., Geng, Q., Xia, L., Sun, X., Chen, Y., et al.
(2017). The microRNA-423-3p-Bim Axis Promotes Cancer Pro-
gression and Activates Oncogenic Autophagy in Gastric Cancer.
Molecular Therapy, 25(4), 1027-1037. https://doi.org/10.1016/j.
ymthe.2017.01.013

Quinn, J. J., & Chang, H. Y. (2016). Unique features of long non-
coding RNA biogenesis and function. Nature Reviews Genetics,
17(1), 47-62. https://doi.org/10.1038/nrg.2015.10

Wooten, S., & Smith, K. N. (2022). Long non-coding RNA
OIP5-AS1 (Cyrano): A context-specific regulator of normal and
disease processes. Clinical and Translational Medicine, 12(1),
€706. https://doi.org/10.1002/ctm?2.706

Yang, G., Lu, X., & Yuan, L. (2014). LncRNA: a link between
RNA and cancer. Biochimica et Biophysica Acta, 1839(11),
1097-1109. https://doi.org/10.1016/j.bbagrm.2014.08.012
Hashemi, M., Hajimazdarany, S., Mohan, C. D., Mohammadi, M.,
Rezaei, S., Olyaee, Y., et al. (2022). Long non-coding RNA/epithe-
lial-mesenchymal transition axis in human cancers: Tumorigenesis,
chemoresistance, and radioresistance. Pharmacological Research,
186, 106535. https://doi.org/10.1016/j.phrs.2022.106535

Mohan, C. D., Rangappa, S., Nayak, S. C., Sethi, G., & Ran-
gappa, K. S. (2021). Paradoxical functions of long noncoding
RNAs in modulating STAT3 signaling pathway in hepatocellu-
lar carcinoma. Biochimica et Biophysica Acta (BBA) - Reviews
on Cancer, 1876(1), 188574. https://doi.org/10.1016/j.bbcan.
2021.188574

Wen, A., Luo, L., Du, C., & Luo, X. (2021). Long non-coding
RNA miR155HG silencing restrains ovarian cancer progres-
sion by targeting the microRNA-155-5p/tyrosinase-related pro-
tein 1 axis. Experimental and Therapeutic Medicine, 22(5),
1237. https://doi.org/10.3892/etm.2021.10672

Mo, C., Wu, J., Sui, J., Deng, Y., Li, M., Cao, Z., et al. (2022).
Long non-coding RNA LINCO01793 as a potential diagnostic
biomarker of hepatitis B virus-related hepatocellular carci-
noma. Clinical Biochemistry. https://doi.org/10.1016/j.clinb
iochem.2022.06.006

Liang, M., Zhu, B., Wang, M., & Jin, J. (2022). Knockdown of
long non-coding RNA DDX11-AS1 inhibits the proliferation,
migration and paclitaxel resistance of breast cancer cells by
upregulating microRNA-497 expression. Molecular Medicine
Reports, 25(4). https://doi.org/10.3892/mmr.2022.12639

@ Springer


https://doi.org/10.3389/fonc.2021.785111
https://doi.org/10.3389/fonc.2021.785111
https://doi.org/10.3390/ijms221910701
https://doi.org/10.3390/ijms221910701
https://doi.org/10.1038/s41388-021-01999-9
https://doi.org/10.1038/s41388-021-01999-9
https://doi.org/10.1038/s41467-022-29684-9
https://doi.org/10.1007/s10565-021-09681-2
https://doi.org/10.1007/s11010-022-04412-5
https://doi.org/10.1007/s11010-022-04412-5
https://doi.org/10.1002/med.21950
https://doi.org/10.1093/jjco/hyt052
https://doi.org/10.1093/jjco/hyt052
https://doi.org/10.1007/s11095-011-0604-5
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.3389/fendo.2018.00402
https://doi.org/10.1038/nature07299
https://doi.org/10.1126/science.1149460
https://doi.org/10.1126/science.1149460
https://doi.org/10.1016/j.molcel.2008.05.001
https://doi.org/10.1016/j.molcel.2008.05.001
https://doi.org/10.1038/emboj.2008.244
https://doi.org/10.7150/jca.28588
https://doi.org/10.7150/jca.28588
https://doi.org/10.1007/s00018-017-2508-y
https://doi.org/10.1007/s00018-017-2508-y
https://doi.org/10.3390/cells8121482
https://doi.org/10.1016/j.canlet.2021.03.025
https://doi.org/10.1016/j.cellsig.2020.109871
https://doi.org/10.1016/j.lfs.2022.120592
https://doi.org/10.1016/j.ymthe.2017.01.013
https://doi.org/10.1016/j.ymthe.2017.01.013
https://doi.org/10.1038/nrg.2015.10
https://doi.org/10.1002/ctm2.706
https://doi.org/10.1016/j.bbagrm.2014.08.012
https://doi.org/10.1016/j.phrs.2022.106535
https://doi.org/10.1016/j.bbcan.2021.188574
https://doi.org/10.1016/j.bbcan.2021.188574
https://doi.org/10.3892/etm.2021.10672
https://doi.org/10.1016/j.clinbiochem.2022.06.006
https://doi.org/10.1016/j.clinbiochem.2022.06.006
https://doi.org/10.3892/mmr.2022.12639

22

Cancer and Metastasis Reviews (2024) 43:5-27

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Wang, W., Zhang, Z., Li, Y., Gu, A., Wang, Y., Cai, Y., et al.
(2022). Down-regulated long non-coding RNA LHFPL3 anti-
sense RNA 1 inhibits the radiotherapy resistance of naso-
pharyngeal carcinoma via modulating microRNA-143-5p/
homeobox A6 axis. Bioengineered, 13(3), 5421-5433. https://
doi.org/10.1080/21655979.2021.2024386

Rong, D., Sun, H., Li, Z., Liu, S., Dong, C., Fu, K., et al.
(2017). An emerging function of circRNA-miRNAs-mRNA
axis in human diseases. Oncotarget, 8(42), 73271-73281.
https://doi.org/10.18632/oncotarget. 19154

Nigro, J. M., Cho, K. R., Fearon, E. R., Kern, S. E., Ruppert,
J. M., Oliner, J. D., et al. (1991). Scrambled exons. Cell, 64(3),
607-613. https://doi.org/10.1016/0092-8674(91)90244-s
Sanger, H. L., Klotz, G., Riesner, D., Gross, H. J., & Klein-
schmidt, A. K. (1976). Viroids are single-stranded covalently
closed circular RNA molecules existing as highly base-paired

rod-like structures. Proceedings of the National Academy of

Sciences of the United States of America, 73(11), 3852-3856.
https://doi.org/10.1073/pnas.73.11.3852

Kolakofsky, D. (1976). Isolation and characterization of Sendai
virus DI-RNAs. Cell, 8(4), 547-555. https://doi.org/10.1016/
0092-8674(76)90223-3

Zhou, G. R., Huang, D. P,, Sun, Z. F., & Zhang, X. F. (2020).
Characteristics and prognostic significance of circRNA-100876
in patients with colorectal cancer. European Review for Medi-
cal and Pharmacological Sciences, 24(22), 11587-11593.
https://doi.org/10.26355/eurrev_202011_23801

Ishola, A. A., Chien, C. S., Yang, Y. P., Chien, Y., Yarmishyn,
A. A., Tsai, P. H,, et al. (2022). Oncogenic circRNA C190
Promotes Non-Small Cell Lung Cancer via Modulation of the
EGFR/ERK Pathway. Cancer Research, 82(1), 75-89. https://
doi.org/10.1158/0008-5472.Can-21-1473

Cai, A., Hu, Y., Zhou, Z., Qi, Q., Wu, Y., Dong, P, et al. (2022). PIWI-
Interacting RNAs (piRNAs): Promising Applications as Emerging
Biomarkers for Digestive System Cancer. Frontiers in Molecular
Biosciences, 9. https://doi.org/10.3389/fmolb.2022.848105

Xiao, Y., & Ke, A. (2016). PIWI Takes a Giant Step. Cell,
167(2), 310-312. https://doi.org/10.1016/j.cell.2016.09.043
Ozata, D. M., Gainetdinov, 1., Zoch, A., O’Carroll, D., &
Zamore, P. D. (2019). PIWI-interacting RNAs: small RNAs
with big functions. Nature Reviews Genetics, 20(2), 89-108.
https://doi.org/10.1038/s41576-018-0073-3

Tan, L., Mai, D., Zhang, B., Jiang, X., Zhang, J., Bai, R., et al.
(2019). PIWI-interacting RNA-36712 restrains breast cancer
progression and chemoresistance by interaction with SEPW 1
pseudogene SEPW1P RNA. Molecular Cancer, 18(1), 9.
https://doi.org/10.1186/s12943-019-0940-3

Cheng, J., Guo, J. M., Xiao, B. X., Miao, Y., Jiang, Z., Zhou, H.,
et al. (2011). piRNA, the new non-coding RNA, is aberrantly
expressed in human cancer cells. Clinica Chimica Acta, 412(17-
18), 1621-1625. https://doi.org/10.1016/j.cca.2011.05.015

Di Fazio, A., & Gullerova, M. (2023). An old friend with a new
face: tRNA-derived small RNAs with big regulatory potential in
cancer biology. British Journal of Cancer, 128(9), 1625-1635.
https://doi.org/10.1038/s41416-023-02191-4

Wen, J.-T., Huang, Z.-H., Li, Q.-H., Chen, X., Qin, H.-L., &
Zhao, Y. (2021). Research progress on the tsSRNA classification,
function, and application in gynecological malignant tumors.
Cell Death Discovery, 7(1), 388. https://doi.org/10.1038/
$41420-021-00789-2

