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The cellular response to hypoxia is a key biological process that facilitates adaptation
of cells to oxygen deprivation (hypoxia). This process is critical for cancer cells to adapt
to the hypoxic tumor microenvironment resulting from rapid tumor growth. Hypoxia-
inducible factor 1 (HIF-1) is a transcription factor and a master regulator of the cellular
response to hypoxia. The activity of HIF-1 is dictated primarily by its alpha subunit
(HIF-1a), whose level and/or activity are largely regulated by an oxygen-dependent
and ubiquitin/proteasome-mediated process. Prolyl hydroxylases (PHDs) and the E3
ubiquitin ligase Von Hippel-Lindau factor (VHL) catalyze hydroxylation and subsequent
ubiquitin-dependent degradation of HIF-1a by the proteasome. Seven in Absentia
Homolog 2 (SIAH2), a RING finger-containing E3 ubiquitin ligase, stabilizes HIF-1a by
targeting PHDs for ubiquitin-mediated degradation by the proteasome. This SIAH2-HIF-
1 signaling axis is important for maintaining the level of HIF-1a under both normoxic and
hypoxic conditions. A number of protein kinases have been shown to phosphorylate
SIAH2, thereby regulating its stability, activity, or substrate binding. In this review, we
will discuss the regulation of the SIAH2-HIF-1 axis via phosphorylation of SIAH2 by
these kinases and the potential implication of this regulation in cancer biology and
cancer therapy.
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INTRODUCTION

Cellular response to low oxygen tension (hypoxia) is one of the most fundamental biological
processes that determine the survival of cells under the hypoxic condition (Bruick, 2003; Kaelin
and Ratcliffe, 2008). Although the hypoxic response is part of the normal cellular reaction to
hypoxic stress under physiological settings, mounting evidence also supports its pivotal role in
tumor angiogenesis to supply the poorly vascularized tumor mass and in reprogramming cancer
cells to adapt to the hypoxic tumor microenvironment. These activities facilitate cancer progression
by regulating the survival, metabolism, immune evasion, and metastasis of cancer cells (Carmeliet
et al., 1998; Semenza, 2000, 2003; Harris, 2002; Liao and Johnson, 2007; Eales et al., 2016; Samanta
and Semenza, 2018). The hypoxic response employs a complex intracellular signaling network
with hypoxia-inducible factors (HIFs) as its central elements (Bruick, 2003; Kaelin and Ratcliffe,
2008; Semenza, 2012a). HIFs are transcription factors that are induced and activated in response
to low oxygen tension (Semenza, 2012a). Induction and activation of these factors by hypoxia
lead to the expression of a spectrum of genes that contribute to the overall hypoxic response
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(Bruick, 2003; Kaelin and Ratcliffe, 2008; Semenza, 2012a).
Rapid progress in research has revealed increasingly complex
regulations of this signaling pathway since its discovery 30 years
ago (Semenza et al., 1991).

The HIF transcription factors consist of two subunits: the
alpha subunit (HIF-a) and the shared beta subunit (HIF-§ or
ARNT) (Semenza, 1999; Bruick, 2003; Kaelin and Ratcliffe, 2008).
There are three mammalian alpha subunits, HIF-1a, HIF-2aq,
and HIF-3a. HIF-1a and HIF-2a are structurally similar with
somewhat redundant functional profiles while HIF-3a are a
number of splice variants, some of which function as dominant-
negative inhibitors of HIF-la or HIF-2a (Majmundar et al,
2010). The level and activity of HIF transcription factors are
primarily controlled by their alpha subunits, whose expression
and activity are regulated mainly at the post-translational level
in response to hypoxia and some other conditions (Bruick,
2003; Kaelin and Ratcliffe, 2008; Semenza, 2012a). In contrast,
HIF-B is constitutively expressed (Semenza, 1999; Bruick, 2003;
Kaelin and Ratcliffe, 2008). Under normoxia, HIF-1a and HIF-
2a are subjected to oxygen-dependent hydroxylation mediated
by prolyl hydroxylases (PHDs). Hydroxylation promotes their
ubiquitination, which is catalyzed by the E3 ubiquitin ligase
Von Hippel-Lindau Factor (VHL), and subsequent degradation
by the ubiquitin proteasome system (UPS) (Bruick, 2003;
Kaelin and Ratcliffe, 2008; Semenza, 2012a). Hypoxia inhibits
the hydroxylation because of reduced activity of PHDs and
leads to stabilization of HIF-la and HIF-2a. HIF-1 is the
most studied among HIFs due to its wide tissue distribution
and its involvement in more pathophysiological conditions
(Weidemann and Johnson, 2008). In addition to VHL-dependent
degradation, HIF-1a is also regulated by other mechanisms,
including phosphorylation and SUMOylation (Kietzmann et al.,
2016; Filippopoulou et al., 2020).

Past work has revealed the regulation of the HIF-1 pathway
by Seven in Absentia Homolog 2 (SIAH2), a ubiquitin E3 ligase.
SIAH2 indirectly regulates the level of HIF-1a by promoting
degradation of PHDs by UPS (Nakayama et al., 2004, 2009).
SIAH2, in turn, is positively regulated by hypoxia-dependent
transcriptional and posttranscriptional mechanisms (Nakayama
et al., 2009). SIAH2 is also directly regulated by several protein
kinases through phosphorylation (Khurana et al., 2006; Calzado
et al., 2009; Perez et al., 2012; Sarkar et al., 2012; Garcia-Limones
et al., 2016; Li et al., 2017). In this review, we will discuss the
regulation of the STAH2-HIF-1 pathway by protein kinases and
its potential implications in cancer biology and therapy.

THE SIAH2-HIF-1 Axis

HIF-1 is a central regulator of the hypoxic response, with
strong implications in cancer (Semenza, 1999; Bruick,
2003; Kaelin and Ratcliffe, 2008; Weidemann and Johnson,
2008). As a transcription factor, HIF-1 propels expression
of a group of genes whose promoters contain the hypoxia
response element. Examples of these genes are insulin-
like growth factor 2 (IGF2), BCL2/adenovirus E1B 19 kDa
protein-interacting protein 3 (BNIP3), erythropoietin (EPO),

mesenchymal-epithelial transition factor (C-Met), vascular
endothelial growth factor (VEGF), and glucose transporter 1
(GLUT1) (Semenza, 1999; Bruick, 2003; Kaelin and Ratcliffe,
2008; Weidemann and Johnson, 2008). Expression of these
genes affects a broad array of cellular activities, including
proliferation, survival, neoangiogenesis, migration, and
metabolism (Semenza, 1999, 2012a,b, 2016, 2017; Bruick,
2003; Kaelin and Ratcliffe, 2008). These cellular activities have
profound pathophysiological consequences.

In normoxia, HIF-1a is constantly hydroxylated by PHDs
(PHD1-3) at proline 402 and 564 in an oxygen-dependent
fashion. Hydroxylated HIF-1a is subjected to degradation by
UPS with VHL as its E3 ubiquitin ligase (Semenza, 1999; Bruick,
2003; Kaelin and Ratcliffe, 2008). In hypoxia, low oxygen tension
inhibits HIF-la hydroxylation by PHDs, thereby preventing
VHL-mediated degradation of HIF-loo by UPS. Stabilization
of HIF-1a leads to higher levels of the HIF-1a/HIF-p dimer
and HIF-1-mediated transcription in the cell (Semenza, 1999;
Bruick, 2003; Kaelin and Ratcliffe, 2008). Oxygen-dependent
hydroxylation of HIF-1a also takes place at the residue asparagine
803, which is mediated by the asparaginyl hydroxylase factor
inhibiting HIF (FIH) (Lando et al., 2002). Rather than affecting
the stability of HIF-1a, hydroxylation of this residue inhibits the
transcriptional activity of HIF-1 by disrupting the recruitment of
transcriptional cofactors and histone acetyltransferase p300/CBP
to its C-terminal transactivation domain (C-TAD) (Lando
et al,, 2002). Other posttranslational modifications, such as
phosphorylation and SUMOylation, also regulate the stability
and/or nuclear translocation of HIF-1a (Richard et al., 1999;
Sodhi et al., 2000; Mylonis et al., 2006, 2008; Carbia-Nagashima
etal., 2007; Cheng et al., 2007; Flugel et al., 2007; Yang et al., 2008;
Xuetal, 2010, 2017; Warfel et al., 2013). The kinases that directly
phosphorylate HIF-1a include ERK1/2, p38, GSK3p, PLK3, and
CDKI1 (Richard et al., 1999; Sodhi et al., 2000; Mylonis et al., 2006;
Flugel et al., 2007; Xu et al., 2010, 2017; Warfel et al., 2013).

SIAH2 is a member of a small and evolutionarily conserved
group of RING finger ubiquitin E3 ligases (Metzger et al,
2014; Pepper et al.,, 2017). The prototype of them is Seven in
Absentia (SINA) in Drosophila. This protein is required for the
formation of the R7 photoreceptor (Pepper et al., 2017). There are
three vertebrate orthologs of SINA: SIAH1, SIAH2, and SIAH3.
SINA or its ortholog SIAH1 exists in most metazoans whereas
SIAH2 and SIAH3 are restricted to vertebrates (Pepper et al.,
2017). SIAH3 lacks a functional RING finger and is therefore
considered an inactive E3 ligase (Pepper et al, 2017). Mouse
SIAH1 has two isoforms encoded by two separate genes, SIAH1A
and SIAH1B (Della et al., 1993). While STAH1A and SIAH1B
share 98% homology, SIAH1 and SIAH2 are much less identical
(77% homology) (Della et al., 1993). Deletion of Siahla in mice
leads to severe growth retardation and frequent early lethality
(Dickins et al., 2002). In contrast, Siah2 knockout mice are
largely normal with only mild phenotypic changes, e.g., increased
number of hematopoietic progenitor cells (Frew et al., 2003).
Double deletion of Siahl and Siah2, on the other hand, results
in embryonic lethality (Nakayama et al., 2009). Human SIAH2
contains 324 amino acids, with a RING domain located at the
N-terminal region for recruiting the E2 ubiquitin conjugating
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enzyme, a zinc finger domain and a substrate binding domain
located C-terminal to the RING domain, and a dimerization
domain located at the C-terminus of the protein (Reed and Ely,
2002; Pepper et al., 2017; Figure 1).

SIAH2 can function as an E3 ubiquitin ligase either alone or
in complex with other proteins (e.g., Siah-interacting protein and
phyllopod) (Matsuzawa and Reed, 2001; Li et al., 2002). It targets
multiple proteins for degradation by UPS, thereby regulating
a number of cellular pathways. For instance, it activates the
Ras signaling pathway by destabilizing Sprouty 2, promotes cell
cycle progression by destabilizing p27, suppresses the oxidative
stress response by destabilizing NRF1 and NREF2, regulates the
tumor necrosis factor alpha pathway by destabilizing TRAF2,
inhibits the DNA damage response by destabilizing CHK2,
reduces P53 acetylation and activity by mediating ubiquitination
and degradation of its acetyltransferase, and activates the HIF-1
pathway by destabilizing PHDs (Habelhah et al., 2002; Nadeau
et al., 2007; Grishina et al., 2012; Baba et al., 2013; Qi et al., 2013;
Garcia-Limones et al., 2016; Ma et al., 2019).

The regulation of the HIF-1 pathway and hypoxic response
by mediating proteasomal degradation of PHDs is one of
the most prominent and well-established functions of SIAH2
(Nakayama and Ronai, 2004; Nakayama et al., 2004, 2009;
Qi et al, 2013). The interaction between SIAH2 and PHDs
was discovered by an unbiased mass spectrometric study
aiming to identify SIAH2-associated proteins (Nakayama et al.,
2004). The study further demonstrated that SIAH2 mediates
ubiquitination and proteasomal degradation of PHD1 and
PHD3 (PHD3 in particular), thereby stabilizing HIF-1a and
promoting HIF-1-mediated transcription. Hypoxia, in turn,
induces mRNA expression of SIAH2 likely via PI3K/AKT-
dependent downstream transcriptional events, as inhibition of
PI3K attenuates the induction (Nakayama and Ronai, 2004;
Nakayama et al., 2004, 2009; Qi et al., 2013). This feed-forward
mechanism contributes to the rapid increase of the HIF-1a level
in response to hypoxia (Nakayama and Ronai, 2004; Nakayama
et al., 2004, 2009; Qi et al, 2013). Surprisingly, no evidence
indicates that HIF-1-mediated transcription is responsible for the
induction of STAH2 by hypoxia. Also interesting is that although
SIAH2 also interacts with PHD2 (albeit much weaker than PHD1
and PHD3), it does not affect its stability (Nakayama et al., 2004).
The mechanism underlying the resistance of PHD2 to SIAH2-
mediated degradation remains to be determined. Of note, STAH2
acts alone as the E3 ligase of PHDs rather than as a member
of the E3 ligase complex (Nakayama et al.,, 2004). Moreover,
SIAH2 promotes its own degradation via auto-ubiquitination
(Qi et al., 2008).

REGULATION OF SIAH2 BY PROTEIN
KINASES

A number of protein kinases have been shown to phosphorylate
SIAH2. These include serine/threonine kinases p38, HIPK2,
DYPK2, CHK2, and PLK3, as well as the tyrosine kinase SRC.
A recent report suggests that STAH2 may also be phosphorylated
by MRCKSB, although more direct evidence is needed to

confirm this (Dixit et al, 2021). Phosphorylation of SIAH2
affects its stability, enzymatic activity as an E3 ubiquitin ligase,
or subcellular localization. Regulation of SIAH2 by all these
kinases but SRC has been linked to HIF-1 signaling and the
hypoxic response.

Regulation of SIAH2 by p38

The p38 kinase is a key MAP kinase in one of the four MAP
kinase pathways (i.e., ERK1/2, JNK, p38, and ERK5 pathways)
(Morrison, 2012). The p38 pathway is activated in response to
a wide variety of cellular signals, including cellular stress, growth
factors, and inflammatory cytokines (Kyriakis and Avruch, 2012).
The involvement of this signaling pathway in cancer, albeit
complex, has been well established (Wagner and Nebreda, 2009;
Kyriakis and Avruch, 2012; Igea and Nebreda, 2015). Available
evidence indicates that p38 can be a tumor suppressor or a
tumor promoter depending on the tissue types and participate
in multiple stages of tumorigenesis, from tumor initiation to
metastasis (Igea and Nebreda, 2015).

