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Keywords: Homeodomain-interacting protein kinase 2 (HIPK2) is a serine-threonine kinase that phosphorylates and regu-
HIPK2 lates a plethora of transcriptional regulators and chromatin modifiers. The heterogeneity of its interactome al-
Kinase

lows HIPK2 to modulate several cellular processes and signaling pathways, ultimately regulating cell fate and
proliferation. Because of its p53-dependent pro-apoptotic activity and its downregulation in many tumor types,
HIPK2 is traditionally considered a bone fide tumor suppressor gene. However, recent findings revealed that the
role of HIPK2 in the pathogenesis of cancer is much more complex, ranging from tumor suppressive to oncogenic,
strongly depending on the cellular context. Here, we review the very recent data emerged in the last years about
the involvement of HIPK2 in cancer biology and therapy, highlighting the various alterations of this kinase
(downregulation, upregulation, mutations and/or delocalization) in dependence on the cancer types. In addition,
we discuss the recent advancement in the understanding the tumor suppressive and oncogenic functions of
HIPK2, its role in establishing the response to cancer therapies, and its regulation by cancer-associated micro-
RNAs. All these data strengthen the idea that HIPK2 is a key player in many types of cancer; therefore, it could
represent an important prognostic marker, a factor to predict therapy response, and even a therapeutic target

cancer
cancer therapy
Chemoresistance
microRNA

itself.

1. Introduction
1.1. HIPK2: a pleiotropic/multifunctional kinase

Homeodomain-interacting protein kinase 2 (HIPK2) is one of the
four members (HIPK1, HIPK2, HIPK3, and HIPK4) of a family of serine-
threonine kinases [1,2]. HIPKs were originally identified as corepressors
of homeodomain-containing transcription factors, but they are able to
phosphorylate and modulate the activity of many transcriptional regu-
lators and chromatin modifiers [3]. Because of this wide spectrum of
interactions, HIPKs play an important role in a multitude of cellular
processes, as well as in embryonic development [4]. HIPKs act as tran-
scriptional coregulators in important signal transduction pathways, such
as Wnt/p-catenin, TGF-f, MAPK, Notch, Salvador-Warts-Hippo, and
androgen receptor (AR), contributing to their cross-talk [5,6]. HIPK2 is
the best characterized member of the family, and it is actively involved
in the regulation of cell proliferation, apoptosis, DNA damage response,
cytokinesis, transcription, and protein stability [7-13]. HIPK2 expres-
sion and activity are tightly regulated by post-translational
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modifications and microRNAs (miRNAs), and its functions strongly
depend on the cellular context and on its subcellular localization, which
can be nuclear and/or cytoplasmic [10-12].

The generation and phenotypic characterization of Hipk2-null
(Hipk2-KO) mice demonstrated how this kinase is important for the
physiological homeostasis of different tissues and organs in vivo. In fact,
Hipk2-KO mice are significantly smaller than their wild-type littermates,
and show several neuronal and cardiac defects [14], as well as skeletal
muscle alterations. In particular, null-mice display morphological and
psychomotor behavioral alterations due to a reduction in midbrain
dopamine neuron survival, and to apoptosis of cerebellar Purkinje cells
[15,16]. Interestingly, the appearance of even more dramatic phenotype
may be prevented by the functional redundancy between HIPK2 and
HIPK1. In fact, these two proteins are highly homologous and play
overlapping roles in mediating cell proliferation and apoptosis in
response to morphogenetic and genotoxic signals during mouse devel-
opment. This is demonstrated by the embryonic lethality of their double
KO as consequence of angiogenesis defects associated with hyper-
activation of TGF-p signaling [17,18]. Recently, we reported that
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Hipk2-KO mice present neuronal loss, morphological alterations, and
satellitosis throughout the whole central nervous system (CNS); a
myopathic phenotype characterized by variable fiber size, mitochon-
drial proliferation, sarcoplasmic inclusions, morphological alterations at
neuromuscular junction; and a cardiac phenotype characterized by
fibrosis and cardiomyocyte hypertrophy [19]. Finally, the double KO of
HIPK2 and High-Mobility Group A1 (HMGA1), a chromatin non-histone
protein previously identified as HIPK2 interactor and substrate, causes
perinatal death due to respiratory failure, associated with impaired lung
development and reduction in surfactant proteins, as well as to reduced
expression of thyroid differentiation markers [20], suggesting that
HIPK2 is involved also in the development of endodermal-derived
organs.