Li, X., Liu, X., Zhao, D., Cui, W., Wu, Y., Zhang, C., et al.
(2021). tRNA-derived small RNAs: novel regulators of cancer
hallmarks and targets of clinical application. Cell Death Discov-
ery, 7(1), 249. https://doi.org/10.1038/s41420-021-00647-1
Ivanov, P., Emara, M. M., Villen, J., Gygi, S. P., & Anderson, P.
(2011). Angiogenin-induced tRNA fragments inhibit translation

@ Springer

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

initiation. Molecular Cell, 43(4), 613-623. https://doi.org/10.
1016/j.molcel.2011.06.022

Haussecker, D., Huang, Y., Lau, A., Parameswaran, P., Fire, A.
Z., & Kay, M. A. (2010). Human tRNA-derived small RNAs in
the global regulation of RNA silencing. Rna, 16(4), 673-695.
https://doi.org/10.1261/rna.2000810

Goodarzi, H., Liu, X., Nguyen, H. C., Zhang, S., Fish, L., &
Tavazoie, S. F. (2015). Endogenous tRNA-Derived Fragments
Suppress Breast Cancer Progression via YBX1 Displacement.
Cell, 161(4), 790-802. https://doi.org/10.1016/j.cell.2015.02.053
Saikia, M., Jobava, R., Parisien, M., Putnam, A., Krokowski,
D., Gao, X. H., et al. (2014). Angiogenin-cleaved tRNA halves
interact with cytochrome c, protecting cells from apoptosis dur-
ing osmotic stress. Molecular and Cellular Biology, 34(13),
2450-2463. https://doi.org/10.1128/mcb.00136-14

Shao, Y., Sun, Q., Liu, X., Wang, P., Wu, R., & Ma, Z. (2017).
tRF-Leu-CAG promotes cell proliferation and cell cycle in non-
small cell lung cancer. Chemical Biology & Drug Design, 90(5),
730-738. https://doi.org/10.1111/cbdd.12994

Luan, N., Chen, Y., Li, Q., Mu, Y., Zhou, Q., Ye, X., et al. (2021).
TRF-20-MONKS5Y93 suppresses the metastasis of colon cancer
cells by impairing the epithelial-to-mesenchymal transition
through targeting Claudin-1. American Journal of Translational
Research, 13(1), 124-142.

He, C., Wang, L., Zhang, J., & Xu, H. (2017). Hypoxia-inducible
microRNA-224 promotes the cell growth, migration and inva-
sion by directly targeting RASSFS in gastric cancer. Molecular
Cancer, 16(1), 35. https://doi.org/10.1186/s12943-017-0603-1
Zhu, G., Zhou, L., Liu, H., Shan, Y., & Zhang, X. (2018).
MicroRNA-224 Promotes Pancreatic Cancer Cell Proliferation
and Migration by Targeting the TXNIP-Mediated HIF 1o Path-
way. Cellular Physiology and Biochemistry, 48(4), 1735-1746.
https://doi.org/10.1159/000492309

Xia, M., Wei, J., & Tong, K. (2016). MiR-224 promotes prolif-
eration and migration of gastric cancer cells through targeting
PAK4. Pharmazie, 71(8), 460—-464. https://doi.org/10.1691/ph.
2016.6580

Zhang, Y., Li, C. F., Ma, L. J., Ding, M., & Zhang, B. (2016).
MicroRNA-224 aggrevates tumor growth and progression by tar-
geting mTOR in gastric cancer. International Journal of Oncol-
0gy, 49(3), 1068-1080. https://doi.org/10.3892/ij0.2016.3581
Li, Y., Zhao, L., Qi, Y., & Yang, X. (2019). MicroRNA-214
upregulates HIF-1a and VEGF by targeting ING4 in lung cancer
cells. Molecular Medicine Reports, 19(6), 4935-4945. https://
doi.org/10.3892/mmr.2019.10170

Ji, Z., Wang, X., Liu, Y., Zhong, M., Sun, J., & Shang, J. (2022).
MicroRNA-574-3p Regulates HIF-o Isoforms Promoting Gastric
Cancer Epithelial-Mesenchymal Transition via Targeting CUL2.
Digestive Diseases and Sciences, 67(8), 3714-3724. https://doi.
org/10.1007/s10620-021-07263-0

Xia, X., Wang, S., Ni, B., Xing, S., Cao, H., Zhang, Z., et al.
(2020). Hypoxic gastric cancer-derived exosomes promote pro-
gression and metastasis via MiR-301a-3p/PHD3/HIF-1a positive
feedback loop. Oncogene, 39(39), 6231-6244. https://doi.org/10.
1038/s41388-020-01425-6

Kelly, T.J., Souza, A. L., Clish, C. B., & Puigserver, P. (2011).
A hypoxia-induced positive feedback loop promotes hypoxia-
inducible factor lalpha stability through miR-210 suppression
of glycerol-3-phosphate dehydrogenase 1-like. Molecular and
Cellular Biology, 31(13), 2696-2706. https://doi.org/10.1128/
mcb.01242-10

Du, Y., Wei, N, Ma, R,, Jiang, S., & Song, D. (2020). A miR-
210-3p regulon that controls the Warburg effect by modulat-
ing HIF-1a and p53 activity in triple-negative breast cancer.
Cell Death & Disease, 11(9), 731. https://doi.org/10.1038/
s41419-020-02952-6


https://doi.org/10.1080/21655979.2021.2024386
https://doi.org/10.1080/21655979.2021.2024386
https://doi.org/10.18632/oncotarget.19154
https://doi.org/10.1016/0092-8674(91)90244-s
https://doi.org/10.1073/pnas.73.11.3852
https://doi.org/10.1016/0092-8674(76)90223-3
https://doi.org/10.1016/0092-8674(76)90223-3
https://doi.org/10.26355/eurrev_202011_23801
https://doi.org/10.1158/0008-5472.Can-21-1473
https://doi.org/10.1158/0008-5472.Can-21-1473
https://doi.org/10.3389/fmolb.2022.848105
https://doi.org/10.1016/j.cell.2016.09.043
https://doi.org/10.1038/s41576-018-0073-3
https://doi.org/10.1186/s12943-019-0940-3
https://doi.org/10.1016/j.cca.2011.05.015
https://doi.org/10.1038/s41416-023-02191-4
https://doi.org/10.1038/s41420-021-00789-2
https://doi.org/10.1038/s41420-021-00789-2
https://doi.org/10.1038/s41420-021-00647-1
https://doi.org/10.1016/j.molcel.2011.06.022
https://doi.org/10.1016/j.molcel.2011.06.022
https://doi.org/10.1261/rna.2000810
https://doi.org/10.1016/j.cell.2015.02.053
https://doi.org/10.1128/mcb.00136-14
https://doi.org/10.1111/cbdd.12994
https://doi.org/10.1186/s12943-017-0603-1
https://doi.org/10.1159/000492309
https://doi.org/10.1691/ph.2016.6580
https://doi.org/10.1691/ph.2016.6580
https://doi.org/10.3892/ijo.2016.3581
https://doi.org/10.3892/mmr.2019.10170
https://doi.org/10.3892/mmr.2019.10170
https://doi.org/10.1007/s10620-021-07263-0
https://doi.org/10.1007/s10620-021-07263-0
https://doi.org/10.1038/s41388-020-01425-6
https://doi.org/10.1038/s41388-020-01425-6
https://doi.org/10.1128/mcb.01242-10
https://doi.org/10.1128/mcb.01242-10
https://doi.org/10.1038/s41419-020-02952-6
https://doi.org/10.1038/s41419-020-02952-6

Cancer and Metastasis Reviews (2024) 43:5-27

23

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

DeBerardinis, R. J., Lum, J. J., Hatzivassiliou, G., Thompson, C.
B.J. C., & m. (2008). The biology of cancer: metabolic repro-
gramming fuels cell growth and proliferation. Cell Metabolism,
7(1), 11-20.

Hanahan, D., & Weinberg, R. A. (2011). Hallmarks of cancer:
the next generation. Cell, 144(5), 646-674.

Hsu, P. P., & Sabatini, D. M. J. C. (2008). Cancer cell metabo-
lism: Warburg and beyond., 134(5), 703-707.

Vander Heiden, M. G., Cantley, L. C., Thompson, C. B. J., & s.
(2009). Understanding the Warburg effect: the metabolic require-
ments of cell proliferation. Science, 324(5930), 1029-1033.
DeBerardinis, R. J., & Chandel, N. S. (2016). Fundamentals of
cancer metabolism. Science Advances, 2(5), e1600200. https://
doi.org/10.1126/sciadv.1600200

Lee, N., & Kim, D. (2016). Cancer metabolism: fueling more
than just growth. Molecules and Cells, 39(12), 847.