The p38 MAPK pathway is activated by mitochondria-
dependent production of reactive oxygen species (ROS) in
hypoxia (Kulisz et al., 2002; Emerling et al, 2005). p38, in
turn, phosphorylates and activates SIAH2 (Khurana et al,
2006). Consistently, pharmacological inhibition of p38
reduces phosphorylation of SIAH2 (Khurana et al, 2006).
p38 phosphorylates mouse Siah2 at residues threonine 24 and
serine 29 (Khurana et al, 2006; Figure 1 and Table 1). Of
note, threonine 24 and serine 29 of mouse Siah2 are equivalent
to threonine 26 and serine 28 of human SIAH2, respectively
(Hu et al.,, 1997). Phosphorylation of SIAH2 by p38 increases
its E3 ligase activity toward PHD3 without affecting its self-
ubiquitination (Khurana et al, 2006). Interestingly, while
both of these residues are phosphorylated by p38, only the
phosphorylation of serine 29 enhances the activity of STAH2
toward PHD3. Furthermore, the phospho-defective mutants of
SIAH2, with the two residues mutated to alanine, are unable
to bind to PHD3, suggesting that phosphorylation of these
residues is critical for the interaction between the two proteins
(Khurana et al., 2006). Phosphorylation of these two residues
may also affect the subcellular localization of SIAH2. While
the wild-type SIAH2 can be found in both the nucleus and
cytoplasm, STAH2 with both threonine 24 and serine 29 mutated
to aspartate, which mimics the phosphorylated form of SIAH2,
are mainly located in the perinuclear region (Khurana et al.,
2006). In contrast, the phospho-defective mutant is located
mainly in the nucleus and unable to bind to PHD3 (Khurana
et al., 2006). The exclusion of phosphorylated SIAH2 from the
nucleus is apparently due to active export (Khurana et al., 2006).
As SIAH2-mediated degradation of PHD3 mainly takes place
in the nucleus, the increased activity and exclusion of SIAH2
from the nucleus seems counterproductive. It was proposed that
phosphorylated SIAH2 is able to mediate PHD3 degradation
before exported from the nucleus by the constitutive nuclear
export mechanism (Khurana et al., 2006). Phosphorylation of
SIAH2 by p38 is apparently part of the mechanism that regulates
HIF-1 in response to hypoxia. Thus, p38 is activated by hypoxia-
induced generation of ROS and subsequently phosphorylates
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FIGURE 1 | Linear structure of human SIAH2 with the phosphorylation residues and the protein kinases indicated. RING, RING finger domain; ZF, zinc finger domain;

SB, substrate binding domain; DIM, dimerization domain.
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193 218 259 306 324

and activates STAH2. SIAH2, in turn, promotes degradation of
PHD3, thereby stabilizing HIF-1a (Kulisz et al., 2002; Emerling
et al,, 2005; Khurana et al., 2006; Nakayama et al., 2009).

Regulation of SIAH2 by HIPK2

Homeodomain-interacting protein kinase 2 (HIPK2) is a
serine/threonine kinase of the expanded dual-specificity tyrosine-
regulated kinase (DYRK) family, which consists of four members:
HIPK1-4 (Blaquiere and Verheyen, 2017; Feng et al,, 2017).
HIPK?2 is predominantly a nuclear kinase localized at nuclear
bodies and partly overlaps with polycomb protein bodies (Roscic
et al.,, 2006; Sombroek and Hofmann, 2009). It has significant
functions in cell proliferation, apoptosis, and the DNA damage
response (Sombroek and Hofmann, 2009; Feng et al., 2017).
HIPK2 phosphorylates p53 at serine 46 thereby activating the
transcription of p53 target genes, cell cycle checkpoints, and
apoptosis (Sombroek and Hofmann, 2009). It also plays a role
in TGF-p-mediate apoptosis by activating the JNK pathway
(Hofmann et al., 2003). HIPK2 suppresses f3-catenin-mediated
transcription by promoting degradation of CtBP, a component
of the transcriptional machinery, thereby negatively regulating
the Wnt/BMP signaling pathway (Zhang et al., 2003; Wei et al,,
2007). HIPK2 may also act as a suppressor of transcription
to inhibit transcription of HIF-la, thereby inhibiting VEGF
expression and angiogenesis (Choi et al., 1999; Nardinocchi et al.,
2009a,b). These functions suggest a significant role of HIPK2 in
cancer (Sombroek and Hofmann, 2009). Indeed, a small subset of
acute myeloid leukemia and myelodysplastic syndrome patients
contain mutations of HIPK2 (Li et al., 2007). HIPK2 knockout
leads to carcinoma in situ or invasive squamous cell carcinoma in
a two-stage skin carcinogenesis model (Wei et al., 2007).

TABLE 1 | Phosphorylation sites of SIAH2 by protein kinases.

Kinase Phosphorylated residue References

P38 T26 and S28 Khurana et al., 2006
HIPK2 T26, S28, and S68 Calzado et al., 2009
DYRK2 S16, T26, S28, S68, and T119 Perez et al., 2012
CHK2 S28, S68, and T119 Garcia-Limones et al., 2016
PLK3 TBD Lietal., 2017

SRC Y86, Y140, and Y263 Sarkar et al., 2012

HIPK2 is able to interact with both SIAH1 and SIAH2
(Winter et al., 2008; Calzado et al., 2009). Although both STAH1
and STAH2 promote HIPK2 ubiquitination and degradation by
the proteasome, SIAH2 has a stronger capacity of doing so
(Winter et al., 2008; Calzado et al., 2009). HIPK2 phosphorylates
SIAH2 at its threonine 26, serine 28, and serine 68 (Calzado
et al, 2009; Figure 1 and Table 1). Phosphorylation of
these three residues destabilizes SIAH2 without affecting its
E3 ligase activity (Calzado et al., 2009). The phosphorylation
also greatly inhibits the binding between SIAH2 and HIPK2,
following the so-called “kiss and run” mechanism (Calzado
et al, 2009). The binding of SIAH2, but not SIAHI, to
HIPK2 markedly increases under hypoxia, which leads to
a significantly higher level of ubiquitination and destruction
of HIPK2. This observation indicates that SIAH2 but not
SIAHI1 is more relevant to the hypoxic response in this
setting (Calzado et al., 2009). Mutation of the three HIPK2
phosphorylation sites of SIAH2 abolishes the hypoxia-induced
interaction of SIAH2 and HIPK2 (Calzado et al., 2009). These
findings demonstrate a complex and interactive relationship of
these two proteins, which coordinately regulates the cellular
response to hypoxia.

Regulation of SIAH2 by DYRK2

Dual-specificity tyrosine-regulated kinase 2 (DYRK2) is a
member of the DYRK family protein kinases containing 4
members in mammals: DYRK1A, DYRK1B, DYRK2, DYRK3,
and DYRK4 (Becker and Joost, 1999; Aranda et al., 2011; Soppa
and Becker, 2015; Correa-Saez et al., 2020). DYRK2 functions
in the DNA damage response by phosphorylating p53 at serine
46, thereby promoting cell apoptosis in response to genotoxic
stress (Taira et al, 2007). DYRK2 also phosphorylates c-Jun
and Myc, thereby promoting their degradation by UPS and
inhibiting cell cycle progression and cell proliferation (Taira
et al,, 2012). Other functions of DYRK2 include acting as a
scaffold for the EDVP E3 ubiquitin ligase complex to control
cell cycle progression through the G2/M phase and regulating
the Hedgehog signaling pathway by promoting the proteasomal
degradation of the transcription factor GLI2 through direct
phosphorylation (Maddika and Chen, 2009; Singh and Lauth,
2017). DYRK2 also phosphorylates NFAT, thereby priming
its phosphorylation by GSK3B and CK1 (Gwack et al., 2006).
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Although the molecular function of DYRK2 suggests its
tumor suppressive role, it may act as a tumor promoter
in “proteasome-addicted” tumors by increasing proteasome-
mediated protein degradation through phosphorylation of
Rpt3, the 19S subunit of the proteasome (Guo et al., 20165
Banerjee et al., 2019).

DYRK2 phosphorylates SIAH2 at least 5 residues: serine
16, threonine 26, serine 28, serine 68, and threonine 119
(Perez et al, 2012; Figure 1 and Table 1). Phosphorylation
of STAH2 by DYRK2 does not affect its E3 ligase activity but
inhibits its nuclear localization. Phosphorylated STAH2 exhibits
increased ability to mediate PHD3 degradation, which increases
the level of HIF-1a. As a result, expression of the downstream
targets of HIF-1 and angiogenesis, measured by tube formation
by human umbilical vascular endothelial cells (HUVEC), also
increase (Perez et al., 2012). Conversely, phosphorylation by
DYRK2 destabilizes STAH2. This is likely mediated by another
E3 ubiquitin ligase, as the auto-ubiquitination activity is not
affected by mutation of the phosphorylation sites (Perez et al,,
2012). STAH2, in turn, promotes ubiquitination and degradation
of DYRK?2 by the proteasome independent of the kinase activity
of DYRK2 (Perez et al., 2012). This mechanism contributes to
the decrease in DYRK2 expression in response to hypoxia and
the reduced p53 phosphorylation at serine 46 in response to
doxorubicin under hypoxia (Perez et al., 2012). The two regions
through which STAH?2 interacts with DYRK2 were mapped using
a peptide array analysis: an N-terminal domain (AA1-28) and a
region partially overlapping the zinc finger domain (Perez et al.,
2012). These results indicate a mutual regulatory mechanism,
in which SIAH2 inhibits DYRK2 by promoting its degradation
while DYRK?2 reduces the SIAH2 protein level by triggering its
degradation. In addition, phosphorylation by DYRK2 promotes
nuclear exclusion of STAH2 and enhances the E3 ligase activity of
SIAH2 toward PHD3.

Regulation of SIAH2 by CHK2

CHK2 is a cell cycle checkpoint kinase with important functions
in the DNA damage response. It is activated in response to
DNA damage via phosphorylation by ATM and subsequently
phosphorylates and activates its downstream targets, such as
p53, Cdc25A, and BRCA1 (Bartek and Lukas, 2003). CHK2
contributes to the initiation of DNA repair and apoptosis
following DNA damage and thus plays an important role in
cancer as a tumor suppressor (Bartek and Lukas, 2003). Deletion
and missense mutation variants (e.g., 1100delC and I1157T) of
CHK?2 are associated with Li-Fraumeni syndrome, a familial
cancer syndrome characterized by multiple tumors at young age,
as well as breast and colon cancer (Bartek and Lukas, 2003).
Of note, CHK2 is phosphorylated and activated by hypoxia
and participates in hypoxia-induced DNA damage response
(Gibson et al., 2005).

CHK?2 phosphorylates SIAH2 at three residues: threonine 26,
serine 28, and threonine 119. The phosphorylation inhibits the
activity of SIAH2 toward known SIAH2 substrates including
PHD3 (Garcia-Limones et al., 2016). Thus, phosphorylation of
SIAH2 by CHK2 stabilizes PHD3 thereby suppressing the activity
of the HIF-1-dependent erythropoietin promoter, presumably by

increasing the degradation of HIF-la (Garcia-Limones et al.,
2016). SIAH2, in turn, mediates ubiquitination and degradation
of CHK2 via UPS. Interestingly, phosphorylation of SIAH2 by
CHK?2 does not affect its stability or its activity toward CHK2
(Garcia-Limones et al., 2016).

Regulation of SIAH2 by PLK3

Polo-like kinase 3 (PLK3) belongs to a small family of
evolutionarily conserved serine/threonine protein kinases. Five
mammalian members of the Polo-like kinase family (PLK1-
PLK5) have been identified, all of which contain a highly
conserved kinase domain (KD) at the N-terminus and a
polo-box domain (PBD) at the C-terminus. While the kinase
domain confers catalytic activity, the polo-box domain mediates
subcellular localization and the substrate binding of PLKs
(Archambault and Glover, 2009; de Carcer et al., 2011b; Xu
et al., 2012; Zitouni et al., 2014). PLK1 is the prototype of the
PLK family with a well-defined role in cell cycle progression and
cancer while PLK4 is important in centrosome dynamic during
the cell cycle. PLK5 is kinase-defective due to a truncated kinase
domain (Archambault and Glover, 2009; Andrysik et al., 2010; de
Carcer et al., 2011a,b; Xu et al., 2012; Zitouni et al., 2014). PLK5
may function in cell cycle progression and the DNA damage
response (Andrysik et al., 2010; de Carcer et al., 2011a). It appears
to be restrictively expressed in the brain and involved in neuron
differentiation, and progression of glioblastoma (Andrysik et al.,
2010; de Carcer et al, 2011a,b; Xu et al., 2012; Zitouni et al,,
2014). The functions of PLK2 and PLK3 are more diverse, with
roles in stress response and cell cycle progression (Archambault
and Glover, 2009; de Carcer et al., 2011b; Xu et al., 2012;
Zitouni et al., 2014). All members of the PLK kinase family
have been implicated in tumorigenesis as tumor promoters or
suppressors (Eckerdt et al., 2005; Xu et al., 2012, 2017; Liu, 2015;
Helmke et al., 2016).

PLK3 is involved in multiple events of cell cycle progression
and checkpoint regulation in the DNA damage response
following genotoxic stress (Xie et al., 2001, 2002; Bahassi El
et al., 2002; Xu et al., 2012; Helmke et al., 2016). Later studies
revealed functions of PLK3 in the cellular response to hypoxia
(Wang et al,, 2008, 2011; Xu et al,, 2010, 2012; Li et al.,, 2017).
Intriguingly, Plk3 null mice have no overt abnormality (Yang
et al., 2008), which is in contrast to the embryonically lethal
phenotypes of Plkl or Plk4 knockout in mice (Hudson et al.,
2001; Lu et al,, 2008). This suggests that other members of the
PLK family may compensate for the loss of the function of PLK3
in vivo. However, Plk3 null mice do show increased tumorigenesis
in multiple organs at the advanced age (Yang et al., 2008). These
observations indicate that regulation of stress responses, which
may contribute to chronic conditions such as cancer, could be
the primary function of Plk3 in mammals. Supporting its role
in cancer, PLK3 expression tends to be lower in many human
malignancies, including those in the lung, head and neck, colon,
kidney, liver, stomach, breast, and rectum (Li et al., 1996; Xu et al.,
2012; Helmke et al., 2016).