1.2. HIPK2 and cancer

Because of their important role in the regulation of cell proliferation,
survival, and cancer-related signaling pathways, HIPK proteins have
traditionally been linked to the pathogenesis of cancer and fibrosis,
which are often associated with deregulated activity or expression of
HIPKs [21]. In particular, because of its involvement in DNA damage
repair and induction of apoptosis, HIPK2 is considered a bona fide tumor
suppressor [6-12,21-24]. Indeed, HIPK2 expression is downregulated in
different malignant tumors (Table 1), including breast, thyroid, and
colon carcinomas [25,26]. However, HIPK2 downregulation often cor-
relates with tumor progression and chemoresistance, and it can repre-
sent a prognostic marker for several cancer types. However, increasing
evidence is showing that the role of HIPK2 in cancer cells is much more
complicated than that of a canonical pro-apoptotic and DNA-repair
factor, and it can even be oncogenic under specific circumstances.

The role of HIPK2 in cancer has been previously well reviewed
[27,28]. Here, we will mainly focus on the data emerged in the very last
years, pointing out the newly discovered tumor-suppressive and onco-
genic functions of HIPK2, the functional relationship between HIPK2
and chemoresistance, and the miRNA-mediated HIPK2 regulation in
cancer cells.

1.3. HIPK2 as a “typical” caretaker tumor-suppressor

On the basis of the first reports about its role in cancer cells, HIPK2
was considered a canonical “caretaker” gene, whose inactivation in-
creases tumorigenicity [10], whereas its activation inhibits tumor
growth [29]. Unquestionably, HIPK2 inhibits tumor growth through
multiple mechanisms: promoting apoptosis, inhibiting angiogenesis,
tumor invasion, and metastasis. These effects are achieved through the
regulation of various genes and signaling pathways such as p53 [22,24],
JNK [30],Wnt [31], and VEGF [32]. The activation of p53, through the
phosphorylation of its Ser46, is the best characterized function of HIPK2,
and, probably, the main mechanism through which it exerts its pro-
apoptotic activity. In fact, when phosphorylated on Ser46 by HIPK2,
p53 promptly activates the expression of pro-apoptotic genes, such as
p53AIP1 [33], p21Wafl [34], Noxa [35], Bax and Puma [36], and in-
duces cell death. HIPK2-mediated p53 activation often occurs when
HIPK2 is stabilized and activated as a response to DNA damage, and it
triggers apoptotic cell death when DNA damage cannot be properly
repaired [4]. Interestingly, human Papillomavirus E6 Protein (HPV23
E6), which is known for its oncogenic effects, inhibits HIPK2-mediated
phosphorylation of p53 at Ser46 by disrupting HIPK2/p53 axis [37].
Moreover, HIPK2 can promote apoptosis also through other mecha-
nisms: targeting p53-family members p63 and p73 [38], anti-apoptotic
trans-repressor C-terminal binding protein (CtBP) [39,40], p53-
inhibitor MDM2 [41], caspase-dependent processing [42] and the scaf-
fold protein Axin [43].

Through the regulation of several different signaling pathways,
HIPK2 can also regulate hypoxic response, angiogenesis, cell migration
and metastatization. The effects of HIPK2 on hypoxic response depends

Table 1
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HIPK2 status in different cancer types.

HIPK2 status

Cancer type

Effects

Downregulated

Mutated

Upregulated

High
mutation
frequency
R868W
N9581

Increased

copy
number

CircHIPK2

Colorectal Cancer

Osteosarcoma

Gastric Cancer

Hepatocellular
Carcinoma

Pancreatic Cancer

Nasopharyngeal
Carcinoma

Lung
Adenocarcinoma

Non-Small Cell
Lung Cancer

Colorectal Cancer

Acute Myeloid
Leukemia

Non-Small Cell
Lung Cancer

Tonsillar Squamous
Cell Carcinomas

Ovarian Cancer

Pro-angiogenic effects
through VEGF pathway
activation [116]

Inhibition of apoptosis and
resistance to
chemotherapeutic drugs;
lower patient survival
[57,58]

Increased cell proliferation,
viability and migration
through miR-222-3p/HIPK2
axis [115]

Enhanced migration, tumor
growth angiogenesis through
the HIF-1a pathway; worse
survival [55]

Enhanced tumor
proliferation and glycolysis
through inhibition of ERK/
cMyec axis; worse survival
[59,112]

Increased migration,
invasion, and metastasis
through SPEN/c-JUN/miR-
4652-3p axis [113]
Activation of EMT and
promotion of metastasis
[114]

Pro-angiogenic effect,
increased tumor growth and
metastatic potential [117]
Poor prognosis [60]