Pavlova, N. N., Thompson, C. B. J. C., & m. (2016). The emerging
hallmarks of cancer metabolism. Cell Metabolism, 23(1), 27-47.
Zhang, S., Zhang, R., Xu, R., Shang, J., He, H., & Yang, Q.
(2020). MicroRNA-574-5p in gastric cancer cells promotes angi-
ogenesis by targeting protein tyrosine phosphatase non-receptor
type 3 (PTPN3). Gene, 733, 144383. https://doi.org/10.1016/j.
gene.2020.144383

Seok, J. K., Lee, S. H., Kim, M. J., & Lee, Y. M. (2014). Micro-
RNA-382 induced by HIF-1a is an angiogenic miR targeting the
tumor suppressor phosphatase and tensin homolog. Nucleic Acids
Research, 42(12), 8062-8072. https://doi.org/10.1093/nar/gku515
Qiu, H., Chen, F., & Chen, M. (2019). MicroRNA-138 negatively
regulates the hypoxia-inducible factor 1o to suppress melanoma
growth and metastasis. Biol Open, 8(8). https://doi.org/10.1242/
bi0.042937

Wu, F., Huang, W., & Wang, X. (2015). microRNA-18a regu-
lates gastric carcinoma cell apoptosis and invasion by suppress-
ing hypoxia-inducible factor-1a expression. Experimental and
Therapeutic Medicine, 10(2), 717-722. https://doi.org/10.3892/
etm.2015.2546

Shi, J., Wang, H., Feng, W., Huang, S., An, J., Qiu, Y., et al.
(2020). MicroRNA-130a targeting hypoxia-inducible factor 1
alpha suppresses cell metastasis and Warburg effect of NSCLC
cells under hypoxia. Life Sciences, 255, 117826. https://doi.org/
10.1016/j.1£5.2020.117826

Choi, J. Y., Seok, H. J., Kim, R. K., Choi, M. Y., Lee, S.J., & Bae, L.
H. (2021). miR-519d-3p suppresses tumorigenicity and metastasis
by inhibiting Bcl-w and HIF-1a in NSCLC. Mol Ther Oncolytics,
22,368-379. https://doi.org/10.1016/j.omt0.2021.06.015

Hu, Q., Liu, F,, Yan, T., Wu, M., Ye, M., Shi, G., et al. (2019).
MicroRNA-576-3p inhibits the migration and proangiogenic
abilities of hypoxia-treated glioma cells through hypoxia-induc-
ible factor-la. International Journal of Molecular Medicine,
43(6), 2387-2397. https://doi.org/10.3892/ijmm.2019.4157
Cheng, C. W., Chen, P. M., Hsieh, Y. H., Weng, C. C., Chang, C.
W., Yao, C. C., et al. (2015). Foxo3a-mediated overexpression of
microRNA-622 suppresses tumor metastasis by repressing hypoxia-
inducible factor-1a in ERK-responsive lung cancer. Oncotarget,
6(42), 44222-44238. https://doi.org/10.18632/oncotarget.5826
Ang, H. L., Mohan, C. D., Shanmugam, M. K., Leong, H. C.,
Makvandi, P., Rangappa, K. S., et al. (2023). Mechanism of
epithelial-mesenchymal transition in cancer and its regulation
by natural compounds. Medicinal Research Reviews, 43(4),
1141-1200. https://doi.org/10.1002/med.21948

Huang, X., Liu, F., Jiang, Z., Guan, H., & Jia, Q. (2020). CREB1
Suppresses Transcription of microRNA-186 to Promote Growth,
Invasion and Epithelial-Mesenchymal Transition of Gastric Can-
cer Cells Through the KRT8/HIF-1a Axis. Cancer Management
and Research, 12, 9097-9111. https://doi.org/10.2147/cmar.
S$265187

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Peng, D., Wu, T., Wang, J., Huang, J., Zheng, L., Wang, P., et al.
(2022). microRNA-671-5p reduces tumorigenicity of ovarian
cancer via suppressing HDACS and HIF-1a expression. Chem-
ico-Biological Interactions, 355, 109780. https://doi.org/10.
1016/j.¢bi.2021.109780

Hu, S., Cao, P.,, Kong, K., Han, P., Deng, Y., Li, F., et al. (2021).
MicroRNA-449a delays lung cancer development through inhib-
iting KDM3A/HIF-1a axis. Journal of Translational Medicine,
19(1), 224. https://doi.org/10.1186/s12967-021-02881-8

Li, X., Li, H.,, Zhang, R., Liu, J., & Liu, J. (2015). MicroRNA-
449a inhibits proliferation and induces apoptosis by directly
repressing E2F3 in gastric cancer. Cellular Physiology and Bio-
chemistry, 35(5), 2033-2042. https://doi.org/10.1159/000374010
Xu, B., Zhang, X., Wang, S., & Shi, B. (2018). MiR-449a sup-
presses cell migration and invasion by targeting PLAGL?2 in
breast cancer. Pathology, Research and Practice, 214(5), 790-
795. https://doi.org/10.1016/j.prp.2017.12.012

Wang, L., Zhao, Y., Xiong, W., Ye, W., Zhao, W., & Hua, Y.
(2019). MicroRNA-449a Is Downregulated in Cervical Cancer
and Inhibits Proliferation, Migration, and Invasion. Oncol Res
Treat, 42(11), 564-571. https://doi.org/10.1159/000502122
Wu, X., Han, Y., Liu, F., & Ruan, L. (2020). Downregulations
of miR-449a and miR-145-5p Act as Prognostic Biomarkers for
Endometrial Cancer. Journal of Computational Biology, 27(5),
834-844. https://doi.org/10.1089/cmb.2019.0215

Yogev, O., Henderson, S., Hayes, M. J., Marelli, S. S., Ofir-Birin,
Y., Regev-Rudzki, N., et al. (2017). Herpesviruses shape tumour
microenvironment through exosomal transfer of viral microR-
NAs. PLoS Pathogens, 13(8), e1006524. https://doi.org/10.1371/
journal.ppat.1006524

Pucci, F., & Pittet, M. J. (2013). Molecular pathways: tumor-
derived microvesicles and their interactions with immune cells
in vivo. Clinical Cancer Research, 19(10), 2598-2604. https://
doi.org/10.1158/1078-0432.Ccr-12-0962

King, H. W., Michael, M. Z., & Gleadle, J. M. (2012). Hypoxic
enhancement of exosome release by breast cancer cells. BMC
Cancer, 12,421. https://doi.org/10.1186/1471-2407-12-421
Kucharzewska, P., Christianson, H. C., Welch, J. E., Svensson, K.
J., Fredlund, E., Ringnér, M., et al. (2013). Exosomes reflect the
hypoxic status of glioma cells and mediate hypoxia-dependent
activation of vascular cells during tumor development. Proceed-
ings of the National Academy of Sciences of the United States
of America, 110(18), 7312—7317. https://doi.org/10.1073/pnas.
1220998110

Li, S., Yi, M., Dong, B., Jiao, Y., Luo, S., & Wu, K. (2020). The
roles of exosomes in cancer drug resistance and its therapeutic
application. Clinical and Translational Medicine, 10(8), e257.
https://doi.org/10.1002/ctm2.257

Zhu, X., Shen, H., Yin, X., Yang, M., Wei, H., Chen, Q., et al.
(2019). Macrophages derived exosomes deliver miR-223 to epi-
thelial ovarian cancer cells to elicit a chemoresistant phenotype.
Journal of Experimental & Clinical Cancer Research, 38(1), 81.
https://doi.org/10.1186/s13046-019-1095-1

Xu, K., Zhan, Y., Yuan, Z., Qiu, Y., Wang, H., Fan, G., et al.
(2019). Hypoxia Induces Drug Resistance in Colorectal Cancer
through the HIF-1a/miR-338-5p/IL-6 Feedback Loop. Molecu-
lar Therapy, 27(10), 1810-1824. https://doi.org/10.1016/j.ymthe.
2019.05.017

Mohan, C. D., Rangappa, S., Preetham, H. D., Chandra Nayaka,
S., Gupta, V. K., Basappa, S., et al. (2022). Targeting STAT3
signaling pathway in cancer by agents derived from Mother
Nature. Seminars in Cancer Biology, 80, 157-182. https://doi.
org/10.1016/j.semcancer.2020.03.016

Keerthy, H. K., Garg, M., Mohan, C. D., Madan, V., Kanojia,
D., Shobith, R., et al. (2014). Synthesis and Characterization of
Novel 2-Amino-Chromene-Nitriles that Target Bcl-2 in Acute

@ Springer


https://doi.org/10.1126/sciadv.1600200
https://doi.org/10.1126/sciadv.1600200
https://doi.org/10.1016/j.gene.2020.144383
https://doi.org/10.1016/j.gene.2020.144383
https://doi.org/10.1093/nar/gku515
https://doi.org/10.1242/bio.042937
https://doi.org/10.1242/bio.042937
https://doi.org/10.3892/etm.2015.2546
https://doi.org/10.3892/etm.2015.2546
https://doi.org/10.1016/j.lfs.2020.117826
https://doi.org/10.1016/j.lfs.2020.117826
https://doi.org/10.1016/j.omto.2021.06.015
https://doi.org/10.3892/ijmm.2019.4157
https://doi.org/10.18632/oncotarget.5826
https://doi.org/10.1002/med.21948
https://doi.org/10.2147/cmar.S265187
https://doi.org/10.2147/cmar.S265187
https://doi.org/10.1016/j.cbi.2021.109780
https://doi.org/10.1016/j.cbi.2021.109780
https://doi.org/10.1186/s12967-021-02881-8
https://doi.org/10.1159/000374010
https://doi.org/10.1016/j.prp.2017.12.012
https://doi.org/10.1159/000502122
https://doi.org/10.1089/cmb.2019.0215
https://doi.org/10.1371/journal.ppat.1006524
https://doi.org/10.1371/journal.ppat.1006524
https://doi.org/10.1158/1078-0432.Ccr-12-0962
https://doi.org/10.1158/1078-0432.Ccr-12-0962
https://doi.org/10.1186/1471-2407-12-421
https://doi.org/10.1073/pnas.1220998110
https://doi.org/10.1073/pnas.1220998110
https://doi.org/10.1002/ctm2.257
https://doi.org/10.1186/s13046-019-1095-1
https://doi.org/10.1016/j.ymthe.2019.05.017
https://doi.org/10.1016/j.ymthe.2019.05.017
https://doi.org/10.1016/j.semcancer.2020.03.016
https://doi.org/10.1016/j.semcancer.2020.03.016