Murine embryonic fibroblasts (MEFs) from Plk3 null mice
exhibit a much higher level of HIF-1a in response to hypoxia or
nickel, a hypoxia mimic, than wild-type MEFs (Yang et al., 2008;
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Xu et al., 2010). Ectopically expressed PLK3 suppresses nuclear
accumulation of HIF-1a. Inhibition of hypoxia-induced HIF-1a
nuclear translocation depends on the kinase activity of PLK3.
Consequently, expression of VEGF-A, a major HIF-1 response
protein, was also higher in PIk3~/~ MEFs (Yang et al., 2008). Two
evolutionarily conserved serine residuals of HIF-1a (i.e., Ser-576
and Ser-657) were identified as the PLK3 phosphorylation sites
using in vitro kinase assay combined with mass spectrometry.
Phosphorylation of these residuals destabilizes HIF-la in a
hydroxylation- and VHL-independent manner (Xu et al., 2010).
Recent work showed that hypoxia or nickel lowers the PLK3
protein level through UPS, with SIAH2 to be its ubiquitin E3
ligase (Li et al., 2017). PLK3 appears to interact with SIAH2
through two regions containing the potential consensus STAH2
binding motif (House et al., 2003, 2006; Li et al., 2017). One of
the motifs is located within the kinase domain whereas the other
one resides slightly N-terminal of the PBD domain. The motif
near PBD contributes more to the interaction with STAH2 and
PLK3 degradation (Li et al., 2017). PLK3, in turn, destabilizes
SIAH2 in a kinase activity-dependent manner although the PLK3
phosphorylation site of SIAH2 remains to be identified (Li
etal,, 2017). PLK3 apparently promotes both auto-ubiquitination
of STAH2 and ubiquitination by another E3 ligase, as E3
ligase-deficient SIAH2 only partially prevents PLK3-mediated
degradation (Li et al, 2017). This study discovered a mutual
regulatory mechanism between PLK3 and SIAH2, which, along
with the direct regulation of HIF-1a by PLK3 discovered before
(Xu et al, 2010), may function to fine-tune HIF-1-mediated
transcription and the cellular hypoxic response. In normoxia,
PLK3 suppresses the hypoxic response by phosphorylating and
destabilizing HIF-1a and SIAH2 (Xu et al, 2010). In hypoxia,
the level and activity of SIAH2 increase via transcriptional
and posttranslational mechanisms (Nakayama and Ronai, 2004;
Nakayama et al., 2004, 2009; Qi et al., 2013). SIAH2 subsequently
promotes degradation of PLK3 and PHDs, which helps maintain
both HIF-1a and STAH2 proteins at higher levels (Li et al., 2017).

Regulation of SIAH2 by SRC

SRC is a protein tyrosine kinase with well-established roles
in signaling pathways mediated by receptor tyrosine kinases,
GPCRs, and integrins, leading to cell proliferation, cell cycle
progression, and cell migration (Parsons and Parsons, 2004).
It is one of the earliest and thoroughly documented proto-
oncogenes (Irby and Yeatman, 2000). SRC is the prototype
of the non-receptor tyrosine kinase family. Dysregulation of
these kinases often leads to malignant transformation of cells
(Parsons and Parsons, 2004).

SRC phosphorylates STAH2 at tyrosine residues 86, 140, and
263 (Sarkar et al., 2012; Figure 1 and Table 1). Phosphorylation
by SRC activates SIAH2, which is necessary and suflicient
for SRC-mediated degradation of CCAAAT/enhancer binding
protein delta (C/EBP3), a protein with tumor suppressive
function (Sarkar et al,, 2012). Consistently, mutation of these
residues prevents SIAH2-mediated degradation of C/EBPY in
MCF-10A mammary epithelial cells (Sarkar et al, 2012).
Degradation of C/EBP3 mediated by SIAH2 leads to increased
cell proliferation, migration, and invasion of breast cancer

cells (Sarkar et al., 2012). Phosphorylation of SIAH2 by SRC
apparently increases its activity toward C/EBP3 without affecting
the expression level of STAH2 in breast cancer cells. Consistently,
inhibition of SRC using SKI-606, an inhibitor of the SRC family
kinases, has no effect on the expression of SIAH2 in these
cells. However, ectopic expression of an active SRC increases the
protein level of SIAH2 in MCF-10A mammary epithelial cells
(Sarkar et al., 2012). These observations suggest that breast cancer
cells have lost their ability to regulate SIAH2 expression, which
could be partly due to the much higher basal expression levels of
SIAH2 in the breast cancer cells (Sarkar et al., 2012). Although
SRC is known to be activated by hypoxia (Finn, 2008), the role
of SRC in the STAH2-HIF-1 axis has not been investigated. It is
unclear whether the phosphorylation of STAH2 by SRC affects its
activity toward PHDs.

KNOWLEDGE GAPS AND ADDITIONAL
CONSIDERATION ON THE REGULATION
OF THE SIAH2-HIF-1 AXIS BY PROTEIN
KINASES

A recent report shows that phosphorylation of SIAH2 at
Serine 6 and threonine 279 is correlated with the level of
the serine/threonine kinase myotonic dystrophy kinase-related
CDC42-binding kinase p (MRCKB), suggesting SIAH2 may be
a substrate of this kinase (Dixit et al., 2021). However, more
evidence is need to confirm the direct interaction of the two
proteins and direct phosphorylation of SIAH2 by MRCKS.
Although PIk3 is clearly a kinase that phosphorylates STAH2, the
phosphorylation sites have not been identified. Further study is
clearly needed to answer these questions. Although SRC has been
shown to phosphorylate STAH2, the involvement of SRC in the
SIAH2-HIF-1 axis is unclear at this time. As SRC is known to be
activated by hypoxia (Finn, 2008), it is conceivable that SRC may
contribute to the activation of STAH2 in hypoxia. It is important
to clarify this and to determine whether phosphorylation of
SIAH2 by SRC affects its activity toward PHDs.

Several of the kinases that regulate SIAH2 are also subjected
to regulation by SIAH2 through UPS. This is interesting but
not surprising given that SIAH2 is an E3 ubiquitin ligase and
that this type of feedback regulation makes biological sense.
However, despite the effort of identifying the phosphorylation
site on SIAH2 by the protein kinases, little attention has
been focused on identifying the ubiquitination sites of the
protein kinases by SIAH2. These sites should be equally
important as the phosphorylation sites in understanding these
pathways. In addition, although some work has been done, the
interaction domains between the protein kinases and SIAH2
need to be thoroughly investigated. The importance of these
aspects is highlighted by the findings that although SIAH2 also
interacts with PHD2, it does not mediate its degradation. The
mechanism underlying this observation could be determined
by comparing the potential ubiquitination sites and/or SIAH2-
interaction domains between PHD2 and PHD1/3. In addition,
protein phosphorylation is a two-way process. When evaluating

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2021 | Volume 9 | Article 646687


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Xu and Li

Regulation of the SIAH2-HIF-1 Axis

phosphorylation of SIAH2 by protein kinases, we must also
consider the potential dephosphorylation process carried out by
protein phosphatases. The study in this area is apparently lacking.
As aresult, no phosphatase has been reported to dephosphorylate
SIAH2. Research in this area is clearly needed.

Studies in the past have mainly focused on the regulation
of STAH2 by protein kinases at the posttranslational level. Very
little is known on whether and how these kinases regulation
SIAH2 at the transcriptional level and how SIAH2 is induced
transcriptionally under hypoxia. Although some evidence shows
that STAH2 can be transcriptionally induced in a PI3K/AKT-
dependent fashion under hypoxia, the detailed mechanism
remains to be determined. As PI3K pathway is known to
be activated by ROS and hypoxic condition can trigger ROS
production (Koundouros and Poulogiannis, 2018; Perillo et al.,
2020), a likely mechanism is that PI3K/AKT pathway is activated
by ROS in hypoxia, thereby promoting the transcription of
SIAH2 by activating the downstream transcriptional events.
Likewise, p38 and SRC can also be activated by ROS (Aikawa
et al., 1997; Emerling et al., 2005). It is conceivable these
kinases may also contribute to the transcriptional induction of
SIAH2 under hypoxia. Other hypoxia-responsive events may also
contribute to the activation of STAH2 transcription. Exploring
these mechanisms is clearly important for understanding the
broader role of the STAH2-HIF-1 signaling axis in the hypoxic
response under physiological and pathological conditions.

REGULATION OF THE SIAH2-HIF-1 AXIS
BY PROTEIN KINASES AND CANCER

The hypoxic response is deeply involved in tumorigenesis
and tumor progression (Semenza, 1999, 2000; Harris, 2002).
Elevated levels of HIF-la are often found in tumors, which
triggers neoangiogenesis that supplies nutrients and oxygen to
the tumor mass by increasing the expression of angiogenic
factors (Semenza, 1999, 2000; Bruick, 2003; Kaelin and
Ratcliffe, 2008). The hypoxic response also orchestrates cellular
changes that promote survival, sustain proliferation, and
elicit metabolic reprogramming to adapt to the hypoxic
tumor microenvironment (Semenza, 1999, 2000). The hypoxic
response from tumor cells and stroma cells also reshapes the
tumor microenvironment that promotes dormancy, stemness,
invasion, and metastasis of cancer cells (Qiu et al., 2017).
Given the importance of the hypoxic response in cancer,
inhibition of the pathways that regulate this process has been
increasingly recognized as an important strategy of cancer
therapy (Semenza, 2003, 2012b).

SIAH2 is a ubiquitin E3 ligase with multiple cellular targets. Its
functions in cancer biology are conceivably complex and context-
dependent. Mounting evidence supports the role of SIAH2 as a
tumor promoter in multiple types of cancer, including melanoma,
prostate cancer, pancreatic cancer, breast cancer, gastric cancer,
and lung cancer (Schmidt et al., 2007; Ahmed et al., 2008; Qi
et al., 2008, 2013; Moller et al., 2009; Nakayama et al., 2009; Shah
et al.,, 2009; Wong and Moller, 2013; Moreno et al., 2015; van
Reesema et al., 2016; Kokate et al., 2018). For instance, STAH2

serves as an oncoprotein with elevated expression in lung cancer
(Qi et al., 2013; Wong and Moller, 2013; Moreno et al., 2015).
The STAH2 mRNA level in non-small cell lung cancer is elevated
and positively associated with the grade and poor prognosis of the
patients (Moreno et al., 2015). SIAH2 promotes degradation of
Sprouty 2, a negative regulator of the Ras pathway, as well as the
hypoxic response pathway to promote tumorigenesis (Nakayama
et al., 2009; Wong and Moller, 2013). A recent study has linked
SIAH2 to the cellular response to oxidative stress, remodeling
of the tumor microenvironment, and tumor progression by
targeting NRF1 for degradation in breast cancer (Ma et al., 2019).
Another recent study has implicated SIAH2 in immune evasion
of melanoma by promoting Treg proliferation via degradation of
P27 (Scortegagna et al., 2020).

SIAH2 has emerged as an important regulator of the HIF-
1 pathway and cellular response to hypoxia. Evidence collected
thus far indicates that SIAH2 is directly regulated by at least
6 protein kinases. Among these kinases, p38, HIPK2, DYRK2,
CHK?2, and PLK3 have been linked to the regulation of HIF-
1 signaling via SIAH2. Although not yet been examined, it
would not be surprising that the regulation of SIAH2 by SRC
also has significant implications in the HIF-1 pathway and the
hypoxic response. Of interest, the four protein kinases that show
negative regulation of SIAH2 (activity and/or stability), namely
HIPK2, DYRK2, CHK2, and PLK3, are all considered to have
tumor suppressive functions and with roles in the DNA damage
response (Gwack et al., 2006; Sombroek and Hofmann, 2009;
Li et al,, 2017). All these kinases also have mutual regulatory
relationships with SIAH2. These findings raise a notion that
SIAH2 may participate in the tumor suppressive functions of
these kinases by inhibiting the HIF-1 pathway and the hypoxic
response in a feed forward fashion. For instance, HIPK2 may
activate p53 by phosphorylating p53 at Serine 46 on the one hand
and inhibit HIF-1 via SIAH2 on the other hand. In contrast,
the two kinases that positively regulates SIAH2, namely p38 and
SRC, both have well-established tumor promoting functions (Irby
and Yeatman, 2000; Igea and Nebreda, 2015). Along this line
of reasoning, SIAH2 may contribute to the tumor promoting
functions of these kinases by activating the HIF-1 pathway and
the hypoxic response. This notion would position SIAH2 at the
crossroad of several important oncogenic pathways to coordinate
the interaction between these pathways and the cellular hypoxic
response (Figure 2).

POTENTIAL OF TARGETING THE
SIAH2-HIF-1 AXIS AND ITS KINASE
REGULATORS FOR CANCER THERAPY

Given the role of SIAH2 in the hypoxic response and cancer,
this E3 ubiquitin ligase and its kinase regulators may be
targeted for cancer therapy. The kinases that regulate STAH2 are
all considered druggable, with relatively well-established small
molecule inhibitors (Table 2). Although inhibiting a ubiquitin
E3 ligase such as SIAH2 is more challenging, some inhibitors
of SIAH2 have, nonetheless, been identified (Shah et al., 2009;
Stebbins et al., 2013; Feng et al., 2019; Table 2). The therapeutic
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FIGURE 2 | Regulation of the SIAH2-HIF-1 axis by protein kinases. Green arrows indicate activation. Red T bars indicate inhibition.

values of the inhibitors targeting STAH2 and its kinase regulators
with respect to the STAH2-HIF-1 signaling axis, when used alone
or combined remain to be thoroughly evaluated. It is conceivable
that inhibition of SIAH2 and/or the kinases that regulate STAH2
may change the response of cancer cells to the hypoxic condition,
thereby altering the trajectory of cancer progression. These
changes could either produce therapeutic effects directly or open
new therapeutic windows for other therapies.

SIAH2 Inhibitors
The role of STAH2 in HIF-1 and Ras signaling positions SITAH2
as a potentially high-value target for cancer therapy. However,
targeting an E3 ligase is difficult due to its lack of a well-defined
catalytic domain. An inhibitor of SIAH2 would have to be able
to interrupt the interaction between SIAH2 and its substrates
or other components of the ligase complex in cases that STAH2
works as an E3 ligase in complex with other proteins. Although
continuing effort has identified a number of STAH2 inhibitors
(Table 2), the therapeutic values of these inhibitors in cancer
therapy remain to be evaluated in depth.