HIPK2 PML-NBs
delocalization, disruption of
AML1-mediated activation of
target genes for myeloid
differentiation [84]
Enhanced tumor
proliferation through YAP/
TEAD pathway activation;
lower patient survival [74]
Tumor progression through
apoptosis inhibition; poor
disease-free survival in
human papillomavirus-
positive carcinomas [86]
DDP resistance and
malignant behaviors through
circHIPK2/miR-338-3p/
CHTOP ceRNA regulatory
axis [108]

on its ability to inhibit hypoxia inducible factor-la (HIF-la) and
vascular endothelial growth factor (VEGF), two major tumorigenic
factors that activate angiogenesis- and invasion-related genes [44].
Moreover, under hypoxia, HIPK2 itself is downregulated by hypoxia-
induced ubiquitin ligases such as seven in absentia 2 (SIAH2), seven in
absentia 1 (SIAH1) or Mouse Double Minute 2 homolog (MDM2), which
can impair the HIPK2-mediated activation of cell death [45]. In fact, the
degradation of HIPK2 can effectively inhibit chemo- and radio-therapy-
induced p53 apoptotic activity, thus reducing therapy effect and pro-
moting cancer progression [46-48]. The inhibition of Wnt/f-catenin
signaling and the phosphorylation and degradation of the pro-metastatic
protein CtBP1 account for HIPK2 ability to repress cellular invasion and
tumor metastasis [40]. HIPK2 can also inhibit the activation of c-Myb
[49], mitogen-activated protein kinase (MAPK), JNK and AKT path-
ways, which would promote cell proliferation, anchorage-independent
growth and invasion [50].

Finally, HIPK2 has been reported to be involved in the maintenance
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of genomic integrity, another important function of caretaker genes. In
fact, HIPK2 deficiency has been linked to chromosomal instability via
cytokinesis failure, and increased tumorigenicity in mouse embryonic
fibroblasts [10,51].

1.4. Not just a tumor-suppressor: the variegated role of HIPK2 in cancer
cells

HIPK2 binds and regulates a plethora of transcription factors and
cofactors and, therefore, it is not surprising that the effects of its activity
are strongly dependent on the cellular context. Interacting with different
proteins in different cell types and under different environmental and
stress conditions, HIPK2 functions are diversified and heterogenous, and
include the regulation of cellular survival, proliferation, and cell death
[29]. Moreover, the activity of HIPK2 and its versatile binding ability
make the scenario more variegated and strictly dependent on cellular
context and environmental cues. Hence, the role of HIPK2 in cancer cells
is characterized by noticeable variability, and it goes far beyond its
“canonical” tumor-suppressive function of p53 activator and caretaker
gene. In fact, HIPK2 can also have an oncogenic role in certain cancer
types. Consistently, the expression levels of HIPK2 itself is different in
different tumor types: it is usually downregulated in cell types in which
it has tumor suppressive functions, and upregulated in cell types in
which it has oncogenic functions [52-54].

Here, we report the most relevant recent findings about HIPK2 al-
terations and functions in different tumor types.

2. Recent discoveries about HIPK2 tumor suppressive functions

2.1. HIPK2 downregulation and mutations are associated to bad
prognosis in colorectal cancer, osteosarcoma, and liver carcinoma

As we discussed before, several studies pointed out how HIPK2 exerts
canonical tumor-suppressive functions in cancer cells, like induction of
apoptosis, and inhibition of angiogenesis, cell migration and invasion,
and how its expression can be very important for cancer biology and
could have a potential relevance in clinical practice. In fact, HIPK2 loss
or downregulation has been observed in many types of human tumors,
including hepatocellular carcinoma (HCC) [55], colorectal cancer (CRC)
[56], papillary and follicular thyroid carcinomas [26], osteosarcoma
[57,58] and pancreatic cancer [59]; reduction of HIPK2 levels often
correlates with cancer progression, and is associated with bad prognosis.
The majority of the recent findings about the role of HIPK2 confirms its
tumor-suppressive functions and the idea that it can represent an
important prognostic marker for human cancers. For instance, the
importance of HIPK2 in CRC was revealed by a study showing that
HIPK2 sensitizes colon cancer cells to the treatment with the drug ver-
bascoside, and that HIPK2 expression is downregulated in CRC samples,
and inversely correlates with Dukes stage and depth of invasion [56].
Consistently with these findings, a recent whole-exome sequencing
study performed on CRC samples and their liver metastasis shows that
HIPK2 is one of the three genes with the highest mutation frequency,
together with titin (TTN) and obscurin (OBSCN) [60]. Similarly, HIPK2
expression has emerged as a prognostic factor also for osteosarcoma
patients survival. In fact, through a Weighted Gene Correlation Network
Analysis (WGCNA), Li et al. identified HIPK2, together with MAP3K5
and CD54, as a key factor negatively correlated with survival risk in
osteosarcoma patients [57]. HIPK2 is frequently downregulated also in
HCC, which is the third leading cause of cancer deaths worldwide, and
HIPK2 downregulation is associated with worse overall survival in HCC
patients as well [55].