24

Cancer and Metastasis Reviews (2024) 43:5-27

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Myeloid Leukemia Cell Lines. PLoS One, 9(9), e107118. https://
doi.org/10.1371/journal.pone.0107118

Anusha, S., Mohan, C. D., Ananda, H., Baburajeev, C. P., Ran-
gappa, S., Mathai, J., et al. (2016). Adamantyl-tethered-biphe-
nylic compounds induce apoptosis in cancer cells by targeting
Bcl homologs. Bioorganic & Medicinal Chemistry Letters, 26(3),
1056-1060. https://doi.org/10.1016/j.bmcl.2015.12.026
Mohan, C. D., Kim, C., Siveen, K. S., Manu, K. A., Rangappa,
S., Chinnathambi, A., et al. (2021). Crocetin imparts antiprolif-
erative activity via inhibiting STAT3 signaling in hepatocellular
carcinoma. I[UBMB Life, 73(11), 1348-1362. https://doi.org/10.
1002/iub.2555

Liu, H., Chen, C., Zeng, J., Zhao, Z., & Hu, Q. (2021). Micro-
RNA-210-3p is transcriptionally upregulated by hypoxia induc-
tion and thus promoting EMT and chemoresistance in glioma
cells. PLoS One, 16(7), €0253522. https://doi.org/10.1371/journ
al.pone.0253522

Ge, X., Liu, X,, Lin, F,, Li, P, Liu, K., Geng, R., et al. (2016).
MicroRNA-421 regulated by HIF-1a promotes metastasis,
inhibits apoptosis, and induces cisplatin resistance by targeting
E-cadherin and caspase-3 in gastric cancer. Oncotarget, 7(17),
24466-24482. https://doi.org/10.18632/oncotarget.8228

Koo, T., Cho, B.J.,, Kim, D. H,, Park, J. M., Choi, E. J., Kim, H.
H., et al. (2017). MicroRNA-200c increases radiosensitivity of
human cancer cells with activated EGFR-associated signaling.
Oncotarget, 8(39), 65457-65468. https://doi.org/10.18632/oncot
arget.18924

Byun, Y., Choi, Y. C., Jeong, Y., Lee, G., Yoon, S., Jeong, Y.,
et al. (2019). MiR-200c downregulates HIF-1a and inhibits
migration of lung cancer cells. Cellular & Molecular Biology
Letters, 24, 28. https://doi.org/10.1186/s11658-019-0152-2

Xu, Z., Zhu, C., Chen, C., Zong, Y., Feng, H., Liu, D., et al.
(2018). CCL19 suppresses angiogenesis through promoting miR-
206 and inhibiting Met/ERK/Elk-1/HIF-10/VEGF-A pathway in
colorectal cancer. Cell Death & Disease, 9(10), 974. https://doi.
org/10.1038/s41419-018-1010-2

Xu, F., Hu, Y., Gao, J., Wang, J., Xie, Y., Sun, F., et al. (2022).
HIF-1a/Malat1/miR-141 Axis Activates Autophagy to Increase
Proliferation, Migration, and Invasion in Triple-negative Breast
Cancer. Current Cancer Drug Targets. https://doi.org/10.2174/
1568009623666221228104833

Zhang, Y., Yan, J., Wang, L., Dai, H., Li, N., Hu, W., et al.
(2017). HIF-1a Promotes Breast Cancer Cell MCF-7 Prolifera-
tion and Invasion Through Regulating miR-210. Cancer Bio-
therapy & Radiopharmaceuticals, 32(8), 297-301. https://doi.
org/10.1089/cbr.2017.2270

He, M., Zhan, M., Chen, W., Xu, S., Long, M., Shen, H., et al.
(2017). MiR-143-5p Deficiency Triggers EMT and Metastasis
by Targeting HIF-1a in Gallbladder Cancer. Cellular Physiology
and Biochemistry, 42(5), 2078-2092. https://doi.org/10.1159/
000479903

Zhang, C., Tian, W., Meng, L., Qu, L., & Shou, C. (2016).
PRL-3 promotes gastric cancer migration and invasion through
a NF-xB-HIF-1a-miR-210 axis. Journal of Molecular Medicine
(Berlin, Germany), 94(4), 401-415. https://doi.org/10.1007/
s00109-015-1350-7

Lv, D., Shen, T., Yao, J., Yang, Q., Xiang, Y., & Ma, Z. (2021).
HIF-1a Induces HECTD2 Up-Regulation and Aggravates the
Malignant Progression of Renal Cell Cancer via Repressing miR-
320a. Frontiers in Cell and Development Biology, 9, T75642.
https://doi.org/10.3389/fcell.2021.775642

Zhou, B, Lei, J. H., Wang, Q., Qu, T. F., Cha, L. C., Zhan, H.
X., et al. (2022). Cancer-associated fibroblast-secreted miR-421
promotes pancreatic cancer by regulating the SIRT3/H3K9Ac/
HIF-1a axis. The Kaohsiung Journal of Medical Sciences,
38(11), 1080-1092. https://doi.org/10.1002/kjm2.12590

@ Springer

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Lu, Y., Ji, N., Wei, W,, Sun, W., Gong, X., & Wang, X. (2017).
MiR-142 modulates human pancreatic cancer proliferation and
invasion by targeting hypoxia-inducible factor 1 (HIF-1a) in the
tumor microenvironments. Biol Open, 6(2), 252-259. https://doi.
org/10.1242/bi0.021774

Chiang, C. H., Chu, P. Y., Hou, M. F., & Hung, W. C. (2016).
MiR-182 promotes proliferation and invasion and elevates the
HIF-1a-VEGF-A axis in breast cancer cells by targeting FBXW7.
American Journal of Cancer Research, 6(8), 1785-1798.

Jin, F., Yang, R., Wei, Y., Wang, D., Zhu, Y., Wang, X., et al.
(2019). HIF-1a-induced miR-23a~27a~24 cluster promotes
colorectal cancer progression via reprogramming metabolism.
Cancer Letters, 440-441, 211-222. https://doi.org/10.1016/j.
canlet.2018.10.025

Ma, C.N., Wo, L. L., Wang, D. F., Zhou, C. X,, Li, J. C., Zhang,
X., et al. (2021). Hypoxia activated long non-coding RNA
HABON regulates the growth and proliferation of hepatocar-
cinoma cells by binding to and antagonizing HIF-1 alpha. RNA
Biology, 18(11), 1791-1806. https://doi.org/10.1080/15476286.
2020.1871215

Chen, F., Chen, J., Yang, L., Liu, J., Zhang, X., Zhang, Y.,
et al. (2019). Extracellular vesicle-packaged HIF-1a-stabilizing
IncRNA from tumour-associated macrophages regulates aero-
bic glycolysis of breast cancer cells. Nature Cell Biology, 21(4),
498-510. https://doi.org/10.1038/s41556-019-0299-0

Hua, Q., Mi, B., Xu, F., Wen, J., Zhao, L., Liu, J., et al. (2020).
Hypoxia-induced IncRNA-AC020978 promotes proliferation and
glycolytic metabolism of non-small cell lung cancer by regu-
lating PKM2/HIF-1a axis. Theranostics, 10(11), 4762-4778.
https://doi.org/10.7150/thno.43839

Xu, L., Huan, L., Guo, T., Wu, Y., Liu, Y., Wang, Q., et al.
(2020). LncRNA SNHG!1 1 facilitates tumor metastasis by inter-
acting with and stabilizing HIF-1a. Oncogene, 39(46), 7005—
7018. https://doi.org/10.1038/s41388-020-01512-8

Liu, P, Huang, H., Qi, X., Bian, C., Cheng, M., Liu, L., et al.
(2021). Hypoxia-Induced LncRNA-MIR210HG Promotes Can-
cer Progression By Inhibiting HIF-1a Degradation in Ovarian
Cancer. Frontiers in Oncology, 11, 701488. https://doi.org/10.
3389/fonc.2021.701488

Mineo, M., Ricklefs, F., Rooj, A. K., Lyons, S. M., Ivanov, P.,
Ansari, K. I, et al. (2016). The Long Non-coding RNA HIF1A-
AS?2 Facilitates the Maintenance of Mesenchymal Glioblas-
toma Stem-like Cells in Hypoxic Niches. Cell Reports, 15(11),
2500-2509. https://doi.org/10.1016/j.celrep.2016.05.018
Tong, J., Xu, X., Zhang, Z., Ma, C., Xiang, R., Liu, J., et al.
(2020). Hypoxia-induced long non-coding RNA DARS-AS1
regulates RBM39 stability to promote myeloma malignancy.
Haematologica, 105(6), 1630-1640. https://doi.org/10.3324/
haematol.2019.218289

Qian, Y., Wang, R., Wei, W., Wang, M., & Wang, S. (2021).
Resveratrol reverses the cadmium-promoted migration, invasion,
and epithelial-mesenchymal transition procession by regulating
the expression of ZEB1. Human & Experimental Toxicology,
40(12_suppl), S331-s338. https://doi.org/10.1177/0960327121
1041678

Kalinkova, L., Nikolaieva, N., Smolkova, B., Ciernikova, S.,
Kajo, K., Bella, V., et al. (2021). miR-205-5p Downregulation
and ZEB1 Upregulation Characterize the Disseminated Tumor
Cells in Patients with Invasive Ductal Breast Cancer. Interna-
tional Journal of Molecular Sciences, 23(1). https://doi.org/10.
3390/ijms23010103