Vitamin K3 (Menadione, MEN), a synthetic analog of vitamin
K, is the first known small molecule inhibitor of SIAH2,
identified by screening a library of 1840 compounds (Shah
et al., 2009). Cellular work showed strong inhibition of SIAH2
self-ubiquitination/degradation and increase in the downstream
targets of SIAH2, namely HIF-la and Sprouty2, by MEN or
its derivative (Shah et al., 2009). The inhibitory effect was not

observed in SIAH2 knockout cells, confirming its specificity
(Shah et al., 2009). MEN inhibits STAH2 with an ICsy of 20
WM (Shah et al,, 2009; Table 2). Notably, the inhibition was
not affected by the free radical scavenger N-acetyl cysteine,
suggesting that the effect of MEN is not caused by induction of
free radicals, the known products of MEN treatment (Criddle
et al., 2006; Shah et al., 2009). MEN has been shown to inhibit
melanoma progression in the subcutaneous xenograft model and
attenuate chemo resistance of chronic myeloid leukemia in the
hypoxic microenvironment (Shah et al., 2009; Huang et al., 2018).
However, when evaluating the therapeutic value of MEN, its
ability to generate free radicals should not be overlooked. This
effect could be a double-edged sword. On the one hand, it may
potentiate the acute effect of MEN to kill cancer cells, particularly
at high doses. On the other hand, it could facilitate tumor growth
and metastasis at the low doses by regulating the stroma cells (e.g.,
cancer-associated fibroblasts) as well as cancer cells in the tumor
microenvironment (Perillo et al., 2020).

Using a combination of Affinity Selection-Mass Spectrometry,
a protein thermal shift-based assay, and an in silico-based
screen, a number of small molecular inhibitors of SITAH2 have
recently been identified (Feng et al., 2019). The top two hits that
preferentially inhibit STAH2 are a derivative of betulinic acid and
adapalene (Feng et al., 2019). These compounds inhibit STAH?2 at
the micromolar level of IC5( based on the cell viability assay using
several melanoma and prostate cancer cell lines, with adapalene
being a stronger inhibitor (Feng et al., 2019; Table 2).
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TABLE 2 | Representative inhibitors of SIAH2 and protein kinases that regulate
SIAH2.

Target Inhibitor ICso References
SIAH2 BI-107F7 20 uM Shah et al., 2009
BI-107F9 5-10 uM Shah et al., 2009
Menadione 5-10 uM Feng et al., 2019
Betulinic acid 0.1 uM Stebbins et al., 2013
Adapalene 0.1 uM Stebbins et al., 2013
p38 SB203580 <1 uM Young et al., 1997
Y2228820 5.3-3.2nM Fisk et al., 2014; Cicenas
etal., 2017
SCIO-469 9-90 nM Fisk et al., 2014; Cicenas
etal., 2017
BIRB-796 38-520 nM Fisk et al., 2014; Cicenas
etal., 2017
PH-797804 26-102 nM Fisk et al., 2014; Cicenas
etal., 2017
VX-745 10-220 nM Fisk et al., 2014; Cicenas
etal., 2017
HIPK2 TBID 0.33 uM Yamada et al., 2009
DYRK2 Curcumin 5nM Nguyen et al., 2017; Jarhad
etal., 2018
BINDY 7.94 nM Nguyen et al., 2017; Jarhad
etal.,, 2018
LDN192960 13 nM Banerjee et al., 2019
CHK2 AZD7762 5nM Zabludoff et al., 2008
NSC1095554 0.22-24 uM Jobson et al., 2007;
Jobson et al., 2009
NSC744039 0.22-24 uM Jobson et al., 2007;
Jobson et al., 2009
2-arylbenzimidazole 15nM Arienti et al., 2005
VRX0466617 120 nM Carlessi et al., 2007
Isothiazole 0.09-0.46 M Larson et al., 2007
carboxamidine
CCT241533 3nM Anderson et al., 2011
PIk3 Poloxipan 3.2 uM Kumar and Kim, 2015
SRC Dasatinib 0.55 nM Sen and Johnson, 2011;
Levitzki, 2013
Saracatinib <4 nM Sen and Johnson, 2011;
Levitzki, 2013
Bosutinib <4 nM Sen and Johnson, 2011;

Levitzki, 2013

Inhibition of SIAH2 using the polypeptide approach has
also been explored. The rationale is to use a small peptide to
interfere the binding between SIAH2 and its scaffold proteins or
its substrates. Thus, overexpression of a polypeptide containing
the first 130 amino acids of phyllopod, a Drosophila Siah
scaffold protein, inhibits Siah-induced substrate degradation as
well as breast cancer progression and melanoma metastasis (Qi
et al, 2008; Moller et al,, 2009). A shorter cell-penetrating
polypeptide of 23 amino acids corresponding to amino acid
108-130 of phyllopod, which binds to the substrate binding
domain of Siah, was able to inhibit the ubiquitin ligase
activity of Siah in cultured cells (Moller et al., 2009). With
this information, a recent study using a strategy based
on rational structure-based design identified a number of
peptides that covalently bind to SIAH2, thereby inhibiting

the interaction between SIAH2 and its substrate without
affecting its self-ubiquitination. The most potent one is BI-
107F7 and its cell permeable derivative BI-107F9, which
inhibit SIAH2 at an ICsy of 0.1 wM (Stebbins et al., 2013;
Table 2). BI-107F9 was able to reduce the HIF-la level
in SW1 mouse melanoma cells maintained under hypoxia
(Stebbins et al., 2013).

Inhibitors of Protein Kinases That

Regulates SIAH2

p38 Inhibitors

The involvement of p38 in a broad spectrum of cellular processes
and multiple human pathological conditions, particularly
inflammatory diseases and cancer, suggests that it may serve
as an excellent therapeutic target (Wagner and Nebreda, 2009;
Kyriakis and Avruch, 2012; Koul et al., 2013; Young, 2013; Fisk
et al,, 2014; Igea and Nebreda, 2015; Asih et al., 2020). Therefore,
there has been significant interest in its inhibitors. Since the
discovery of the first inhibitors of p38, namely SB203580 and
SB202190, more than 20 years ago (Young et al., 1997), a few
p38 inhibitors with improved selectivity and safety profiles have
been developed and explored for the treatment of, among other
human conditions, cancer (Fisk et al., 2014; Cicenas et al., 2017).
These inhibitors are either type I (ATP competitive) or type II
(allosteric inhibitors) with nanomolar ICsq levels (Cicenas et al.,
2017). These inhibitors also inhibit different isoforms of p38 (i.e.,
p38a-3) with different potency (Cicenas et al., 2017). Several
clinical trials are underway for the treatment of various types of
cancer using p38 inhibitors, including 1Y2228820, SCIO-469,
BIRB-796, PH-797804, and VX-745 (Fisk et al., 2014; Cicenas
etal., 2017; Table 2).

HIPK2 Inhibitors

HIPK2 has been increasingly recognized as a valid therapeutic
target for cancer and renal fibrosis due to its role in the
p53 pathway and TGF-B pathway. However, relatively limited
progress has been made on its inhibitors to date. The p38
inhibitor SB203580 was initially regarded as also an inhibiter of
HIPK2 due to the similarity of these two kinases (Di Stefano
et al., 2004; Roscic et al., 2006; Yamada et al., 2009). However,
a later study comparing its effect on 71 protein kinases showed
that this compound (at 1 wM) has limited effect on the HIPK2
kinase activity while strongly inhibits 6 other protein kinases
(Cozza et al., 2014). This study puts the selectivity of SB203580
toward HIPK2 in question. Using a rational design approach,
this group developed an inhibitor of HIPK2 based on inhibitors
of CK2 (Yamada et al., 2009). This compound, named TBID,
exhibited strong selectivity toward HIPK2, with an ICsy of 0.33
WM (Yamada et al., 2009; Table 2).

DYRK Inhibitors

The search for inhibitors of the DYRK family kinases has
been focused on DYRK1A due to its more established role
in cancer and neurological conditions (Aranda et al, 2011;
Soppa and Becker, 2015; Boni et al., 2020). A number of
DYRKIA inhibitors have been identified with various selectivity
(Nguyen et al, 2017; Jarhad et al, 2018). These inhibitors
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belong to several classes of compounds: pyrimidine derivatives,
quinolones and quinazolines, indole derivatives, benzothiazole
derivatives, imidazoles, harmine derivatives, and imidazolones
(Nguyen et al., 2017; Jarhad et al., 2018). The similarity between
DYRKI1A and DYRK2 allows some of these inhibitors to also
inhibit DYRK2, albeit with different potency compared to
DYRKIA (Nguyen et al,, 2017; Jarhad et al,, 2018; Table 2).
For instance, harmine inhibits all members of the DYRK family,
although with higher selectivity toward DYRK1A. Curcumin,
an active ingredient of Curcuma longa, has been shown to
be more selective toward DYRK2 (with ICsq of 5 nM) over
other members of the DYRK family. BINDY, a benzothiazole
derivative, more potently inhibits DYRK2 (IC5p = 7.94 nM)
than DYRK1A (IC5p = 25.1 nM) (Nguyen et al., 2017; Jarhad
et al, 2018). A recent study identified another selective
DYRK2 inhibitor named LDN192960 with an ICsy of 13
nM (Banerjee et al., 2019). This compound has a significant
advantage over curcumin, which is hydrophobic, in that it is
hydrophilic. This feature allows more cell permeability and
makes it a more attractive drug candidate (Banerjee et al., 2019).
This compound is able to inhibit proliferation and invasion,
induce cell death of triple negative breast cancer cells, and
blunt tumor progression of these cells in xenograft model
(Banerjee et al., 2019).

CHK2 Inhibitors

Significant effort has been made on identifying CHK2 inhibitors
due to the strong involvement of CHK2 in cancer and the
potential for combined therapy with other chemotherapeutic
drugs. AZD7762 (thiophene carboxamide urea), discovered as a
CHK1 inhibitor, inhibits CHK2 and CHK1 with approximately
equal potency (ICsop = 5 nM) (Zabludoff et al., 2008). More
selective inhibitors of CHK2 include NSC1095554 and its
derivative NSC744039 (PV1019) (ICs5¢ = 0.22 - 24 pM) (Jobson
et al., 2007, 2009), 2-arylbenzimidazole (IC5p = 15 nM) (Arienti
et al., 2005), VRX0466617 (ICsy = 120 nM) (Carlessi et al., 2007),
a series of isothiazole carboxamidine compounds (ICsq = 0.087 -
0.46 pwM) (Larson et al., 2007), CCT241533 (IC5o = 3 nM)
(Anderson et al, 2011), pyrazole-benzimidazole conjugates
(IC50 = 5.5 nM - 67.07 nM) (Galal et al., 2017, 2018a), and
pyrimidine-benzimidazole conjugates (ICsy = 5.56 nM - 46.20
nM) (Galal et al., 2018b; Table 2). Some of these compounds (e.g.,
CCT241533 and NSC744039) have been shown to potentiate the
effect of chemotherapeutic drugs in cultured cancer cells (Jobson
et al., 2009; Anderson et al., 2011).

PLKS Inhibitors

Searching for inhibitors of the PLK family kinases has been
focused on PLK1 due to its well-established role in cancer as
a tumor promotor (Strebhardt, 2010; Murugan et al, 2011;
Liu, 2015). Several PLK1 inhibitors, both ATP competitive and
non-ATP competitive, are in preclinical or clinical trials for
cancer therapy, including Rigosertib (ON 01910), Volasertib
(B16727), GSK461364, GW843682, PPG, Onvansertib (NMS-
P937), BI2536, MLN0905, Ro3280, Cyclapolinl, and SBE 13
(Murugan et al., 2011; Kumar and Kim, 2015; Liu, 2015). These

inhibitors typically have nanomolar ICsq levels toward PLK1
(Murugan et al., 2011; Kumar and Kim, 2015; Liu, 2015). Majority
of these inhibitors also inhibits PLK3, albeit with at least four
times higher ICs levels. Among them, GW843682 has the closest
ICsq level toward PLK3 compared to that of PLK1 (9.1 nM for
PLK3 vs. 2.2 nM for PLK1) (Murugan et al., 2011; Liu, 2015).
Attempts to enhance the specificity toward PLKs over other
kinases or PLK1 over other PLKs have been made to inhibit its
PBD using small molecules, phosphopeptides, or using siRNA
(Kumar and Kim, 2015; Hymel et al., 2018; Alverez et al., 2020).
For instance, small chemicals Poloxin and poloxipan inhibit the
polo box of PLKs with the ICsq ranging from 1.17 uM to 53.9
wM toward PLK 1/2/3. Poloxipan has about equal potency toward
PLK1 and PLK3 (ICsg of 3.0 uM for PLK1 and 3.2 @M for PLK3)
(Table 2) whereas Poloxin is more selective toward PLK1 (ICsg
of 4.8 wM for PLK1 and 53.9 uwM for PLK3) (Kumar and Kim,
2015). TKM-080301, an siRNA-based PLK1 inhibitor specifically
targets PLK1 and inhibits xenograft tumors (Kumar and Kim,
2015). An inhibitor that preferentially inhibits PLK3 is clearly
needed in order to selectively target PLK3.

SRC Inhibitors

A few tyrosine kinase inhibitors (TKIs) with activity toward SRC
have been identified to date. SRC inhibitors tend to also inhibit
other members of the SRC family tyrosine kinases, as well as
receptor tyrosine kinases (Sen and Johnson, 2011; Levitzki, 2013).
Some of these are either in clinical trials or have been marketed
to treat various types of cancer. For instance, Dasatinib (BMS-
354825), a small molecular inhibitor of multiple tyrosine kinases
with an ICsy of 0.55 nM toward SRC and the similar IC5y for
other tyrosine kinases of the SRC family, has been shown to
inhibit the progression of chronic myelogenous leukemia (CML)
and other cancer types (Sen and Johnson, 2011; Levitzki, 2013).
Other prominent TKIs include Saracatinib (AZD0530) with an
ICsp of < 4 nM for SRC family tyrosine kinases and Bosutinib
(SKI-606) with a similar IC5p toward the SRC family tyrosine
kinases (Sen and Johnson, 2011; Levitzki, 2013; Table 2). These
TKIs exhibit significant therapeutic effects on solid tumors (e.g.,
breast cancer) (Sen and Johnson, 2011; Levitzki, 2013).