Taken together, these data strongly suggest that HIPK2 could be a
reliable prognostic marker for CRC, HCC and osteosarcoma patients.
Considering that similar observations had already been made for other
cancer type [55,59,95-98], the prognostic usage of HIPK2 appears to be
one of the most promising translational opportunities opened up by the
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studies about this kinase in cancer cells. However, large clinical trials
that could demonstrate the concrete clinical relevance of these findings
are still missing.

2.2. New targets and mechanisms through which HIPK2 exerts its tumor
suppressive activity

As aforementioned, HIPK2 is often downregulated in HCC derived
cells, and recent study unraveled the functions exerted by HIPK2 in this
tumor type. Chen and colleagues reported that the restoration of HIPK2
expression inhibits the migration of Hep3B and CSQT-2 cell lines, as well
as HCC tumor growth, angiogenesis and metastasis in mice [55].
Moreover, HIPK2 anti-angiogenic effect is due to its ability to bind HIF-
la, and to stimulate its ubiquitination and proteasomal degradation
(Fig. 1A) [55].

In addition, HIPK2 negatively modulates the Wnt/p-catenin
signaling pathway, which is often hyper-activated in HCC cells. In
particular, HIPK2 can bind one of the main signal transducers of this
pathway, Dishevelled-3 (Dvl3), and convert it into an unstable phos-
phorylated form, which is recognized by Itchy E3 ubiquitin protein
ligase (ITCH), and addressed to proteasomal degradation. Dvl3 is
overexpressed at protein level in human HCCs, and its overexpression
promotes cancer cell stemness via the upregulation of Leucine-rich
repeat-containing G-protein coupled receptor 5 (LGR5), which further
potentiates Wnt/p-catenin pathway activation. For these reasons,
HIPK2-mediated DVL3 regulation can be crucial in the pathogenesis of
HCC [61].

Evidence has emerged also about the role of HIPK2 in pancreatic and
prostatic cancer cells. In pancreatic cancer, the HIPK2 tumor suppressive
role is exerted via the inhibition of ERK which would, in turn, activate
and stabilize the oncogenic protein c-Myc, which can promote cell
proliferation by increasing aerobic glycolytic activity. The over-
expression of HIPK2 prevents this effect, attenuating c-Myc activation,
thus decreasing aerobic glycolysis and proliferation of Panc-1 and
SW1990 pancreatic cancer cells [59]. Consistently, decreased HIPK2
expression is associated with a negative prognosis of pancreatic cancer
patients [59].

In prostate cells, upon DNA damage, HIPK2 promotes the activation
of DNA repair pathways. In particular, HIPK2 phosphorylates hetero-
chromatin protein 1 (HP1), thus disrupting its association with trime-
thylated (Lys9) histone H3 (H3K9me3), that would inhibit DNA repair
initiation [62]. Interestingly, HIPK2 ability to phosphorylate HP1 de-
pends on a specific non-degradative HIPK2 ubiquitination, which is
induced by Speckle-type Poz Protein (SPOP), an E3 ubiquitin ligase
adaptor, the most frequently mutated gene in prostate cancer [63]. The
effect of SPOP on the HIPK2-HP1 axis is abrogated by prostate cancer-
associated SPOP mutations, thus representing a new mechanism of
SPOP mutations-driven genomic instability in prostate cancer [64].

Other recently emerged HIPK2 tumor suppressive functions include
its involvement in the processes of cytokines, inflammation and tumor
microenvironment establishment [65-67]. One of the main HIPK2
tumor-suppressive function is to contribute to the maintenance of
genome stability, by facilitating a successful cytokinesis process. During
cytokinesis, HIPK2 localizes at the midbody, a transient electron-dense
structure that works as a platform for the spatial-temporal distribution
of specific proteins and lipids that contribute to cellular abscission [68].
In particular, the HIPK2-mediated phosphorylation of the extrachro-
mosomal histone H2B [51,69] and of the microtubule severing enzyme
Spastin [70,71] contribute to the formation of the abscission site, and to
the separation of the two daughter cells. Cytokinesis defects are a
common feature of cancer and lead to the accumulation of multiploidy
cells. Recently, emerging evidence indicated that the midbody remnant
(MBR), the residual part of the midbody that persists after abscission,
can act as a post-abscission signaling platform, and that aberrant MBR
accumulation often occurs in cancer cells, where it seems able to pro-
mote cell stemness, proliferation, and tumorigenicity. After abscission,
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Tumor suppressive Functions
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Oncogenic Functions
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Fig. 1. Tumor suppressive and oncogenic functions of HIPK2.