Deng, S. J., Chen, H. Y., Ye, Z., Deng, S. C., Zhu, S., Zeng,
Z., et al. (2018). Hypoxia-induced LncRNA-BX111 promotes
metastasis and progression of pancreatic cancer through regulat-
ing ZEBI transcription. Oncogene, 37(44), 5811-5828. https://
doi.org/10.1038/s41388-018-0382-1


https://doi.org/10.1371/journal.pone.0107118
https://doi.org/10.1371/journal.pone.0107118
https://doi.org/10.1016/j.bmcl.2015.12.026
https://doi.org/10.1002/iub.2555
https://doi.org/10.1002/iub.2555
https://doi.org/10.1371/journal.pone.0253522
https://doi.org/10.1371/journal.pone.0253522
https://doi.org/10.18632/oncotarget.8228
https://doi.org/10.18632/oncotarget.18924
https://doi.org/10.18632/oncotarget.18924
https://doi.org/10.1186/s11658-019-0152-2
https://doi.org/10.1038/s41419-018-1010-2
https://doi.org/10.1038/s41419-018-1010-2
https://doi.org/10.2174/1568009623666221228104833
https://doi.org/10.2174/1568009623666221228104833
https://doi.org/10.1089/cbr.2017.2270
https://doi.org/10.1089/cbr.2017.2270
https://doi.org/10.1159/000479903
https://doi.org/10.1159/000479903
https://doi.org/10.1007/s00109-015-1350-7
https://doi.org/10.1007/s00109-015-1350-7
https://doi.org/10.3389/fcell.2021.775642
https://doi.org/10.1002/kjm2.12590
https://doi.org/10.1242/bio.021774
https://doi.org/10.1242/bio.021774
https://doi.org/10.1016/j.canlet.2018.10.025
https://doi.org/10.1016/j.canlet.2018.10.025
https://doi.org/10.1080/15476286.2020.1871215
https://doi.org/10.1080/15476286.2020.1871215
https://doi.org/10.1038/s41556-019-0299-0
https://doi.org/10.7150/thno.43839
https://doi.org/10.1038/s41388-020-01512-8
https://doi.org/10.3389/fonc.2021.701488
https://doi.org/10.3389/fonc.2021.701488
https://doi.org/10.1016/j.celrep.2016.05.018
https://doi.org/10.3324/haematol.2019.218289
https://doi.org/10.3324/haematol.2019.218289
https://doi.org/10.1177/09603271211041678
https://doi.org/10.1177/09603271211041678
https://doi.org/10.3390/ijms23010103
https://doi.org/10.3390/ijms23010103
https://doi.org/10.1038/s41388-018-0382-1
https://doi.org/10.1038/s41388-018-0382-1

Cancer and Metastasis Reviews (2024) 43:5-27

25

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Zhang, J., Jin, H. Y., Wu, Y., Zheng, Z. C., Guo, S., Wang, Y.,
et al. (2019). Hypoxia-induced LncRNA PCGEM1 promotes
invasion and metastasis of gastric cancer through regulating
SNAIL. Clinical and Translational Oncology, 21(9), 1142-1151.
https://doi.org/10.1007/s12094-019-02035-9

Li, L., Wang, M., Mei, Z., Cao, W., Yang, Y., Wang, Y., et al.
(2017). IncRNAs HIF1A-AS2 facilitates the up-regulation of
HIF-1a by sponging to miR-153-3p, whereby promoting angio-
genesis in HUVECs in hypoxia. Biomedicine & Pharmacother-
apy, 96, 165-172. https://doi.org/10.1016/j.biopha.2017.09.113
Barth, D. A., Prinz, F., Teppan, J., Jonas, K., Klec, C., & Pichler,
M. (2020). Long-noncoding RNA (IncRNA) in the regulation of
hypoxia-inducible factor (HIF) in cancer. Non-coding RNA, 6(3), 27.
Kanamori, A., Matsubara, D., Saitoh, Y., Fukui, Y., Gotoh, N.,
Kaneko, S., et al. (2020). Mint3 depletion restricts tumor malig-
nancy of pancreatic cancer cells by decreasing SKP2 expression
via HIF-1. Oncogene, 39(39), 6218-6230. https://doi.org/10.
1038/s41388-020-01423-8

Liu, M., Zhong, J., Zeng, Z., Huang, K., Ye, Z., Deng, S, et al.
(2019). Hypoxia-induced feedback of HIF-la and IncRNA-
CF129 contributes to pancreatic cancer progression through
stabilization of p53 protein. Theranostics, 9(16), 4795-4810.
https://doi.org/10.7150/thno.30988

Wang, X., Li, L., Zhao, K., Lin, Q., Li, H., Xue, X., et al. (2020).
A novel LncRNA HITT forms a regulatory loop with HIF-1a
to modulate angiogenesis and tumor growth. Cell Death and
Differentiation, 27(4), 1431-1446. https://doi.org/10.1038/
s41418-019-0449-8

Kim, K. H., & Roberts, C. W. (2016). Targeting EZH?2 in cancer.
Nature Medicine, 22(2), 128—134. https://doi.org/10.1038/nm.4036
Sun, Y. W., Chen, Y. F, Li, J., Huo, Y. M., Liu, D. J., Hua, R,,
et al. (2014). A novel long non-coding RNA ENST00000480739
suppresses tumour cell invasion by regulating OS-9 and HIF-1a
in pancreatic ductal adenocarcinoma. British Journal of Cancer,
111(11), 2131-2141. https://doi.org/10.1038/bjc.2014.520
Zhang, W., Yuan, W., Song, J., Wang, S., & Gu, X. (2018).
LncRNA CPSI-IT1 suppresses EMT and metastasis of colo-
rectal cancer by inhibiting hypoxia-induced autophagy through
inactivation of HIF-1a. Biochimie, 144, 21-27. https://doi.org/
10.1016/j.biochi.2017.10.002

Wang, G., Dong, Y., Liu, H., Ji, N., Cao, J., Liu, A, et al. (2022).
Long noncoding RNA (IncRNA) metallothionein 1J, pseudo-
gene (MT1JP) is downregulated in triple-negative breast can-
cer and upregulates microRNA-138 (miR-138) to downregulate
hypoxia-inducible factor-1a (HIF-1a). Bioengineered, 13(5),
13718-13727. https://doi.org/10.1080/21655979.2022.2077906
Li, W, Han, S., Hu, P,, Chen, D., Zeng, Z., Hu, Y., et al. (2021).
LncRNA ZNFTR functions as an inhibitor in pancreatic cancer
by modulating ATF3/ZNF24/VEGFA pathway. Cell Death &
Disease, 12(9), 830. https://doi.org/10.1038/s41419-021-04119-3
Zhu, Y., Wu, F., Gui, W., Zhang, N., Matro, E., Zhu, L., et al.
(2021). A positive feedback regulatory loop involving the
IncRNA PVTI and HIF-1a in pancreatic cancer. Journal of
Molecular Cell Biology, 13(9), 676—-689. https://doi.org/10.1093/
jmcb/mjab042

Liu, Y.-F., Luo, D,, Li, X., Li, Z.-Q., Yu, X., & Zhu, H.-W.
(2021). PVT1 Knockdown Inhibits Autophagy and Improves
Gemcitabine Sensitivity by Regulating the MiR-143/HIF-1a/
VMPI1 Acxis in Pancreatic Cancer. Pancreas, 50(2), 227-234.
https://doi.org/10.1097/mpa.0000000000001747

Zhang, L., Wu, H., Zhang, Y., Xiao, X., Chu, F., & Zhang, L.
(2022). Induction of IncRNA NORAD accounts for hypoxia-
induced chemoresistance and vasculogenic mimicry in colo-
rectal cancer by sponging the miR-495-3p/ hypoxia-inducible
factor-1a (HIF-1a). Bioengineered, 13(1), 950-962. https://doi.
org/10.1080/21655979.2021.2015530

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Jin, L., Ma, X., Zhang, N., Zhang, Q., Chen, X., Zhang, Z., et al.
(2021). Targeting Oncogenic miR-181a-2-3p Inhibits Growth
and Suppresses Cisplatin Resistance of Gastric Cancer. Cancer
Management and Research, 13, 8599-8609. https://doi.org/10.
2147/cmar.S332713

Qiao, X. L., Zhong, Z. L., Dong, Y., & Gao, F. (2020). LncRNA
HMGA1P4 promotes cisplatin-resistance in gastric cancer. Euro-
pean Review for Medical and Pharmacological Sciences, 24(17),
8830-8836. https://doi.org/10.26355/eurrev_202009_22822
Xu, Y. D., Shang, J., Li, M., & Zhang, Y. Y. (2019). LncRNA
DANCR accelerates the development of multidrug resistance of
gastric cancer. European Review for Medical and Pharmacologi-
cal Sciences, 23(7), 2794-2802. https://doi.org/10.26355/eurrev_
201904_17554

Zhang, X. W., Bu, P, Liu, L., Zhang, X. Z., & Li, J. (2015). Over-
expression of long non-coding RNA PVT1 in gastric cancer cells
promotes the development of multidrug resistance. Biochemical
and Biophysical Research Communications, 462(3), 227-232.
https://doi.org/10.1016/j.bbrc.2015.04.121

Yu, Z., Wang, Y., Deng, J., Liu, D., Zhang, L., Shao, H., et al.
(2021). Long non-coding RNA COL4A2-AS1 facilitates cell
proliferation and glycolysis of colorectal cancer cells via miR-
20b-5p/hypoxia inducible factor 1 alpha subunit axis. Bioengi-
neered, 12(1), 6251-6263. https://doi.org/10.1080/21655979.
2021.1969833