CONCLUSIONS AND PERSPECTIVES

The list of protein kinases that regulate STAH2 will likely become
longer over time. The regulation of the HIF-1 pathway and
the cellular hypoxic response by STAH2 highlights the potential
importance of this protein in converging inputs from multiple
kinases to the HIF-1 pathway. This feature of the SIAH2-
HIF-1 signaling axis combined with the fact that SIAH2 is a
potentially druggable protein present some appealing therapeutic
opportunities for cancer treatment. The therapeutic value of this
signaling axis could be more attractive for combined therapy
targeting the kinases that regulate SIAH2. In addition, the
expression level of STAH2 may have an important prognostic
value in certain cancer types. However, in order to target
the SIAH2-HIF-1 axis for cancer therapy, we must fully
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appreciate the complexity of the pathway and its downstream
biological effects. The protein kinases that regulate STAH2 all
have multiple targets in addition to STAH2. SIAH2, as an E3
ubiquitin ligase, regulates the degradation of many different
cellular targets too. There are also mutual regulative mechanisms
between SIAH2 and some of the protein kinases that regulate
SIAH2 (Figure 2). A positive feedback relationship also exists
between SIAH2 and the HIF-1 pathway. These characteristics
present both challenges and opportunities in the understanding
and targeting of this important signaling axis. Further studies in
these areas should be a fruitful endeavor.

REFERENCES

Ahmed, A. U, Schmidt, R. L., Park, C. H., Reed, N. R, Hesse, S. E., Thomas,
C. F,, et al. (2008). Effect of disrupting seven-in-absentia homolog 2 function
on lung cancer cell growth. J. Natl. Cancer Inst. 100, 1606-1629. doi: 10.1093/
jnci/djn365

Aikawa, R., Komuro, I., Yamazaki, T., Zou, Y., Kudoh, S., Tanaka, M., et al.
(1997). Oxidative stress activates extracellular signal-regulated kinases through
Src and Ras in cultured cardiac myocytes of neonatal rats. J. Clin. Invest. 100,
1813-1821. doi: 10.1172/jci119709

Alverez, C. N, Park, J. E., Toti, K. S., Xia, Y., Krausz, K. W,, Rai, G., et al. (2020).
Identification of a new heterocyclic scaffold for inhibitors of the polo-box
domain of polo-like kinase 1. . Med. Chem. 63, 14087-14117. doi: 10.1021/
acs.jmedchem.0c01669

Anderson, V. E., Walton, M. 1, Eve, P. D., Boxall, K. J., Antoni, L., Caldwell,
J. J., et al. (2011). CCT241533 is a potent and selective inhibitor of CHK2
that potentiates the cytotoxicity of PARP inhibitors. Cancer Res. 71, 463-472.
doi: 10.1158/0008-5472.can-10-1252

Andrysik, Z., Bernstein, W. Z., Deng, L., Myer, D. L., Li, Y. Q., Tischfield, J. A.,
et al. (2010). The novel mouse Polo-like kinase 5 responds to DNA damage and
localizes in the nucleolus. Nucleic Acids Res. 38, 2931-2943. doi: 10.1093/nar/
gkqO011

Aranda, S., Laguna, A., and De La Luna, S. (2011). DYRK family of protein kinases:
evolutionary relationships, biochemical properties, and functional roles. FASEB
J. 25, 449-462. doi: 10.1096/1j.10- 165837

Archambault, V., and Glover, D. M. (2009). Polo-like kinases: conservation and
divergence in their functions and regulation. Nat. Rev. Mol. Cell. Biol. 10,
265-275. doi: 10.1038/nrm2653

Arienti, K. L., Brunmark, A., Axe, F. U., Mcclure, K., Lee, A., Blevitt, J., et al. (2005).
Checkpoint kinase inhibitors: SAR and radioprotective properties of a series of
2-arylbenzimidazoles. J. Med. Chem. 48, 1873-1885. doi: 10.1021/jm0495935

Asih, P. R, Prikas, E., Stefanoska, K., Tan, A. R. P, Ahel, H. L, and Ittner, A.
(2020). Functions of p38 MAP kinases in the central nervous system. Front.
Mol. Neurosci. 13:570586. doi: 10.3389/fnmol.2020.570586

Baba, K., Morimoto, H., and Imaoka, S. (2013). Seven in absentia homolog 2
(Siah2) protein is a regulator of NF-E2-related factor 2 (Nrf2). J. Biol. Chem.
288, 18393-18405. doi: 10.1074/jbc.m112.438762

Bahassi El, M., Conn, C. W., Myer, D. L., Hennigan, R. F., Mcgowan, C. H., Sanchez,
Y., et al. (2002). Mammalian Polo-like kinase 3 (Plk3) is a multifunctional
protein involved in stress response pathways. Oncogene 21, 6633-6640. doi:
10.1038/sj.0nc.1205850

Banerjee, S., Wei, T., Wang, J., Lee, J. J., Gutierrez, H. L., Chapman, O., et al.
(2019). Inhibition of dual-specificity tyrosine phosphorylation-regulated kinase
2 perturbs 26S proteasome-addicted neoplastic progression. Proc. Natl. Acad.
Sci. U.S.A. 116, 24881-24891. doi: 10.1073/pnas.1912033116

Bartek, J., and Lukas, J. (2003). Chkl and Chk2 kinases in checkpoint control and
cancer. Cancer Cell 3, 421-429. doi: 10.1016/s1535-6108(03)00110-7

Becker, W., and Joost, H. G. (1999). Structural and functional characteristics of
Dyrk, a novel subfamily of protein kinases with dual specificity. Prog. Nucleic
Acid Res. Mol. Biol. 62, 1-17. doi: 10.1016/s0079-6603(08)60503- 6

Blaquiere, J. A., and Verheyen, E. M. (2017). Homeodomain-interacting protein
kinases: diverse and complex roles in development and disease. Curr. Top. Dev.
Biol. 123, 73-103. doi: 10.1016/bs.ctdb.2016.10.002

AUTHOR CONTRIBUTIONS

DX drafted the manuscript. CL participated in writing and editing
the manuscript. Both authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported
Bridge Funding (DX).

in part by NYMC/Touro

Boni, J., Rubio-Perez, C., Lopez-Bigas, N., Fillat, C, and De La Luna, S.
(2020). The DYRK family of kinases in cancer: molecular functions and
therapeutic opportunities. Cancers (Basel) 12:2106. doi: 10.3390/cancers12
082106

Bruick, R. K. (2003). Oxygen sensing in the hypoxic response pathway: regulation
of the hypoxia-inducible transcription factor. Genes Dev. 17, 2614-2623. doi:
10.1101/gad.1145503

Calzado, M. A., De La Vega, L., Moller, A., Bowtell, D. D., and Schmitz, M. L.
(2009). An inducible autoregulatory loop between HIPK2 and Siah2 at the
apex of the hypoxic response. Nat. Cell Biol. 11, 85-91. doi: 10.1038/nc
b1816

Carbia-Nagashima, A., Gerez, J., Perez-Castro, C., Paez-Pereda, M., Silberstein,
S., Stalla, G. K., et al. (2007). RSUME, a small RWD-containing protein,
enhances SUMO conjugation and stabilizes HIF-1alpha during hypoxia. Cell
131, 309-323. doi: 10.1016/j.cell.2007.07.044

Carlessi, L., Buscemi, G., Larson, G., Hong, Z., Wu, J. Z., and Delia, D. (2007).
Biochemical and cellular characterization of VRX0466617, a novel and selective
inhibitor for the checkpoint kinase Chk2. Mol. Cancer Ther. 6, 935-944. doi:
10.1158/1535-7163.mct-06-0567

Carmeliet, P, Dor, Y., Herbert, J. M., Fukumura, D., Brusselmans, K., Dewerchin,
M., et al. (1998). Role of HIF-lalpha in hypoxia-mediated apoptosis, cell
proliferation and tumour angiogenesis. Nature 394, 485-490. doi: 10.1038/
28867

Cheng, J., Kang, X., Zhang, S., and Yeh, E. T. (2007). SUMO-specific protease 1
is essential for stabilization of HIFlalpha during hypoxia. Cell 131, 584-595.
doi: 10.1016/j.cell.2007.08.045

Choi, C. Y., Kim, Y. H., Kwon, H. J., and Kim, Y. (1999). The homeodomain
protein NK-3 recruits Groucho and a histone deacetylase complex to repress
transcription. J. Biol. Chem. 274, 33194-33197. doi: 10.1074/jbc.274.47.33194

Cicenas, J., Zalyte, E., Rimkus, A., Dapkus, D., Noreika, R., and Urbonavicius, S.
(2017). JNK, p38, ERK, and SGK1 inhibitors in cancer. Cancers (Basel) 10:1.
doi: 10.3390/cancers10010001

Correa-Saez, A., Jimenez-Izquierdo, R., Garrido-Rodriguez, M., Morrugares, R.,
Munoz, E., and Calzado, M. A. (2020). Updating dual-specificity tyrosine-
phosphorylation-regulated kinase 2 (DYRK2): molecular basis, functions and
role in diseases. Cell. Mol. Life Sci. 77, 4747-4763. doi: 10.1007/s00018-020-
03556-1

Cozza, G., Zanin, S., Determann, R., Ruzzene, M., Kunick, C., and Pinna, L. A.
(2014). Synthesis and properties of a selective inhibitor of homeodomain-
interacting protein kinase 2 (HIPK2). PLoS One 9:e89176. doi: 10.1371/journal.
pone.0089176

Criddle, D. N., Gillies, S., Baumgartner-Wilson, H. K., Jaffar, M., Chinje,
E. C., Passmore, S., et al. (2006). Menadione-induced reactive oxygen
species generation via redox cycling promotes apoptosis of murine pancreatic
acinar cells. J. Biol. Chem. 281, 40485-40492. doi: 10.1074/jbc.m6077
04200

de Carcer, G., Escobar, B., Higuero, A. M., Garcia, L., Anson, A., Perez, G., et al.
(2011a). PIk5, a polo box domain-only protein with specific roles in neuron
differentiation and glioblastoma suppression. Mol. Cell. Biol. 31, 1225-1239.
doi: 10.1128/mcb.00607-10

de Carcer, G., Manning, G., and Malumbres, M. (2011b). From Plkl to PIk5:
functional evolution of polo-like kinases. Cell Cycle 10, 2255-2262. doi: 10.
4161/cc.10.14.16494

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2021 | Volume 9 | Article 646687


https://doi.org/10.1093/jnci/djn365
https://doi.org/10.1093/jnci/djn365
https://doi.org/10.1172/jci119709
https://doi.org/10.1021/acs.jmedchem.0c01669
https://doi.org/10.1021/acs.jmedchem.0c01669
https://doi.org/10.1158/0008-5472.can-10-1252
https://doi.org/10.1093/nar/gkq011
https://doi.org/10.1093/nar/gkq011
https://doi.org/10.1096/fj.10-165837
https://doi.org/10.1038/nrm2653
https://doi.org/10.1021/jm0495935
https://doi.org/10.3389/fnmol.2020.570586
https://doi.org/10.1074/jbc.m112.438762
https://doi.org/10.1038/sj.onc.1205850
https://doi.org/10.1038/sj.onc.1205850
https://doi.org/10.1073/pnas.1912033116
https://doi.org/10.1016/s1535-6108(03)00110-7
https://doi.org/10.1016/s0079-6603(08)60503-6
https://doi.org/10.1016/bs.ctdb.2016.10.002
https://doi.org/10.3390/cancers12082106
https://doi.org/10.3390/cancers12082106
https://doi.org/10.1101/gad.1145503
https://doi.org/10.1101/gad.1145503
https://doi.org/10.1038/ncb1816
https://doi.org/10.1038/ncb1816
https://doi.org/10.1016/j.cell.2007.07.044
https://doi.org/10.1158/1535-7163.mct-06-0567
https://doi.org/10.1158/1535-7163.mct-06-0567
https://doi.org/10.1038/28867
https://doi.org/10.1038/28867
https://doi.org/10.1016/j.cell.2007.08.045
https://doi.org/10.1074/jbc.274.47.33194
https://doi.org/10.3390/cancers10010001
https://doi.org/10.1007/s00018-020-03556-1
https://doi.org/10.1007/s00018-020-03556-1
https://doi.org/10.1371/journal.pone.0089176
https://doi.org/10.1371/journal.pone.0089176
https://doi.org/10.1074/jbc.m607704200
https://doi.org/10.1074/jbc.m607704200
https://doi.org/10.1128/mcb.00607-10
https://doi.org/10.4161/cc.10.14.16494
https://doi.org/10.4161/cc.10.14.16494
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Xu and Li

Regulation of the SIAH2-HIF-1 Axis

Della, N. G., Senior, P. V., and Bowtell, D. D. (1993). Isolation and characterisation
of murine homologues of the Drosophila seven in absentia gene (sina).
Development 117, 1333-1343.

Di Stefano, V., Rinaldo, C., Sacchi, A., Soddu, S., and D’orazi, G. (2004).
Homeodomain-interacting protein kinase-2 activity and p53 phosphorylation
are critical events for cisplatin-mediated apoptosis. Exp. Cell Res. 293, 311-320.
doi: 10.1016/j.yexcr.2003.09.032

Dickins, R. A., Frew, L. J., House, C. M., O’bryan, M. K., Holloway, A. J., Haviv, I,
et al. (2002). The ubiquitin ligase component Siah1la is required for completion
of meiosis I in male mice. Mol. Cell. Biol. 22, 2294-2303. doi: 10.1128/mcb.22.
7.2294-2303.2002

Dixit, P., Kokate, S. B., Poirah, I., Chakraborty, D., Smoot, D. T., Ashktorab, H.,
et al. (2021). Helicobacter pylori-induced gastric cancer is orchestrated
by MRCKbeta-mediated Siah2 phosphorylation. J. Biomed. Sci.
28:12.

Eales, K. L., Hollinshead, K. E., and Tennant, D. A. (2016). Hypoxia and metabolic
adaptation of cancer cells. Oncogenesis 5:¢190. doi: 10.1038/oncsis.2015.50
Eckerdt, F., Yuan, J., and Strebhardt, K. (2005). Polo-like kinases and oncogenesis.