Schematic representation of the tumor suppressive (A) and oncogenic (B) effects caused by the functional interactions between HIPK2 and its recently identified

targets/molecular partners.

the MBR can be retained, released, internalized by nearby cells, or
removed through autophagy-mediated degradation, a process in which
HIPK2 has recently been reported to be involved. In fact, HIPK2
depletion leads to significant accumulation of MBRs, associated with an
accumulation of CEP55, a key effector of both midbody formation and
MBR degradation, and to an impairment of the autophagic flux [67].
HIPK2 exerts also an “anti-inflammatory” effect by inhibiting NF-xB
activation in macrophages (Fig. 1A). In particular, HIPK2 phosphory-
lates HDAC3 disabling its deacetylase activity, and this inhibition results
in the increase of K218 acetylation of the p65 subunit of NF-xB [65].
Acetylated p65 suppresses NF-kB activation and inhibits the production
of pro-inflammatory cytokines. This effect could be particularly relevant
for the pathogenesis of cancer types that are strongly promoted by
sustained inflammation like CRC, in which, as abovementioned, HIPK2
is often found mutated or downregulated. Consistently, Hipk2-deficient
mice are susceptible to LPS-induced endotoxemia, and adoptive transfer
of Hipk2"/~ bone marrow cells also aggravated Azoxymethane (AOM)/
Dextran Sodium Sulfate (DSS)-induced tumors in mouse model of in-
flammatory CRC [58]. This last observation demonstrates how mouse
models can be a precious tool for in vivo validation of the findings about
the role of HIPK2 in cancer cells obtained in vitro. So far, one study has
reported that Hipk2-KO mice are more susceptible to skin chemical
carcinogenesis than their wild-type counterpart [11]. Interestingly,
heterozygous loss of HIPK2 leads to lymphoma development upon
y-radiation [72], supporting the idea that HIPK2 can behave as an
haploinsufficient tumor suppressor in this cancer context. On the same
line, a study based on a human tissue microarray revealed an inverse
correlation between HIPK2 levels and DNA ploidy in pancreas carcino-
genesis [10], thus pointing out HIPK2 as a care-taker gene. Altogether

these findings support a gene-dosage effect of HIPK2 in cancer. One can
envisage that the absence and/or very low dosage of HIPK2 may concur
to carcinogenesis by accelerating tumor progression. It would be useful
to study if and how ubiquitous or organ-specific Hipk2 gene deletions
affect cancer initiation and progression in mouse models of chemical- or
genetic-induced carcinogenesis for a better understanding of the func-
tional link between HIPK2 and cancer. Hence, other studies comparing
the behavior of Hipk2 ™/~ and Hipk2"™/~ mice will be important to better
clarify the gene-dosage effects of Hipk2, and well define it as a marker
for early detection of neoplastic lesions. Similarly, a better under-
standing of the molecular mechanisms responsible for the role of HIPK2
in carcinogenesis and for its dosage effect could be achieved using
valuable experimental models whose usage is still missing in the field,
like organoid cultures and/or patient-derived xenograft.

Finally, lack of HIPK2 expression may be important also for the
establish of tumor microenvironment. In fact, it has been shown that
culturing human fibroblasts with conditioned media derived from can-
cer cells, where HIPK2 expression is suppressed, induces a trans-
differentiation process which confers them the molecular feature of
cancer-associated fibroblasts (CAFs), including expression of a-smooth
muscle actin (a-SMA) and collagen I, and autophagy-mediated caveolin-
1 degradation [66]. CAFs are known to sustain cancer growth and sur-
vival and support malignancy and tumor resistance to therapies [66].
Interestingly, many clinical studies documented how CAF abundance
and function are linked to tumor outcome, suggesting that targeting
CAFs could represent a powerful addition to canonical anticancer ther-
apies. Many approaches are being tested to target CAFs, including the
modulation of TGFp signaling, MAPK, and fibroblast activation protein
(FAP) [73]. Even if these data about the functional relationship between
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HIPK2 and tumor microenvironment are somehow preliminary, they
open up very interesting opportunities for the field. It would be inter-
esting to evaluate in vivo whether the restoration of HIPK2 expression
and function can induce CAFs re-conversion into “normal” fibroblasts,
and thus improve the tumor outcome.