Zhang, H., Yao, B., Tang, S., & Chen, Y. (2019). LINK-A Long
Non-Coding RNA (IncRNA) Participates in Metastasis of Ovar-
ian Carcinoma and Upregulates Hypoxia-Inducible Factor 1
(HIFla). Medical Science Monitor, 25, 2221-2227. https://doi.
org/10.12659/msm.913609

Liu, D., & Li, H. (2019). Long non-coding RNA GEHT!1 pro-
moted the proliferation of ovarian cancer cells via modulating the
protein stability of HIF1a. Bioscience Reports, 39(5). https://doi.
org/10.1042/bsr20181650

Zhang, T., Wang, F., Liao, Y., Yuan, L., & Zhang, B. (2019).
LncRNA AWPPH promotes the invasion and migration of glioma
cells through the upregulation of HIF1a. Oncology Letters, 18(6),
6781-6786. https://doi.org/10.3892/01.2019.11018

Lin, Z., Song, J., Gao, Y., Huang, S., Dou, R., Zhong, P., et al.
(2022). Hypoxia-induced HIF-1a/IncRNA-PMAN inhibits fer-
roptosis by promoting the cytoplasmic translocation of ELAVL1
in peritoneal dissemination from gastric cancer. Redox Biology,
52, 102312. https://doi.org/10.1016/j.redox.2022.102312
Wang, Y., Chen, W., Lian, J., Zhang, H., Yu, B., Zhang, M., et al.
(2020). The IncRNA PVT]1 regulates nasopharyngeal carcinoma
cell proliferation via activating the KAT2A acetyltransferase
and stabilizing HIF-1a. Cell Death and Differentiation, 27(2),
695-710. https://doi.org/10.1038/s41418-019-0381-y

Jin, Y., Zhang, Z., Yu, Q., Zeng, Z., Song, H., Huang, X., et al.
(2021). Positive Reciprocal Feedback of IncRNA ZEB1-AS1
and HIF-1a Contributes to Hypoxia-Promoted Tumorigenesis
and Metastasis of Pancreatic Cancer. Frontiers in Oncology, 11,
761979. https://doi.org/10.3389/fonc.2021.761979

Wu, F., Gao, H., Liu, K., Gao, B., Ren, H., Li, Z., et al. (2019).
The IncRNA ZEB2-AS1 is upregulated in gastric cancer and
affects cell proliferation and invasion via miR-143-5p/HIF-1a
axis. Oncotargets and Therapy, 12, 657-667. https://doi.org/10.
2147/0tt.S175521

Li, L., Ma, Y., Maerkeya, K., Reyanguly, D., & Han, L. (2021).
LncRNA OIP5-AS1 Regulates the Warburg Effect Through miR-
124-5p/IDH2/HIF-1a Pathway in Cervical Cancer. Frontiers in
Cell and Development Biology, 9, 655018. https://doi.org/10.
3389/fcell.2021.655018

Zhang, J., Du, C., Zhang, L., Wang, Y., Zhang, Y., & Li, J.
(2022). LncRNA LINC00649 promotes the growth and metas-
tasis of triple-negative breast cancer by maintaining the stability

@ Springer


https://doi.org/10.1007/s12094-019-02035-9
https://doi.org/10.1016/j.biopha.2017.09.113
https://doi.org/10.1038/s41388-020-01423-8
https://doi.org/10.1038/s41388-020-01423-8
https://doi.org/10.7150/thno.30988
https://doi.org/10.1038/s41418-019-0449-8
https://doi.org/10.1038/s41418-019-0449-8
https://doi.org/10.1038/nm.4036
https://doi.org/10.1038/bjc.2014.520
https://doi.org/10.1016/j.biochi.2017.10.002
https://doi.org/10.1016/j.biochi.2017.10.002
https://doi.org/10.1080/21655979.2022.2077906
https://doi.org/10.1038/s41419-021-04119-3
https://doi.org/10.1093/jmcb/mjab042
https://doi.org/10.1093/jmcb/mjab042
https://doi.org/10.1097/mpa.0000000000001747
https://doi.org/10.1080/21655979.2021.2015530
https://doi.org/10.1080/21655979.2021.2015530
https://doi.org/10.2147/cmar.S332713
https://doi.org/10.2147/cmar.S332713
https://doi.org/10.26355/eurrev_202009_22822
https://doi.org/10.26355/eurrev_201904_17554
https://doi.org/10.26355/eurrev_201904_17554
https://doi.org/10.1016/j.bbrc.2015.04.121
https://doi.org/10.1080/21655979.2021.1969833
https://doi.org/10.1080/21655979.2021.1969833
https://doi.org/10.12659/msm.913609
https://doi.org/10.12659/msm.913609
https://doi.org/10.1042/bsr20181650
https://doi.org/10.1042/bsr20181650
https://doi.org/10.3892/ol.2019.11018
https://doi.org/10.1016/j.redox.2022.102312
https://doi.org/10.1038/s41418-019-0381-y
https://doi.org/10.3389/fonc.2021.761979
https://doi.org/10.2147/ott.S175521
https://doi.org/10.2147/ott.S175521
https://doi.org/10.3389/fcell.2021.655018
https://doi.org/10.3389/fcell.2021.655018

26

Cancer and Metastasis Reviews (2024) 43:5-27

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

of HIF-1a through the NFOO/NF45 complex. Cell Cycle, 21(10),
1034-1047. https://doi.org/10.1080/15384101.2022.2040283
Yang, B., Jia, L., Ren, H., Jin, C., Ren, Q., Zhang, H., et al.
(2020). LncRNA DLX6-AS1 increases the expression of HIF-1a
and promotes the malignant phenotypes of nasopharyngeal car-
cinoma cells via targeting MiR-199a-5p. Molecular Genetics &
Genomic Medicine, 8(1), e1017. https://doi.org/10.1002/mgg3.
1017

Peng, X., Yan, J., & Cheng, F. (2020). LncRNA TMPO-AS1 up-
regulates the expression of HIF-1a and promotes the malignant
phenotypes of retinoblastoma cells via sponging miR-199a-5p.
Pathology, Research and Practice, 216(4), 152853. https://doi.
org/10.1016/j.prp.2020.152853

Zeng, Z., Xu, F. Y., Zheng, H., Cheng, P., Chen, Q. Y., Ye, Z.,
etal. (2019). LncRNA-MTAZ2TR functions as a promoter in pan-
creatic cancer via driving deacetylation-dependent accumulation
of HIF-1a. Theranostics, 9(18), 5298-5314. https://doi.org/10.
7150/thno.34559

Sun, S., Xia, C., & Xu, Y. (2020). HIF-1a induced IncRNA
LINCO00511 accelerates the colorectal cancer proliferation
through positive feedback loop. Biomedicine & Pharmacother-
apy, 125, 110014. https://doi.org/10.1016/j.biopha.2020.110014
Dong, L., Cao, X., Luo, Y., Zhang, G., & Zhang, D. (2020). A Posi-
tive Feedback Loop of IncRNA DSCR8/miR-98-5p/STAT3/HIF-1a
Plays a Role in the Progression of Ovarian Cancer. Frontiers in
Oncology, 10, 1713. https://doi.org/10.3389/fonc.2020.01713
Zhu, Y., Tong, Y., Wu, J,, Liu, Y., & Zhao, M. (2019). Knock-
down of LncRNA GHET1 suppresses prostate cancer cell pro-
liferation by inhibiting HIF-1o/Notch-1 signaling pathway via
KLF2. Biofactors, 45(3), 364-373. https://doi.org/10.1002/biof.
1486

Li, X., Deng, S.J., Zhu, S., Jin, Y., Cui, S. P,, Chen, J. Y., et al.
(2016). Hypoxia-induced IncRNA-NUTF2P3-001 contributes
to tumorigenesis of pancreatic cancer by derepressing the miR-
3923/KRAS pathway. Oncotarget, 7(5), 6000-6014. https://doi.
org/10.18632/oncotarget.6830

Chen, Z., Hu, Z., Sui, Q., Huang, Y., Zhao, M., Li, M., et al.
(2022). LncRNA FAMS83A-AS]1 facilitates tumor proliferation
and the migration via the HIF-1a/ glycolysis axis in lung adeno-
carcinoma. International Journal of Biological Sciences, 18(2),
522-535. https://doi.org/10.7150/ijbs.67556

Zhou, C., Huang, C., Wang, J., Huang, H., L1, J., Xie, Q., et al.
(2017). LncRNA MEG3 downregulation mediated by DNMT3b
contributes to nickel malignant transformation of human bron-
chial epithelial cells via modulating PHLPP1 transcription and
HIF-1a translation. Oncogene, 36(27), 3878-3889. https://doi.
org/10.1038/onc.2017.14

Jiang, P., Hao, S., Xie, L., Xiang, G., Hu, W., Wu, Q., et al.
(2021). LncRNA NEAT1 contributes to the acquisition of a
tumor like-phenotype induced by PM 2.5 in lung bronchial epi-
thelial cells via HIF-1a activation. Environmental Science and
Pollution Research International, 28(32), 43382—43393. https://
doi.org/10.1007/s11356-021-13735-7

Wang, C., Han, C., Zhang, Y., & Liu, F. (2018). LncRNA PVT1
regulate expression of HIF1a via functioning as ceRNA for miR-
199a-5p in non-small cell lung cancer under hypoxia. Molecular
Medicine Reports, 17(1), 1105-1110. https://doi.org/10.3892/
mmr.2017.7962