Oncogene 24, 267-276. doi: 10.1038/sj.onc.1208273

Emerling, B. M., Platanias, L. C., Black, E., Nebreda, A. R., Davis, R.]., and Chandel,
N. S. (2005). Mitochondrial reactive oxygen species activation of p38 mitogen-
activated protein kinase is required for hypoxia signaling. Mol. Cell. Biol. 25,
4853-4862. doi: 10.1128/mcb.25.12.4853-4862.2005

Feng, Y., Sessions, E. H., Zhang, F., Ban, F., Placencio-Hickok, V., Ma, C. T., et al.
(2019). Identification and characterization of small molecule inhibitors of the
ubiquitin ligases Siah1/2 in melanoma and prostate cancer cells. Cancer Lett.
449, 145-162. doi: 10.1016/j.canlet.2019.02.012

Feng, Y., Zhou, L., Sun, X., and Li, Q. (2017). Homeodomain-interacting protein
kinase 2 (HIPK2): a promising target for anti-cancer therapies. Oncotarget 8,
20452-20461. doi: 10.18632/oncotarget.14723

Filippopoulou, C., Simos, G., and Chachami, G. (2020). The role of sumoylation in
the response to hypoxia: an overview. Cells 9:2359. doi: 10.3390/cells9112359

Finn, R. S. (2008). Targeting Src in breast cancer. Ann. Oncol. 19, 1379-1386.
doi: 10.1093/annonc/mdn291

Fisk, M., Gajendragadkar, P. R., Maki-Petaja, K. M., Wilkinson, I. B., and
Cheriyan, J. (2014). Therapeutic potential of p38 MAP kinase inhibition in the
management of cardiovascular disease. Am. J. Cardiovasc. Drugs 14, 155-165.
doi: 10.1007/s40256-014-0063-6

Flugel, D., Gorlach, A., Michiels, C., and Kietzmann, T. (2007). Glycogen synthase
kinase 3 phosphorylates hypoxia-inducible factor lalpha and mediates its
destabilization in a VHL-independent manner. Mol. Cell. Biol. 27, 3253-3265.
doi: 10.1128/mcb.00015-07

Frew, I. J., Hammond, V. E., Dickins, R. A., Quinn, J. M., Walkley, C. R,, Sims,
N. A, et al. (2003). Generation and analysis of Siah2 mutant mice. Mol. Cell.
Biol. 23,9150-9161. doi: 10.1128/mcb.23.24.9150-9161.2003

Galal, S. A., Abdelsamie, A. S., Shouman, S. A, Attia, Y. M., Ali, H. L, Tabll,
A., et al. (2017). Part I: design, synthesis and biological evaluation of novel
pyrazole-benzimidazole conjugates as checkpoint kinase 2 (Chk2) inhibitors
with studying their activities alone and in combination with genotoxic drugs.
Eur. J. Med. Chem. 134, 392-405. doi: 10.1016/j.ejmech.2017.03.090

Galal, S. A,, Khairat, S. H. M,, Ali, H. L, Shouman, S. A,, Attia, Y. M., Ali, M. M.,
et al. (2018a). Part II: new candidates of pyrazole-benzimidazole conjugates
as checkpoint kinase 2 (Chk2) inhibitors. Eur. J. Med. Chem. 144, 859-873.
doi: 10.1016/j.ejmech.2017.12.023

Galal, S. A., Khattab, M., Shouman, S. A., Ramadan, R., Kandil, O. M., Kandil,
O. M., et al. (2018b). Part III: novel checkpoint kinase 2 (Chk2) inhibitors;
design, synthesis and biological evaluation of pyrimidine-benzimidazole
conjugates. Eur. J. Med. Chem. 146, 687-708. doi: 10.1016/j.ejmech.2018.01.072

Garcia-Limones, C., Lara-Chica, M., Jimenez-Jimenez, C., Perez, M., Moreno, P.,
Munoz, E., et al. (2016). CHK2 stability is regulated by the E3 ubiquitin ligase
SIAH2. Oncogene 35, 4289-4301. doi: 10.1038/0nc.2015.495

Gibson, S. L., Bindra, R. S., and Glazer, P. M. (2005). Hypoxia-induced
phosphorylation of Chk2 in an ataxia telangiectasia mutated-dependent
manner. Cancer Res. 65, 10734-10741. doi: 10.1158/0008-5472.can-05-1160

Grishina, I, Debus, K., Garcia-Limones, C., Schneider, C., Shresta, A., Garcia,
C., et al. (2012). SIAH-mediated ubiquitination and degradation of acetyl-
transferases regulate the p53 response and protein acetylation. Biochim.
Biophys. Acta 1823, 2287-2296. doi: 10.1016/j.bbamcr.2012.09.011

Guo, X., Wang, X., Wang, Z., Banerjee, S, Yang, J., Huang, L., et al
(2016). Site-specific proteasome phosphorylation controls cell proliferation and
tumorigenesis. Nat. Cell Biol. 18, 202-212. doi: 10.1038/ncb3289

Gwack, Y., Sharma, S., Nardone, J., Tanasa, B., Tuga, A., Srikanth, S., et al.
(2006). A genome-wide Drosophila RNAi screen identifies DYRK-family
kinases as regulators of NFAT. Nature 441, 646-650. doi: 10.1038/nature0
4631

Habelhah, H., Frew, I. ], Laine, A., Janes, P. W., Relaix, F., Sassoon, D., et al. (2002).
Stress-induced decrease in TRAF2 stability is mediated by Siah2. EMBO J. 21,
5756-5765. doi: 10.1093/emboj/cdf576

Harris, A. L. (2002). Hypoxia-a key regulatory factor in tumour growth. Nat. Rev.
Cancer 2, 38-47. doi: 10.1038/nrc704

Helmke, C., Becker, S., and Strebhardt, K. (2016). The role of P1k3 in oncogenesis.
Oncogene 35, 135-147. doi: 10.1038/0nc.2015.105

Hofmann, T. G., Stollberg, N., Schmitz, M. L., and Will, H. (2003). HIPK2
regulates transforming growth factor-beta-induced c-Jun NH(2)-terminal
kinase activation and apoptosis in human hepatoma cells. Cancer Res. 63,
8271-8277.

House, C. M., Frew, L. J., Huang, H. L., Wiche, G., Traficante, N., Nice, E., et al.
(2003). A binding motif for Siah ubiquitin ligase. Proc. Natl. Acad. Sci. U.S.A.
100, 3101-3106. doi: 10.1073/pnas.0534783100

House, C. M., Hancock, N. C., Moller, A., Cromer, B. A., Fedorov, V., Bowtell, D. D.,
et al. (2006). Elucidation of the substrate binding site of Siah ubiquitin ligase.
Structure 14, 695-701. doi: 10.1016/j.str.2005.12.013

Hu, G, Chung, Y. L., Glover, T., Valentine, V., Look, A. T., and Fearon, E. R. (1997).
Characterization of human homologs of the Drosophila seven in absentia (sina)
gene. Genomics 46, 103-111. doi: 10.1006/geno0.1997.4997

Huang, J., Lu, Z,, Xiao, Y., He, B., Pan, C., Zhou, X,, et al. (2018). Inhibition
of Siah2 ubiquitin ligase by vitamin K3 attenuates chronic myeloid leukemia
chemo-resistance in hypoxic microenvironment. Med. Sci. Monit. 24, 727-735.
doi: 10.12659/msm.908553

Hudson, J. W., Kozarova, A., Cheung, P., Macmillan, J. C., Swallow, C. J., Cross,
J. C., et al. (2001). Late mitotic failure in mice lacking Sak, a polo-like kinase.
Curr. Biol. 11, 441-446. doi: 10.1016/s0960-9822(01)00117-8

Hymel, D., Grant, R. A,, Tsuji, K., Yaffe, M. B, and Burke, T. R. Jr. (2018).
Histidine N(tau)-cyclized macrocycles as a new genre of polo-like kinase 1
polo-box domain-binding inhibitors. Bioorg. Med. Chem. Lett. 28, 3202-3205.
doi: 10.1016/j.bmcl.2018.08.018

Igea, A., and Nebreda, A. R. (2015). The stress kinase p38alpha as a target for
cancer therapy. Cancer Res. 75, 3997-4002. doi: 10.1158/0008-5472.can-1
5-0173

Irby, R. B,, and Yeatman, T. J. (2000). Role of Src expression and activation in
human cancer. Oncogene 19, 5636-5642. doi: 10.1038/sj.onc.1203912

Jarhad, D. B., Mashelkar, K. K., Kim, H. R., Noh, M., and Jeong, L. S. (2018). Dual-
specificity tyrosine phosphorylation-regulated kinase 1A (DYRK1A) inhibitors
as potential therapeutics. J. Med. Chem. 61, 9791-9810. doi: 10.1021/acs.
jmedchem.8b00185

Jobson, A. G., Cardellina, J. H. II, Scudiero, D., Kondapaka, S., Zhang, H.,
Kim, H., et al. (2007). Identification of a Bis-guanylhydrazone [4,4’-
Diacetyldiphenylurea-bis(guanylhydrazone); NSC 109555] as a novel
chemotype for inhibition of Chk2 kinase. Mol. Pharmacol. 72, 876-884.
doi: 10.1124/mol.107.035832

Jobson, A. G., Lountos, G. T., Lorenzi, P. L., Llamas, J., Connelly, J., Cerna, D., et al.
(2009). Cellular inhibition of checkpoint kinase 2 (Chk2) and potentiation of
camptothecins and radiation by the novel Chk2 inhibitor PV1019 [7-nitro-1H-
indole-2-carboxylic acid {4-[1-(guanidinohydrazone)-ethyl]-phenyl}-amide].
J. Pharmacol. Exp. Ther. 331, 816-826. doi: 10.1124/jpet.109.154997

Kaelin, W. G. Jr., and Ratcliffe, P. J. (2008). Oxygen sensing by metazoans: the
central role of the HIF hydroxylase pathway. Mol. Cell 30, 393-402. doi:
10.1016/j.molcel.2008.04.009

Khurana, A., Nakayama, K., Williams, S., Davis, R. J., Mustelin, T., and Ronai, Z.
(2006). Regulation of the ring finger E3 ligase Siah2 by p38 MAPK. J. Biol. Chem.
281, 35316-35326. doi: 10.1074/jbc.m606568200

Kietzmann, T., Mennerich, D., and Dimova, E. Y. (2016). Hypoxia-inducible
factors (HIFs) and phosphorylation: impact on stability, localization, and
transactivity. Front. Cell Dev. Biol. 4:11. doi: 10.3389/fcell.2016.00011

Kokate, S. B., Dixit, P., Das, L., Rath, S, Roy, A. D., Poirah, I, et al
(2018). Acetylation-mediated Siah2 stabilization enhances PHD3 degradation

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2021 | Volume 9 | Article 646687


https://doi.org/10.1016/j.yexcr.2003.09.032
https://doi.org/10.1128/mcb.22.7.2294-2303.2002
https://doi.org/10.1128/mcb.22.7.2294-2303.2002
https://doi.org/10.1038/oncsis.2015.50
https://doi.org/10.1038/sj.onc.1208273
https://doi.org/10.1128/mcb.25.12.4853-4862.2005
https://doi.org/10.1016/j.canlet.2019.02.012
https://doi.org/10.18632/oncotarget.14723
https://doi.org/10.3390/cells9112359
https://doi.org/10.1093/annonc/mdn291
https://doi.org/10.1007/s40256-014-0063-6
https://doi.org/10.1128/mcb.00015-07
https://doi.org/10.1128/mcb.23.24.9150-9161.2003
https://doi.org/10.1016/j.ejmech.2017.03.090
https://doi.org/10.1016/j.ejmech.2017.12.023
https://doi.org/10.1016/j.ejmech.2018.01.072
https://doi.org/10.1038/onc.2015.495
https://doi.org/10.1158/0008-5472.can-05-1160
https://doi.org/10.1016/j.bbamcr.2012.09.011
https://doi.org/10.1038/ncb3289
https://doi.org/10.1038/nature04631
https://doi.org/10.1038/nature04631
https://doi.org/10.1093/emboj/cdf576
https://doi.org/10.1038/nrc704
https://doi.org/10.1038/onc.2015.105
https://doi.org/10.1073/pnas.0534783100
https://doi.org/10.1016/j.str.2005.12.013
https://doi.org/10.1006/geno.1997.4997
https://doi.org/10.12659/msm.908553
https://doi.org/10.1016/s0960-9822(01)00117-8
https://doi.org/10.1016/j.bmcl.2018.08.018
https://doi.org/10.1158/0008-5472.can-15-0173
https://doi.org/10.1158/0008-5472.can-15-0173
https://doi.org/10.1038/sj.onc.1203912
https://doi.org/10.1021/acs.jmedchem.8b00185
https://doi.org/10.1021/acs.jmedchem.8b00185
https://doi.org/10.1124/mol.107.035832
https://doi.org/10.1124/jpet.109.154997
https://doi.org/10.1016/j.molcel.2008.04.009
https://doi.org/10.1016/j.molcel.2008.04.009
https://doi.org/10.1074/jbc.m606568200
https://doi.org/10.3389/fcell.2016.00011
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Xu and Li

Regulation of the SIAH2-HIF-1 Axis

in Helicobacter pylori-infected gastric epithelial cancer cells. FASEB J. 32,
5378-5389. doi: 10.1096/£.201701344rrr

Koul, H. K., Pal, M., and Koul, S. (2013). Role of p38 MAP kinase signal
transduction in solid tumors. Genes Cancer 4, 342-359. doi: 10.1177/
1947601913507951

Koundouros, N., and Poulogiannis, G. (2018). Phosphoinositide 3-kinase/akt
signaling and redox metabolism in cancer. Front. Oncol. 8:160. doi: 10.3389/
fonc.2018.00160

Kulisz, A., Chen, N., Chandel, N. S., Shao, Z., and Schumacker, P. T. (2002).
Mitochondrial ROS initiate phosphorylation of p38 MAP kinase during
hypoxia in cardiomyocytes. Am. J. Physiol. Lung Cell. Mol. Physiol. 282, L1324
L1329.

Kumar, S., and Kim, J. (2015). PLK-1 targeted inhibitors and their potential against
tumorigenesis. Biomed. Res. Int. 2015:705745.