3. Recent discoveries about HIPK2 oncogenic functions

Even if most of the data about HIPK2 role in human tumors indicates
that it exerts a tumor suppressive function (Table 1), several reports
unraveled an opposite behavior of HIPK2 in other types of cancer, and
highlighted the mechanisms by which HIPK2 may exert an oncogenic
role (Fig. 1B). In particular, HIPK2 is frequently amplified and overex-
pressed in pilocytic astrocytoma [52], and its expression is significantly
higher in cervical cancer than in healthy tissue [53]. In addition, HIPK2
expression is also significantly higher in aggressive meningiomas than in
benign ones [54].

Recently, a new HIPK2 isoform (containing exons 1-13a and 13b)
was discovered in non-small cell lung cancer (NSCLC) H1975, A549,
H1299, H460, H2030, and H2170 cell lines [74]. This isoform, called
isoform 3 (HIPK2-is3), lacks exons 14 and 15 that encode for the C-
terminal portion of the main HIPK2 isoform (isoform 1, containing exons
1-13a, 14 and 15). Interestingly, NSCLC cell lines display increased
HIPK2 DNA copy number and NSCLC samples display selective over-
expression of HIPK2-is3. HIPK2-is3 promotes the activation of the Hippo
pathway, which is one of the key drivers of lung cancer initiation and
progression [75]. In particular, HIPK2-is3 increases, in a kinase-
dependent manner, TEAD activity (a typical read-out of Hippo
pathway activation), and YAP protein stability in NSCLC. Together with
the observation that high HIPK2 mRNA expression in the Human Protein
Atlas platform negatively correlates with NSCLC patient survival, these
data suggest that HIPK2-is3 plays an oncogenic role in NSCLC [74].
Interestingly, HIPK2 is transcriptionally regulated by nuclear factor
erythroid 2 (NF-E2) p45-related factor 2 (NRF2) in H1299 and A549
NSCLC cell lines [76]. NRF2 is a transcriptional factor that is considered
the master regulator of oxidative stress response because of its ability to
allow adaptation and survival under stress conditions, via the regulation
of a wide set of genes coding for anti-oxidant and drug-metabolizing
enzymes, and for drug transporters [77,78]. Recently, it has been
shown that the functional interaction between HIPK2 and NRF2 takes
place at two different levels. On one hand, NRF2 regulates HIPK2
expression at transcriptional level; on the other hand, HIPK2 is required
for NRF2 activity, contributing to induce the expression of NRF2 targets,
and to elicit a cytoprotective response, which has an ambivalent role in
cancer development. In fact, while a transient NRF2 activation is linked
to chemoprevention, its sustained activity favors tumor cell resistance to
chemo- and radiotherapy, and can support cell proliferation and tumor
growth [79,80]. Consistently, NRF2 is often constitutively activated in
human tumors [81,82], and it is associated with poor prognosis. For
these reasons, sustaining prolonged NRF2 activity could be a potential
oncogenic function exerted by HIPK2 under specific conditions [76].

An example of how HIPK2 can have an oncogenic role per se has been
provided by the study of HIPK2 dominant negative mutations (R868W
and N958I) that are found in acute myeloid leukemia (AML) and mye-
lodysplastic syndrome (MDS) patients [83]. Under physiological con-
ditions, HIPK2 is part of the promyelocytic leukemia protein-nuclear
bodies (PML-NB), sub-nuclear structures that are crucial for the
expression of myeloid differentiation genes, whose formation and ac-
tivity is impaired in AML and MDS [83]. Interestingly, R868W and
N958I HIPK2 mutations disrupt HIPK2 SUMO-interacting motif (SIM),
impairing HIPK2 SUMOylation. The lack of this post-translational
modification prevents HIPK2 localization in the PML-NB, but not its
ability to bind and phosphorylate AML1b protein [83]. For these rea-
sons, HIPK2 mutants can sequestrate the AML1 complex out of the PML-
NBs, thus disrupting the AML1-mediated activation of myeloid differ-
entiation genes [83,84].
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Even in the absence of consistent mechanistical explanations, Kwon
et al. have suggested a potential oncogenic role for HIPK2 in tonsillar
squamous cell carcinomas (TSCCs), the most common human papillo-
mavirus (HPV) - associated oropharyngeal cancers with poor prognosis
[85]. HIPK2 has been found to be associated with the oncogenic HPV
protein E6, known to induce the proteolytic degradation of p53, and of
other important pro-apoptotic proteins, like Bak and Bax. Moreover,
HIPK2 mRNA expression is higher in TSCCs than in normal tonsils, and
its overexpression is associated with poorly differentiated carcinoma,
representing also an independent negative prognostic factor for overall
survival and disease-free survival (DFS) of HPV-positive TSCCs. The
correlation between HIPK2 overexpression and poor prognosis and
survival suggests that HIPK2 may have an oncogenic role also in TSCCs
[86]. Similarly, a HIPK2 mRNA and protein expression analysis per-
formed in oral squamous cell carcinoma (OSCC) samples and their
lymph node metastasis revealed that HIPK2 nuclear delocalization oc-
curs during oral epithelial cancer progression, and it is associated with
cervical lymph node metastasis and poor outcome. The role of HIPK2 in
oral epithelial cells has been defined by in vitro experiments, showing
that HIPK2 normally prevents epithelial-mesenchymal transition (EMT)
and cell invasion by inhibiting E-cadherin expression in a p53-
dependent manner [85]. However, HIPK2 has been found to be delo-
calized in OSCC, and this delocalization can impair its EMT inhibiting
activity, thus increasing the migration and invasion potential of oral
squamous cells [85]. Further studied are needed to establish the
mechanisms of HIPK2 nuclear delocalization to cytoplasmic relocaliza-
tion, and to clarify whether this delocalization has an active oncogenic
role in OSCC or simply impairs the physiological “protective” functions
of the kinase.