Meng, F., Luo, X., Li, C., & Wang, G. (2022). LncRNA
LINCO00525 activates HIF-1a through miR-338-3p / UBE2Q1 /
B-catenin axis to regulate the Warburg effect in colorectal cancer.
Bioengineered, 13(2), 2554-2567. https://doi.org/10.1080/21655
979.2021.2018538

Zhang, W., Wang, J., Chai, R., Zhong, G., Zhang, C., Cao, W.,
et al. (2018). Hypoxia-regulated IncRNA CRPAT4 promotes cell

@ Springer

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

migration via regulating AVL9 in clear cell renal cell carcino-
mas. Oncotargets and Therapy, 11, 4537-4545. https://doi.org/
10.2147/0tt.5169155

Piao, H. Y., Liu, Y., Kang, Y., Wang, Y., Meng, X. Y., Yang, D.,
et al. (2022). Hypoxia associated IncRNA HYPAL promotes pro-
liferation of gastric cancer as ceRNA by sponging miR-431-5p
to upregulate CDK14. Gastric Cancer, 25(1), 44—63. https://doi.
org/10.1007/s10120-021-01213-5

Zhou, L., Jiang, J., Huang, Z., Jin, P., Peng, L., Luo, M., et al.
(2022). Hypoxia-induced IncRNA STEAP3-AS1 activates
Wnt/p-catenin signaling to promote colorectal cancer progres-
sion by preventing m(6)A-mediated degradation of STEAP3
mRNA. Molecular Cancer, 21(1), 168. https://doi.org/10.1186/
$12943-022-01638-1

Wang, L., Li, B., Bo, X., Yi, X., Xiao, X., & Zheng, Q. (2022).
Hypoxia-induced LncRNA DACT3-AS1 upregulates PKM2
to promote metastasis in hepatocellular carcinoma through the
HDAC2/FOXA3 pathway. Experimental & Molecular Medicine,
54(6), 848-860. https://doi.org/10.1038/s12276-022-00767-3
Jin, Y., Xie, H., Duan, L., Zhao, D., Ding, J., & Jiang, G. (2019).
Long Non-Coding RNA CASC9 And HIF-1a Form A Positive
Feedback Loop To Facilitate Cell Proliferation And Metastasis In
Lung Cancer. Oncotargets and Therapy, 12, 9017-9027. https://
doi.org/10.2147/0tt.S226078

Ma, H. N., Chen, H.J., Liu, J. Q., & Li, W. T. (2022). Long non-
coding RNA DLEU1 promotes malignancy of breast cancer by
acting as an indispensable coactivator for HIF-1a-induced tran-
scription of CKAP2. Cell Death & Disease, 13(7), 625. https://
doi.org/10.1038/541419-022-04880-z

Liu, H., Wan, J., Feng, Q., Li, J., Liu, J., & Cui, S. (2022).
Long non-coding RNA SOS1-IT1 promotes endometrial can-
cer progression by regulating hypoxia signaling pathway. J
Cell Commun Signal, 16(2), 253-270. https://doi.org/10.1007/
$12079-021-00651-1

Zhang, Y., Ma, H., & Chen, C. (2021). Long non-coding RNA
PCED1B-AS1 promotes pancreatic ductal adenocarcinoma pro-
gression by regulating the miR-411-3p/HIF-1a axis. Oncology
Reports, 46(1). https://doi.org/10.3892/0r.2021.8085

Wang, S., You, H., & Yu, S. (2020). Long non-coding RNA
HOXA-AS2 promotes the expression levels of hypoxia-inducible
factor-1a and programmed death-ligand 1, and regulates naso-
pharyngeal carcinoma progression via miR-519. Oncology Let-
ters, 20(5), 245. https://doi.org/10.3892/01.2020.12107

Zhao, R., Sun, F,, Bei, X., Wang, X., Zhu, Y., Jiang, C., et al.
(2017). Upregulation of the long non-coding RNA FALEC pro-
motes proliferation and migration of prostate cancer cell lines
and predicts prognosis of PCa patients. Prostate, 77(10), 1107—
1117. https://doi.org/10.1002/pros.23367

Liu, L., Zhao, X., Zou, H., Bai, R., Yang, K., & Tian, Z. (2016).
Hypoxia Promotes Gastric Cancer Malignancy Partly through
the HIF-1a Dependent Transcriptional Activation of the Long
Non-coding RNA GAPLINC. Frontiers in Physiology, 7, 420.
https://doi.org/10.3389/fphys.2016.00420

Liu, J., Liu, H., Zeng, Q., Xu, P., Liu, M., & Yang, N. (2020).
Circular RNA circ-MAT2B facilitates glycolysis and growth of
gastric cancer through regulating the miR-515-5p/HIF-1a axis.
Cancer Cell International, 20, 171. https://doi.org/10.1186/
$12935-020-01256-1

Zhao, J. P., & Chen, L. L. (2020). Circular RNA MAT2B Induces
Colorectal Cancer Proliferation via Sponging miR-610, Result-
ing in an Increased E2F1 Expression. Cancer Management and
Research, 12,7107-7116. https://doi.org/10.2147/cmar.S251180
Wang, H., Feng, L., Cheng, D., Zheng, Y., Xie, Y., & Fu, B.
(2021). Circular RNA MAT2B promotes migration, invasion and
epithelial-mesenchymal transition of non-small cell lung cancer


https://doi.org/10.1080/15384101.2022.2040283
https://doi.org/10.1002/mgg3.1017
https://doi.org/10.1002/mgg3.1017
https://doi.org/10.1016/j.prp.2020.152853
https://doi.org/10.1016/j.prp.2020.152853
https://doi.org/10.7150/thno.34559
https://doi.org/10.7150/thno.34559
https://doi.org/10.1016/j.biopha.2020.110014
https://doi.org/10.3389/fonc.2020.01713
https://doi.org/10.1002/biof.1486
https://doi.org/10.1002/biof.1486
https://doi.org/10.18632/oncotarget.6830
https://doi.org/10.18632/oncotarget.6830
https://doi.org/10.7150/ijbs.67556
https://doi.org/10.1038/onc.2017.14
https://doi.org/10.1038/onc.2017.14
https://doi.org/10.1007/s11356-021-13735-7
https://doi.org/10.1007/s11356-021-13735-7
https://doi.org/10.3892/mmr.2017.7962
https://doi.org/10.3892/mmr.2017.7962
https://doi.org/10.1080/21655979.2021.2018538
https://doi.org/10.1080/21655979.2021.2018538
https://doi.org/10.2147/ott.S169155
https://doi.org/10.2147/ott.S169155
https://doi.org/10.1007/s10120-021-01213-5
https://doi.org/10.1007/s10120-021-01213-5
https://doi.org/10.1186/s12943-022-01638-1
https://doi.org/10.1186/s12943-022-01638-1
https://doi.org/10.1038/s12276-022-00767-3
https://doi.org/10.2147/ott.S226078
https://doi.org/10.2147/ott.S226078
https://doi.org/10.1038/s41419-022-04880-z
https://doi.org/10.1038/s41419-022-04880-z
https://doi.org/10.1007/s12079-021-00651-1
https://doi.org/10.1007/s12079-021-00651-1
https://doi.org/10.3892/or.2021.8085
https://doi.org/10.3892/ol.2020.12107
https://doi.org/10.1002/pros.23367
https://doi.org/10.3389/fphys.2016.00420
https://doi.org/10.1186/s12935-020-01256-1
https://doi.org/10.1186/s12935-020-01256-1
https://doi.org/10.2147/cmar.S251180

Cancer and Metastasis Reviews (2024) 43:5-27

27

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

cells by sponging miR-431. Cell Cycle, 20(16), 1617-1627.
https://doi.org/10.1080/15384101.2021.1956106

Liu, A., & Xu, J. (2021). Circ_03955 promotes pancreatic cancer
tumorigenesis and Warburg effect by targeting the miR-3662/
HIF-1a axis. Clinical & Translational Oncology, 23(9), 1905—
1914. https://doi.org/10.1007/s12094-021-02599-5

Liu, Z., Zhou, Y., Liang, G., Ling, Y., Tan, W., Tan, L., et al.
(2019). Circular RNA hsa_circ_001783 regulates breast cancer
progression via sponging miR-200c-3p. Cell Death & Disease,
10(2), 55. https://doi.org/10.1038/s41419-018-1287-1

Dong, L., Zhang, L., Liu, H., Xie, M., Gao, J., Zhou, X., et al.
(2020). Circ_0007331 knock-down suppresses the progression of
endometriosis via miR-200c-3p/HiF-1a axis. Journal of Cellular
and Molecular Medicine, 24(21), 12656-12666. https://doi.org/
10.1111/jcmm.15833

Jiang, Y., Ji, X., Liu, K., Shi, Y., Wang, C., Li, Y., et al. (2020).
Exosomal miR-200c-3p negatively regulates the migraion and
invasion of lipopolysaccharide (LPS)-stimulated colorectal can-
cer (CRC). BMC Mol Cell Biol, 21(1), 48. https://doi.org/10.
1186/512860-020-00291-0

Anastasiadou, E., Messina, E., Sanavia, T., Mundo, L., Farinella,
F.,, Lazzi, S., et al. (2021). MiR-200c-3p Contrasts PD-L1 Induc-
tion by Combinatorial Therapies and Slows Proliferation of Epi-
thelial Ovarian Cancer through Downregulation of $-Catenin and
c-Myec. Cells, 10(3). https://doi.org/10.3390/cells10030519
Cao, L., Wang, M., Dong, Y., Xu, B., Chen, J., Ding, Y., et al.
(2020). Circular RNA circRNF20 promotes breast cancer tumo-
rigenesis and Warburg effect through miR-487a/HIF-1a/HK2.
Cell Death & Disease, 11(2), 145. https://doi.org/10.1038/
s41419-020-2336-0