Kyriakis, J. M., and Avruch, J. (2012). Mammalian MAPK signal transduction
pathways activated by stress and inflammation: a 10-year update. Physiol. Rev.
92, 689-737. doi: 10.1152/physrev.00028.2011

Lando, D., Peet, D. J., Gorman, J. J., Whelan, D. A., Whitelaw, M. L., and Bruick,
R. K. (2002). FIH-1 is an asparaginyl hydroxylase enzyme that regulates the
transcriptional activity of hypoxia-inducible factor. Genes Dev. 16, 1466-1471.
doi: 10.1101/gad.991402

Larson, G., Yan, S., Chen, H., Rong, F., Hong, Z., and Wu, J. Z. (2007). Identification
of novel, selective and potent Chk2 inhibitors. Bioorg. Med. Chem. Lett. 17,
172-175. doi: 10.1016/j.bmcl.2006.09.067

Levitzki, A. (2013). Tyrosine kinase inhibitors: views of selectivity, sensitivity,
and clinical performance. Annu. Rev. Pharmacol. Toxicol. 53, 161-185. doi:
10.1146/annurev-pharmtox-011112-140341

Li, B.,, Ouyang, B., Pan, H., Reissmann, P. T., Slamon, D. J., Arceci, R,, et al.
(1996). Prk, a cytokine-inducible human protein serine/threonine kinase whose
expression appears to be down-regulated in lung carcinomas. J. Biol. Chem. 271,
19402-19408. doi: 10.1074/jbc.271.32.19402

Li, C, Park, S., Zhang, X., Dai, W., and Xu, D. (2017). Mutual regulation between
Polo-like kinase 3 and SIAH2 E3 ubiquitin ligase defines a regulatory network
that fine-tunes the cellular response to hypoxia and nickel. J. Biol. Chem. 292,
11431-11444. doi: 10.1074/jbc.m116.767178

Li, S., Xu, C., and Carthew, R. W. (2002). Phyllopod acts as an adaptor protein to
link the sina ubiquitin ligase to the substrate protein tramtrack. Mol. Cell. Biol.
22, 6854-6865. doi: 10.1128/mcb.22.19.6854-6865.2002

Li, X. L., Arai, Y., Harada, H., Shima, Y., Yoshida, H., Rokudai, S., et al. (2007).
Mutations of the HIPK2 gene in acute myeloid leukemia and myelodysplastic
syndrome impair AML1- and p53-mediated transcription. Oncogene 26, 7231-
7239. doi: 10.1038/sj.onc.1210523

Liao, D., and Johnson, R. S. (2007). Hypoxia: a key regulator of angiogenesis
in cancer. Cancer Metastasis Rev. 26, 281-290. doi: 10.1007/s10555-007-9
066-y

Liu, X. (2015). Targeting Polo-like kinases: a promising therapeutic approach for
cancer treatment. Transl. Oncol. 8, 185-195. doi: 10.1016/j.tranon.2015.03.010

Lu, L. Y., Wood, J. L., Minter-Dykhouse, K., Ye, L., Saunders, T. L., Yu, X,, et al.
(2008). Polo-like kinase 1 is essential for early embryonic development and
tumor suppression. Mol. Cell. Biol. 28, 6870-6876. doi: 10.1128/mcb.00392-08

Ma, B., Cheng, H., Mu, C,, Geng, G., Zhao, T., Luo, Q,, et al. (2019). The STAH2-
NRF1 axis spatially regulates tumor microenvironment remodeling for tumor
progression. Nat. Commun. 10:1034.

Maddika, S., and Chen, J. (2009). Protein kinase DYRK2 is a scaffold that facilitates
assembly of an E3 ligase. Nat. Cell Biol. 11, 409-419. doi: 10.1038/ncb1848

Majmundar, A. J., Wong, W. ., and Simon, M. C. (2010). Hypoxia-inducible factors
and the response to hypoxic stress. Mol. Cell 40,294-309. doi: 10.1016/j.molcel.
2010.09.022

Matsuzawa, S. I., and Reed, J. C. (2001). Siah-1, SIP, and Ebi collaborate in a novel
pathway for beta-catenin degradation linked to p53 responses. Mol. Cell 7,
915-926. doi: 10.1016/s1097-2765(01)00242-8

Metzger, M. B., Pruneda, J. N., Klevit, R. E., and Weissman, A. M. (2014). RING-
type E3 ligases: master manipulators of E2 ubiquitin-conjugating enzymes and
ubiquitination. Biochim. Biophys. Acta 1843, 47-60. doi: 10.1016/j.bbamcr.
2013.05.026

Moller, A., House, C. M., Wong, C. S., Scanlon, D. B., Liu, M. C., Ronai, Z.,
etal. (2009). Inhibition of Siah ubiquitin ligase function. Oncogene 28, 289-296.
doi: 10.1038/0nc.2008.382

Moreno, P., Lara-Chica, M., Soler-Torronteras, R., Caro, T., Medina, M., Alvarez,
A., etal. (2015). The expression of the ubiquitin ligase STAH2 (seven in absentia
homolog 2) is increased in human lung cancer. PLoS One 10:€0143376. doi:
10.1371/journal.pone.0143376

Morrison, D. K. (2012). MAP kinase pathways. Cold Spring Harb. Perspect. Biol.
4:a011254.

Murugan, R. N,, Park, J. E, Kim, E. H., Shin, S. Y., Cheong, C., Lee, K. S.,
et al. (2011). PlkI-targeted small molecule inhibitors: molecular basis for their
potency and specificity. Mol. Cells 32, 209-220. doi: 10.1007/s10059-011-
0126-3

Mylonis, I., Chachami, G., Paraskeva, E., and Simos, G. (2008). Atypical CRM1-
dependent nuclear export signal mediates regulation of hypoxia-inducible
factor-lalpha by MAPK. J. Biol. Chem. 283, 27620-27627. doi: 10.1074/jbc.
m803081200

Mylonis, I., Chachami, G., Samiotaki, M., Panayotou, G., Paraskeva, E., Kalousi, A.,
etal. (2006). Identification of MAPK phosphorylation sites and their role in the
localization and activity of hypoxia-inducible factor-1alpha. J. Biol. Chem. 281,
33095-33106. doi: 10.1074/jbc.m605058200

Nadeau, R. J., Toher, J. L, Yang, X., Kovalenko, D., and Friesel, R. (2007).
Regulation of Sprouty?2 stability by mammalian Seven-in-Absentia homolog 2.
J. Cell. Biochem. 100, 151-160. doi: 10.1002/jcb.21040

Nakayama, K., and Ronai, Z. (2004). Siah: new players in the cellular response to
hypoxia. Cell Cycle 3, 1345-1347. doi: 10.4161/cc.3.11.1207

Nakayama, K., Frew, L. J., Hagensen, M., Skals, M., Habelhah, H., Bhoumik, A.,
etal. (2004). Siah2 regulates stability of prolyl-hydroxylases, controls HIFlalpha
abundance, and modulates physiological responses to hypoxia. Cell 117, 941-
952. doi: 10.1016/j.cell.2004.06.001

Nakayama, K., Qi, J., and Ronai, Z. (2009). The ubiquitin ligase Siah2 and the
hypoxia response. Mol. Cancer Res. 7, 443-451. doi: 10.1158/1541-7786.mcr-
08-0458

Nardinocchi, L., Puca, R., Guidolin, D., Belloni, A. S., Bossi, G., Michiels,
C., et al. (2009a). Transcriptional regulation of hypoxia-inducible factor
lalpha by HIPK2 suggests a novel mechanism to restrain tumor growth.
Biochim. Biophys. Acta 1793, 368-377.  doi: 10.1016/j.bbamcr.2008.
10.013

Nardinocchi, L., Puca, R., Sacchi, A., Rechavi, G., Givol, D., and D’orazi, G. (2009b).
Targeting hypoxia in cancer cells by restoring homeodomain interacting
protein-kinase 2 and p53 activity and suppressing HIF-lalpha. PLoS One
4:e6819. doi: 10.1371/journal.pone.0006819

Nguyen, T. L., Fruit, C., Herault, Y., Meijer, L., and Besson, T. (2017). Dual-
specificity tyrosine phosphorylation-regulated kinase 1A (DYRK1A) inhibitors:
a survey of recent patent literature. Expert Opin. Ther. Pat. 27, 1183-1199.
doi: 10.1080/13543776.2017.1360285

Parsons, S. J., and Parsons, J. T. (2004). Src family kinases, key regulators of signal
transduction. Oncogene 23, 7906-7909. doi: 10.1038/sj.onc.1208160

Pepper, 1. J., Van Sciver, R. E., and Tang, A. H. (2017). Phylogenetic analysis of
the SINA/SIAH ubiquitin E3 ligase family in Metazoa. BMC Evol. Biol. 17:182.
doi: 10.1186/512862-017-1024-x

Perez, M., Garcia-Limones, C., Zapico, 1., Marina, A., Schmitz, M. L., Munoz, E.,
et al. (2012). Mutual regulation between SIAH2 and DYRK2 controls hypoxic
and genotoxic signaling pathways. J. Mol. Cell Biol. 4, 316-330. doi: 10.1093/
jmcb/mjs047

Perillo, B., Di Donato, M., Pezone, A., Di Zazzo, E., Giovannelli, P., Galasso, G.,
et al. (2020). ROS in cancer therapy: the bright side of the moon. Exp. Mol.
Med. 52, 192-203. doi: 10.1038/512276-020-0384-2

Qj, J., Kim, H., Scortegagna, M., and Ronai, Z. A. (2013). Regulators and effectors
of Siah ubiquitin ligases. Cell Biochem. Biophys. 67, 15-24. doi: 10.1007/s12013-
013-9636-2

Qi, J., Nakayama, K., Gaitonde, S., Goydos, J. S., Krajewski, S., Eroshkin, A., et al.
(2008). The ubiquitin ligase Siah2 regulates tumorigenesis and metastasis by
HIF-dependent and -independent pathways. Proc. Natl. Acad. Sci. U.S.A. 105,
16713-16718. doi: 10.1073/pnas.0804063105

Qiu, G. Z,, Jin, M. Z,, Daj, J. X,, Sun, W,, Feng, J. H,, and Jin, W. L. (2017).
Reprogramming of the tumor in the hypoxic niche: the emerging concept
and associated therapeutic strategies. Trends Pharmacol. Sci. 38, 669-686. doi:
10.1016/j.tips.2017.05.002

Reed, J. C., and Ely, K. R. (2002). Degrading liaisons: Siah structure revealed. Nat.
Struct. Biol. 9, 8-10. doi: 10.1038/nsb0102-8

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2021 | Volume 9 | Article 646687


https://doi.org/10.1096/fj.201701344rrr
https://doi.org/10.1177/1947601913507951
https://doi.org/10.1177/1947601913507951
https://doi.org/10.3389/fonc.2018.00160
https://doi.org/10.3389/fonc.2018.00160
https://doi.org/10.1152/physrev.00028.2011
https://doi.org/10.1101/gad.991402
https://doi.org/10.1016/j.bmcl.2006.09.067
https://doi.org/10.1146/annurev-pharmtox-011112-140341
https://doi.org/10.1146/annurev-pharmtox-011112-140341
https://doi.org/10.1074/jbc.271.32.19402
https://doi.org/10.1074/jbc.m116.767178
https://doi.org/10.1128/mcb.22.19.6854-6865.2002
https://doi.org/10.1038/sj.onc.1210523
https://doi.org/10.1007/s10555-007-9066-y
https://doi.org/10.1007/s10555-007-9066-y
https://doi.org/10.1016/j.tranon.2015.03.010
https://doi.org/10.1128/mcb.00392-08
https://doi.org/10.1038/ncb1848
https://doi.org/10.1016/j.molcel.2010.09.022
https://doi.org/10.1016/j.molcel.2010.09.022
https://doi.org/10.1016/s1097-2765(01)00242-8
https://doi.org/10.1016/j.bbamcr.2013.05.026
https://doi.org/10.1016/j.bbamcr.2013.05.026
https://doi.org/10.1038/onc.2008.382
https://doi.org/10.1371/journal.pone.0143376
https://doi.org/10.1371/journal.pone.0143376
https://doi.org/10.1007/s10059-011-0126-3
https://doi.org/10.1007/s10059-011-0126-3
https://doi.org/10.1074/jbc.m803081200
https://doi.org/10.1074/jbc.m803081200
https://doi.org/10.1074/jbc.m605058200
https://doi.org/10.1002/jcb.21040
https://doi.org/10.4161/cc.3.11.1207
https://doi.org/10.1016/j.cell.2004.06.001
https://doi.org/10.1158/1541-7786.mcr-08-0458
https://doi.org/10.1158/1541-7786.mcr-08-0458
https://doi.org/10.1016/j.bbamcr.2008.10.013
https://doi.org/10.1016/j.bbamcr.2008.10.013
https://doi.org/10.1371/journal.pone.0006819
https://doi.org/10.1080/13543776.2017.1360285
https://doi.org/10.1038/sj.onc.1208160
https://doi.org/10.1186/s12862-017-1024-x
https://doi.org/10.1093/jmcb/mjs047
https://doi.org/10.1093/jmcb/mjs047
https://doi.org/10.1038/s12276-020-0384-2
https://doi.org/10.1007/s12013-013-9636-2
https://doi.org/10.1007/s12013-013-9636-2
https://doi.org/10.1073/pnas.0804063105
https://doi.org/10.1016/j.tips.2017.05.002
https://doi.org/10.1016/j.tips.2017.05.002
https://doi.org/10.1038/nsb0102-8
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Xu and Li

Regulation of the SIAH2-HIF-1 Axis

Richard, D. E., Berra, E., Gothie, E., Roux, D., and Pouyssegur, J. (1999).
p42/p44 mitogen-activated protein kinases phosphorylate hypoxia-
inducible factor lalpha (HIF-lalpha) and enhance the transcriptional
activity of HIF-1. J. Biol. Chem. 274, 32631-32637. doi: 10.1074/jbc.274.46.
32631

Roscic, A., Moller, A., Calzado, M. A., Renner, F., Wimmer, V. C., Gresko, E., et al.
(2006). Phosphorylation-dependent control of Pc2 SUMO E3 ligase activity by
its substrate protein HIPK2. Mol. Cell 24, 77-89. doi: 10.1016/j.molcel.2006.08.
004

Samanta, D., and Semenza, G. L. (2018). Metabolic adaptation of cancer and
immune cells mediated by hypoxia-inducible factors. Biochim. Biophys. Acta
Rev. Cancer 1870, 15-22. doi: 10.1016/j.bbcan.2018.07.002

Sarkar, T. R, Sharan, S., Wang, J., Pawar, S. A., Cantwell, C. A., Johnson,
P. F., et al. (2012). Identification of a Src tyrosine kinase/SIAH2 E3 ubiquitin
ligase pathway that regulates C/EBPdelta expression and contributes to
transformation of breast tumor cells. Mol. Cell. Biol. 32, 320-332. doi: 10.1128/
mcb.05790-11

Schmidt, R. L., Park, C. H., Ahmed, A. U,, Gundelach, J. H.,, Reed, N. R, Cheng,
S., etal. (2007). Inhibition of RAS-mediated transformation and tumorigenesis
by targeting the downstream E3 ubiquitin ligase seven in absentia homologue.
Cancer Res. 67,11798-11810. doi: 10.1158/0008-5472.can-06-4471

Scortegagna, M., Hockemeyer, K., Dolgalev, L., Pozniak, J., Rambow, F., Li, Y., et al.
(2020). Siah2 control of T-regulatory cells limits anti-tumor immunity. Nat.
Commun. 11:99.

Semenza, G. L. (1999). Regulation of mammalian O2 homeostasis by hypoxia-
inducible factor 1. Annu. Rev. Cell Dev. Biol. 15, 551-578.