Another cancer type in which the role of HIPK2 has recently been
highlighted is renal cell carcinoma (RCC), a common malignant tumor
which is often metastatic and poorly responsive to cancer therapy. In
particular, Liu et al. reported that HIPK2 binds and phosphorylates
Forkhead Box M1 (FOXM1) on Ser724 [87], a transcription factor which
regulates G1-S and G2-M cell cycle transitions and the maintenance of
mitotic spindle integrity [88,89], whose expression is increased in renal
cell carcinoma (RCC) samples. Interestingly, HIPK2 knock-down inhibits
FOXM1 phosphorylation and reduces transcription of FOXM1-target
genes, such as CCNBI (Cyclin B1) and AURKB (Aurora B), thus
impairing cell cycle progression and reducing cell viability [87]. These
data suggest that HIPK2 may promote FOXM1 oncogenic activity in
RCC. Finally, some preliminary data suggest that glycosylation may
confer pro-proliferative oncogenic functions to HIPK2. HIPK2 is glyco-
sylated at S852, T1009 and S1147 by O-GlcNAc transferase (OGT) and
this glycosylation increases HIPK2 protein stability, preventing its pro-
teasomal degradation [87]. OGT is involved in cancer biology, and its
expression is upregulated in different cancer types, and is also associated
with poor prognosis of patients with prostate or breast cancers [90,91],
aggressiveness of bladder tumors [92], and tumor recurrence of liver
cancer [93]. Interestingly, the OGT-mediated HIPK2 stabilization sus-
tains an abnormal tumor-like cell proliferation in Drosophila, suggesting
that OGT may affect HIPK2 stability and activity also in human cancer
cells [87].

It is important to point out that, while HIPK2 expression levels and
mutational status have been evaluated in a multitude of different cancer
samples, their intra-tumor heterogeneity has not been exhaustively
investigated yet. In this perspective, the field could benefit from single-
cell analysis of HIPK2 expression levels and mutational status, to eval-
uate whether HIPK2 alterations are more frequent in specific cancer sub-
populations (e.g., in cancer stem cells). Moreover, as for HIPK2 tumor
suppressive functions, also the evaluation of its oncogenic features may
benefit from in vivo studies performed in mouse models, and in vitro
experiments performed using organoid cultures and patient-derived
xenografts. In particular, the generation and characterization of trans-
genic mice overexpressing HIPK2 might show whether higher level of
this kinase are sufficient to induce cancer formation per se, and/or to
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increase the susceptibility to chemical- or genetic-induced cancer in
specific organs and tissues, like cervix or lung.

4. HIPK2 and chemoresistance

Because of HIPK2 ability to regulate cell survival, its activity and
expression levels have been found to be related to chemoresistance in
several cancer types. Unsurprisingly, the most important HIPK2 function
that mediates the cytotoxic effect of several chemotherapeutic agents is
its p53-dependent pro-apoptotic activity. Interestingly, HIPK2 itself is
activated by various anti-cancer drugs, including cisplatin (CDDP),
adriamycin (ADR) and roscovitin [27], and this activation triggers the
HIPK2/p53Ser46 apoptotic signaling pathway, whose deregulation is
often observed in chemoresistant cells [27]. HIPK2 has been related to
chemoresistance also for its ability to sensitize cancer cells to therapy by
inhibiting the wild-type p53-induced phosphatase 1 (Wip1) [94] or HIF-
la [32], or by targeting ANp63a in p53-null cells [95]. Recently,
additional evidence of the importance of this kinase in cancer therapy
has emerged (Fig. 2).