Zhai, Z., Fu, Q., Liu, C., Zhang, X., Jia, P, Xia, P, et al. (2019).
Emerging Roles Of hsa-circ-0046600 Targeting The miR-640/HIF-1a
Signalling Pathway In The Progression Of HCC. Oncotargets and
Therapy, 12,9291-9302. https://doi.org/10.2147/0tt.S229514

Liu, J., Liu, Y., Zhang, Y., Zheng, J., Wang, S., & Cao, G. (2022).
Circular RNA hsa_circ_0004543 Aggravates Cervical Cancer
Development by Sponging MicroRNA hsa-miR-217 to Upregu-
late Hypoxia-Inducible Factor. Journal of Oncology, 2022,
4031403. https://doi.org/10.1155/2022/4031403

Chi, Y., Luo, Q., Song, Y., Yang, F., Wang, Y., Jin, M., et al.
(2019). Circular RNA circPIP5K1A promotes non-small cell
lung cancer proliferation and metastasis through miR-600/
HIF-1a regulation. Journal of Cellular Biochemistry, 120(11),
19019-19030. https://doi.org/10.1002/jcb.29225

Qian, W., Huang, T., & Feng, W. (2020). Circular RNA HIPK3
Promotes EMT of Cervical Cancer Through Sponging miR-
338-3p to Up-Regulate HIF-1a. Cancer Management and
Research, 12, 177-187. https://doi.org/10.2147/cmar.s232235
Chen, L.-Y., Wang, L., Ren, Y.-X., Pang, Z., Liu, Y., Sun, X.-D.,
et al. (2020). The circular RNA circ-ERBIN promotes growth
and metastasis of colorectal cancer by miR-125a-5p and miR-
138-5p/4EBP-1 mediated cap-independent HIF-1a transla-
tion. Molecular Cancer, 19(1), 164. https://doi.org/10.1186/
$12943-020-01272-9

Xu, G., Li, M., Wu, J., Qin, C., Tao, Y., & He, H. (2020). Circular
RNA circNRIP1 Sponges microRNA-138-5p to Maintain Hypoxia-
Induced Resistance to 5-Fluorouracil Through HIF-1a-Dependent
Glucose Metabolism in Gastric Carcinoma. Cancer Management
and Research, 12,2789-2802. https://doi.org/10.2147/cmar.s246272
Zeng, Z., Zhao, Y., Chen, Q., Zhu, S., Niu, Y., Ye, Z., et al.
(2021). Hypoxic exosomal HIF-1a-stabilizing circZNF91 pro-
motes chemoresistance of normoxic pancreatic cancer cells via

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

enhancing glycolysis. Oncogene, 40(36), 5505-5517. https://doi.
org/10.1038/s41388-021-01960-w

Joo, H. Y., Yun, M., Jeong, J., Park, E. R., Shin, H. J., Woo, S. R.,
et al. (2015). SIRT1 deacetylates and stabilizes hypoxia-induc-
ible factor-1a (HIF-1at) via direct interactions during hypoxia.
Biochemical and Biophysical Research Communications, 462(4),
294-300. https://doi.org/10.1016/j.bbrc.2015.04.119
Shangguan, H., Feng, H., Lv, D., Wang, J., Tian, T., & Wang, X.
(2020). Circular RNA circSLC25A16 contributes to the glyco-
lysis of non-small-cell lung cancer through epigenetic modifica-
tion. Cell Death & Disease, 11(6), 437. https://doi.org/10.1038/
s41419-020-2635-5

Zhou, P., Xie, W., Huang, H. L., Huang, R. Q., Tian, C., Zhu, H.
B., et al. (2020). circRNA_100859 functions as an oncogene in
colon cancer by sponging the miR-217-HIF-1a pathway. Aging,
12(13), 13338-13353. https://doi.org/10.18632/aging.103438
Feng, J., Yang, M., Wei, Q., Song, F., Zhang, Y., Wang, X_, et al.
(2020). Novel evidence for oncogenic piRNA-823 as a promis-
ing prognostic biomarker and a potential therapeutic target in
colorectal cancer. Journal of Cellular and Molecular Medicine,
24(16), 9028-9040. https://doi.org/10.1111/jecmm.15537

Tao, E.-W., Wang, H.-L., Cheng, W. Y., Liu, Q.-Q., Chen, Y.-X.,
& Gao, Q.-Y. (2021). A specific tRNA half, 5’tiRNA-His-GTG,
responds to hypoxia via the HIF1a/ANG axis and promotes
colorectal cancer progression by regulating LATS2. Journal of
Experimental & Clinical Cancer Research, 40(1), 67. https://doi.
org/10.1186/s13046-021-01836-7

Hong, D. S., Kang, Y.-K., Borad, M., Sachdev, J., Ejadi, S.,
Lim, H. Y., et al. (2020). Phase 1 study of MRX34, a liposomal
miR-34a mimic, in patients with advanced solid tumours. British
Journal of Cancer, 122(11), 1630-1637. https://doi.org/10.1038/
s41416-020-0802-1

Anastasiadou, E., Seto, A. G., Beatty, X., Hermreck, M.,
Gilles, M.-E., Stroopinsky, D., et al. (2021). Cobomarsen,
an Oligonucleotide Inhibitor of miR-155, Slows DLBCL
Tumor Cell Growth In Vitro and In Vivo. Clinical Cancer
Research, 27(4), 1139-1149. https://doi.org/10.1158/1078-
0432.ccr-20-3139

Reid, G., Pel, M. E., Kirschner, M. B., Cheng, Y. Y., Mugridge,
N., Weiss, J., et al. (2013). Restoring expression of miR-16: a
novel approach to therapy for malignant pleural mesothelioma.
Annals of Oncology, 24(12), 3128-3135. https://doi.org/10.1093/
annonc/mdt412

Ronnen, E. A., Kondagunta, G. V., Ishill, N., Sweeney, S. M.,
Deluca, J. K., Schwartz, L., et al. (2006). A phase II trial of
17-(Allylamino)-17-demethoxygeldanamycin in patients
with papillary and clear cell renal cell carcinoma. Investiga-
tional New Drugs, 24(6), 543-546. https://doi.org/10.1007/
$10637-006-9208-z

Yong, L., Tang, S., Yu, H., Zhang, H., Zhang, Y., Wan, Y., et al.
(2022). The role of hypoxia-inducible factor-1 alpha in multid-
rug-resistant breast cancer. Frontiers in Oncology, 12, 964934.
https://doi.org/10.3389/fonc.2022.964934

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1080/15384101.2021.1956106
https://doi.org/10.1007/s12094-021-02599-5
https://doi.org/10.1038/s41419-018-1287-1
https://doi.org/10.1111/jcmm.15833
https://doi.org/10.1111/jcmm.15833
https://doi.org/10.1186/s12860-020-00291-0
https://doi.org/10.1186/s12860-020-00291-0
https://doi.org/10.3390/cells10030519
https://doi.org/10.1038/s41419-020-2336-0
https://doi.org/10.1038/s41419-020-2336-0
https://doi.org/10.2147/ott.S229514
https://doi.org/10.1155/2022/4031403
https://doi.org/10.1002/jcb.29225
https://doi.org/10.2147/cmar.s232235
https://doi.org/10.1186/s12943-020-01272-9
https://doi.org/10.1186/s12943-020-01272-9
https://doi.org/10.2147/cmar.s246272
https://doi.org/10.1038/s41388-021-01960-w
https://doi.org/10.1038/s41388-021-01960-w
https://doi.org/10.1016/j.bbrc.2015.04.119
https://doi.org/10.1038/s41419-020-2635-5
https://doi.org/10.1038/s41419-020-2635-5
https://doi.org/10.18632/aging.103438
https://doi.org/10.1111/jcmm.15537
https://doi.org/10.1186/s13046-021-01836-7
https://doi.org/10.1186/s13046-021-01836-7
https://doi.org/10.1038/s41416-020-0802-1
https://doi.org/10.1038/s41416-020-0802-1
https://doi.org/10.1158/1078-0432.ccr-20-3139
https://doi.org/10.1158/1078-0432.ccr-20-3139
https://doi.org/10.1093/annonc/mdt412
https://doi.org/10.1093/annonc/mdt412
https://doi.org/10.1007/s10637-006-9208-z
https://doi.org/10.1007/s10637-006-9208-z
https://doi.org/10.3389/fonc.2022.964934

	The strict regulation of HIF-1α by non-coding RNAs: new insight towards proliferation, metastasis, and therapeutic resistance strategies
	Abstract
	1 Introduction
	2 Non-coding RNAs in cancer
	2.1 miRNA
	2.2 LncRNA
	2.3 CircRNA
	2.4 piRNA
	2.5 tsRNA

	3 miRNAs and HIF-1α
	3.1 Oncogenic miRNAs
	3.2 Onco-suppressor miRNAs
	3.3 Association of miRNAs with therapy response

	4 LncRNAs and HIF-1α
	4.1 Oncogenic lncRNAs
	4.2 Onco-suppressor lncRNAs
	4.3 Association of lncRNAs with therapy response

	5 CircRNAs and HIF-1α
	5.1 Association of circRNAs with therapy response

	6 Other types of ncRNAs and HIF-1α
	7 Clinical examination of ncRNAs as therapeutic agents
	8 Conclusion and remarks
	Acknowledgments 
	References