Semenza, G. L. (2000). Hypoxia, clonal selection, and the role of HIF-1 in
tumor progression. Crit. Rev. Biochem. Mol. Biol. 35, 71-103. doi: 10.1080/
10409230091169186

Semenza, G. L. (2003). Targeting HIF-1 for cancer therapy. Nat. Rev. Cancer 3,
721-732. doi: 10.1038/nrc1187

Semenza, G. L. (2012a). Hypoxia-inducible factors in physiology and medicine. Cell
148, 399-408. doi: 10.1016/j.cell.2012.01.021

Semenza, G. L. (2012b). Hypoxia-inducible factors: mediators of cancer
progression and targets for cancer therapy. Trends Pharmacol. Sci. 33, 207-214.
doi: 10.1016/j.tips.2012.01.005

Semenza, G. L. (2016). Targeting hypoxia-inducible factor 1 to stimulate
tissue vascularization. J. Investig. Med. 64, 361-363. doi: 10.1097/jim.
0000000000000206

Semenza, G. L. (2017). Hypoxia-inducible factors: coupling glucose metabolism
and redox regulation with induction of the breast cancer stem cell phenotype.
EMBO J. 36, 252-259. doi: 10.15252/embj.201695204

Semenza, G. L., Nejfelt, M. K., Chi, S. M., and Antonarakis, S. E. (1991). Hypoxia-
inducible nuclear factors bind to an enhancer element located 3’ to the human
erythropoietin gene. Proc. Natl. Acad. Sci. U.S.A. 88, 5680-5684. doi: 10.1073/
pnas.88.13.5680

Sen, B., and Johnson, F. M. (2011). Regulation of SRC family kinases in human
cancers. J. Signal Transduct. 2011, 865819.

Shah, M., Stebbins, J. L., Dewing, A., Qi, J., Pellecchia, M., and Ronai, Z. A. (2009).
Inhibition of Siah2 ubiquitin ligase by vitamin K3 (menadione) attenuates
hypoxia and MAPK signaling and blocks melanoma tumorigenesis. Pigment
Cell Melanoma Res. 22,799-808. doi: 10.1111/j.1755-148x.2009.00628.x

Singh, R., and Lauth, M. (2017). Emerging roles of DYRK kinases in embryogenesis
and hedgehog pathway control. J. Dev. Biol. 5:13. doi: 10.3390/jdb5040013

Sodhi, A., Montaner, S., Patel, V., Zohar, M., Bais, C., Mesri, E. A., et al. (2000).
The Kaposi’s sarcoma-associated herpes virus G protein-coupled receptor
up-regulates vascular endothelial growth factor expression and secretion
through mitogen-activated protein kinase and p38 pathways acting on hypoxia-
inducible factor lalpha. Cancer Res. 60, 4873-4880.

Sombroek, D., and Hofmann, T. G. (2009). How cells switch HIPK2 on and off.
Cell Death Differ. 16, 187-194. doi: 10.1038/cdd.2008.154

Soppa, U., and Becker, W. (2015). DYRK protein kinases. Curr. Biol. 25, R488-
R489.

Stebbins, J. L., Santelli, E., Feng, Y., De, S. K., Purves, A., Motamedchaboki, K.,
et al. (2013). Structure-based design of covalent Siah inhibitors. Chem. Biol. 20,
973-982. doi: 10.1016/j.chembiol.2013.06.008

Strebhardt, K. (2010). Multifaceted polo-like kinases: drug targets and antitargets
for cancer therapy. Nat. Rev. Drug Discov. 9, 643-660. doi: 10.1038/nrd3184

Taira, N., Mimoto, R., Kurata, M., Yamaguchi, T., Kitagawa, M., Miki, Y., et al.
(2012). DYRK2 priming phosphorylation of c-Jun and ¢-Myc modulates cell
cycle progression in human cancer cells. J. Clin. Invest. 122, 859-872. doi:
10.1172/jci60818

Taira, N., Nihira, K., Yamaguchi, T., Miki, Y., and Yoshida, K. (2007). DYRK2
is targeted to the nucleus and controls p53 via Ser46 phosphorylation in the
apoptotic response to DNA damage. Mol. Cell 25, 725-738. doi: 10.1016/].
molcel.2007.02.007

van Reesema, L. L. S., Zheleva, V., Winston, J. S., Jansen, R. J., O’connor, C. F., and
Isbell, A. J. (2016). STAH and EGFR, two RAS pathway biomarkers, are highly
prognostic in locally advanced and metastatic breast cancer. EBioMedicine 11,
183-198. doi: 10.1016/j.ebiom.2016.08.014

Wagner, E. F., and Nebreda, A. R. (2009). Signal integration by JNK and p38
MAPK pathways in cancer development. Nat. Rev. Cancer 9, 537-549. doi:
10.1038/nrc2694

Wang, L., Gao, J., Dai, W., and Lu, L. (2008). Activation of Polo-like kinase
3 by hypoxic stresses. J. Biol. Chem. 283, 25928-25935. doi: 10.1074/jbc.
m801326200

Wang, L., Payton, R, Dai, W,, and Lu, L. (2011). Hyperosmotic stress-induced
ATF-2 activation through Polo-like kinase 3 in human corneal epithelial cells.
J. Biol. Chem. 286, 1951-1958. doi: 10.1074/jbc.m110.166009

Warfel, N. A., Dolloff, N. G., Dicker, D. T., Malysz, J., and El-Deiry, W. S. (2013).
CDKI1 stabilizes HIF-1alpha via direct phosphorylation of Ser668 to promote
tumor growth. Cell Cycle 12, 3689-3701. doi: 10.4161/cc.26930

Wei, G., Ku, S., Ma, G. K,, Saito, S., Tang, A. A., Zhang, J., et al. (2007). HIPK2
represses beta-catenin-mediated transcription, epidermal stem cell expansion,
and skin tumorigenesis. Proc. Natl. Acad. Sci. U.S.A. 104, 13040-13045. doi:
10.1073/pnas.0703213104

Weidemann, A., and Johnson, R. S. (2008). Biology of HIF-lalpha. Cell Death
Differ. 15, 621-627.

Winter, M., Sombroek, D., Dauth, 1., Moehlenbrink, J., Scheuermann, K., Crone,
J., et al. (2008). Control of HIPK2 stability by ubiquitin ligase Siah-1 and
checkpoint kinases ATM and ATR. Nat. Cell Biol. 10, 812-824. doi: 10.1038/
ncb1743

Wong, C. S., and Moller, A. (2013). Siah: a promising anticancer target. Cancer Res.
73,2400-2406. doi: 10.1158/0008-5472.can-12-4348

Xie, S., Wu, H., Wang, Q., Cogswell, J. P., Husain, L., Conn, C., et al. (2001). Pk3
functionally links DNA damage to cell cycle arrest and apoptosis at least in
part via the p53 pathway. J. Biol. Chem. 276, 43305-43312. doi: 10.1074/jbc.
m106050200

Xie, S., Wu, H., Wang, Q., Kunicki, J., Thomas, R. O., Hollingsworth, R. E., et al.
(2002). Genotoxic stress-induced activation of PIk3 is partly mediated by Chk2.
Cell Cycle 1, 424-429. doi: 10.4161/cc.1.6.271

Xu, D., Dai, W, and Li, C. (2017). Polo-like kinase 3, hypoxic responses, and
tumorigenesis. Cell Cycle 16, 2032-2036. doi: 10.1080/15384101.2017.1373224

Xu, D., Wang, Q,, Jiang, Y., Zhang, Y., Vega-Saenzdemiera, E., Osman, L, et al.
(2012). Roles of Polo-like kinase 3 in suppressing tumor angiogenesis. Exp.
Hematol. Oncol. 1:5. doi: 10.1186/2162-3619-1-5

Xu, D, Yao, Y., Lu, L., Costa, M., and Dai, W. (2010). P1k3 functions as an essential
component of the hypoxia regulatory pathway by direct phosphorylation of
HIF-1alpha. J. Biol. Chem. 285, 38944-38950. doi: 10.1074/jbc.m110.160325

Yamada, D., Perez-Torrado, R., Filion, G., Caly, M., Jammart, B., Devignot, V., et al.
(2009). The human protein kinase HIPK2 phosphorylates and downregulates
the methyl-binding transcription factor ZBTB4. Oncogene 28, 2535-2544. doi:
10.1038/0n¢.2009.109

Yang, Y., Bai, J., Shen, R., Brown, S. A., Komissarova, E., Huang, Y., et al. (2008).
Polo-like kinase 3 functions as a tumor suppressor and is a negative regulator
of hypoxia-inducible factor-1 alpha under hypoxic conditions. Cancer Res. 68,
4077-4085. doi: 10.1158/0008-5472.can-07-6182

Young, P. R. (2013). Perspective on the discovery and scientific impact of p38
MAP kinase. J. Biomol. Screen. 18, 1156-1163. doi: 10.1177/10870571134
97401

Young, P. R., Mclaughlin, M. M., Kumar, S., Kassis, S., Doyle, M. L., Mcnulty, D.,
et al. (1997). Pyridinyl imidazole inhibitors of p38 mitogen-activated protein
kinase bind in the ATP site. J. Biol. Chem. 272, 12116-12121. doi: 10.1074/jbc.
272.18.12116

Zabludoff, S. D., Deng, C., Grondine, M. R,, Sheehy, A. M., Ashwell, S,
Caleb, B. L., et al. (2008). AZD7762, a novel checkpoint kinase inhibitor,

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2021 | Volume 9 | Article 646687


https://doi.org/10.1074/jbc.274.46.32631
https://doi.org/10.1074/jbc.274.46.32631
https://doi.org/10.1016/j.molcel.2006.08.004
https://doi.org/10.1016/j.molcel.2006.08.004
https://doi.org/10.1016/j.bbcan.2018.07.002
https://doi.org/10.1128/mcb.05790-11
https://doi.org/10.1128/mcb.05790-11
https://doi.org/10.1158/0008-5472.can-06-4471
https://doi.org/10.1080/10409230091169186
https://doi.org/10.1080/10409230091169186
https://doi.org/10.1038/nrc1187
https://doi.org/10.1016/j.cell.2012.01.021
https://doi.org/10.1016/j.tips.2012.01.005
https://doi.org/10.1097/jim.0000000000000206
https://doi.org/10.1097/jim.0000000000000206
https://doi.org/10.15252/embj.201695204
https://doi.org/10.1073/pnas.88.13.5680
https://doi.org/10.1073/pnas.88.13.5680
https://doi.org/10.1111/j.1755-148x.2009.00628.x
https://doi.org/10.3390/jdb5040013
https://doi.org/10.1038/cdd.2008.154
https://doi.org/10.1016/j.chembiol.2013.06.008
https://doi.org/10.1038/nrd3184
https://doi.org/10.1172/jci60818
https://doi.org/10.1172/jci60818
https://doi.org/10.1016/j.molcel.2007.02.007
https://doi.org/10.1016/j.molcel.2007.02.007
https://doi.org/10.1016/j.ebiom.2016.08.014
https://doi.org/10.1038/nrc2694
https://doi.org/10.1038/nrc2694
https://doi.org/10.1074/jbc.m801326200
https://doi.org/10.1074/jbc.m801326200
https://doi.org/10.1074/jbc.m110.166009
https://doi.org/10.4161/cc.26930
https://doi.org/10.1073/pnas.0703213104
https://doi.org/10.1073/pnas.0703213104
https://doi.org/10.1038/ncb1743
https://doi.org/10.1038/ncb1743
https://doi.org/10.1158/0008-5472.can-12-4348
https://doi.org/10.1074/jbc.m106050200
https://doi.org/10.1074/jbc.m106050200
https://doi.org/10.4161/cc.1.6.271
https://doi.org/10.1080/15384101.2017.1373224
https://doi.org/10.1186/2162-3619-1-5
https://doi.org/10.1074/jbc.m110.160325
https://doi.org/10.1038/onc.2009.109
https://doi.org/10.1038/onc.2009.109
https://doi.org/10.1158/0008-5472.can-07-6182
https://doi.org/10.1177/1087057113497401
https://doi.org/10.1177/1087057113497401
https://doi.org/10.1074/jbc.272.18.12116
https://doi.org/10.1074/jbc.272.18.12116
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Xu and Li

Regulation of the SIAH2-HIF-1 Axis

drives checkpoint abrogation and potentiates DNA-targeted therapies.
Mol. Cancer Ther. 7, 2955-2966. doi:  10.1158/1535-7163.mct-08-
0492

Zhang, Q., Yoshimatsu, Y., Hildebrand, J., Frisch, S. M., and Goodman, R. H.
(2003). Homeodomain interacting protein kinase 2 promotes apoptosis by
downregulating the transcriptional corepressor CtBP. Cell 115, 177-186. doi:
10.1016/50092-8674(03)00802-x

Zitouni, S., Nabais, C., Jana, S. C., Guerrero, A., and Bettencourt-Dias, M. (2014).
Polo-like kinases: structural variations lead to multiple functions. Nat. Rev. Mol.
Cell Biol. 15, 433-452. doi: 10.1038/nrm3819

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Xu and Li. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15

March 2021 | Volume 9 | Article 646687


https://doi.org/10.1158/1535-7163.mct-08-0492
https://doi.org/10.1158/1535-7163.mct-08-0492
https://doi.org/10.1016/s0092-8674(03)00802-x
https://doi.org/10.1016/s0092-8674(03)00802-x
https://doi.org/10.1038/nrm3819
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Regulation of the SIAH2-HIF-1 Axis by Protein Kinases and Its Implication in Cancer Therapy
	Introduction
	The Siah2-Hif-1 Axis
	Regulation of Siah2 by Protein Kinases
	Regulation of SIAH2 by p38
	Regulation of SIAH2 by HIPK2
	Regulation of SIAH2 by DYRK2
	Regulation of SIAH2 by CHK2
	Regulation of SIAH2 by PLK3
	Regulation of SIAH2 by SRC

	Knowledge Gaps and Additional Consideration on the Regulation of the Siah2-Hif-1 Axis by Protein Kinases
	Regulation of the Siah2-Hif-1 Axis by Protein Kinases and Cancer
	Potential of Targeting the Siah2-Hif-1 Axis and Its Kinase Regulators for Cancer Therapy
	SIAH2 Inhibitors
	Inhibitors of Protein Kinases That Regulates SIAH2
	p38 Inhibitors
	HIPK2 Inhibitors
	DYRK Inhibitors
	CHK2 Inhibitors
	PLK3 Inhibitors
	SRC Inhibitors


	Conclusions and Perspectives
	Author Contributions
	Funding
	References