Indeed, Wang et al. showed how the HIPK2/p53-dependent
apoptotic pathway mediates the effect of 4-hydroxybenzoic acids (4-
HBA) 13a, a new HDACS6 inhibitor, which is able to reduce the resistance
of breast cancer cells to adriamycin (ADM) [96]. 4-HBAs-13a potentiates
ADM-induced apoptosis by enhancing p53 and HIPK2 expression in
ADM-resistant breast cancer cells. Consistently, the apoptosis induced
by the co-treatment with 4-HBAs-13a and ADM strongly diminishes
upon HIPK2 knock-down [96]. Similarly, He et al. provided evidence
that HIPK2 and its negative regulatory E3-ubiquitin ligase SIAH are
critical factors controlling temozolomide-induced cell death in glio-
blastoma LN-229 and glioma U87MG cell lines. In fact, upon temozo-
lomide treatment, the O6MeG carcinogenic DNA lesion triggers HIPK2
stabilization probably due to DNA-damage induced disruption of the
HIPK2-Siah-1 complex [38,97,98], thus resulting in kinase activation,
p53Ser46 phosphorylation, and stimulation of the pro-apoptotic FAS
pathway. Moreover, downregulation of SIAH1, which is significantly
overexpressed in glioblastomas, ameliorates temozolomide-induced
apoptosis, suggesting that HIPK2 plays a relevant protective pro-

4-HBAs-13a +
ADM

OXA
Temozolomide
ADR Roscovin
0009\ 4%

e )
/
@ O

APOPTOSIS

Fig. 2. Crosstalk among chemotherapeutics, HIPK2 and cancer treatment.
Schematic representation of the chemotherapeutic agents able to exert their
cytotoxic activity via HIPK2.
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apoptotic role in glioblastoma LN-229 cells, even in the absence of a
chemotherapeutic treatment [99].

The canonical p53-mediated pro-apoptotic effect is not the only way
by which HIPK2 may influence cancer cell survival and response to
therapeutic agents. The functional interaction between HIPK2 and NRF2
may be another key factor in these regards. In fact, as we discussed
before, the complex interplay between HIPK2 and NRF2 may be an
oncogenic pro-survival effect under specific circumstances. According to
a recent study [100], upon specific metabolic conditions i.e., hyper-
glicemia in diabetes and obesity cancer patients, the NRF2/HIPK2/p53
interplay may have a pro-survival effect allowing cancer cells to bypass
drug cytotoxicity. For example, HIPK2 and NRF2 expression has been
associated with chemoresponse in early stage CRC [100]. In particular,
the NRF2 inhibitor brusatol induced an increase in chemotherapy
response only when HIPK2 is expressed, confirming that HIPK2 is a
crucial factor for therapies based on NRF2 modulators [101]. Moreover,
the importance of HIPK2 in CRC therapy is confirmed by the fact that
HIPK2-KO induces resistance to Fluorouracil (5-FU) and oxaliplatin
(OXA), two drugs frequently used in the treatment of CRC [101,102].

Another HIPK2 molecular partner that is involved in chemo-
resistance is the transcriptional corepressor CtBP1, which is able to
inhibit the expression of several tumor-suppressor genes. Interestingly,
its functional interaction with HIPK2 has been reported to be important
to determine the response of osteosarcoma cells to chemotherapy. In
fact, the assembly of CtBP1-p300-FOXO3a transcriptional complex re-
presses the expression of pro-apoptotic genes such as Bax and Bim in
osteosarcoma cells [58]. As we mentioned before, HIPK2 is able to
inhibit CtBP1 by phosphorylating it and promoting its proteosomal
degradation [103]. Duan et al. found a significant decrease in the
expression levels of HIPK2 and phosphorylated CtBP1 in osteosarcoma
cells and biopsies, associated with an increase in CtBP1 expression level.
Moreover, overexpression of HIPK2 disrupts the CtBP1-mediated trans-
repression of pro-apoptotic genes, and results in induction of apoptosis
and increased chemosensitivity of osteosarcoma cells [58].

Interestingly, even a SNP within the HIPK2 gene has been associated
with a specific response to cancer therapy. In fact, HIPK2 SNP
rs2030712 has been found to be significantly associated with the
occurrence of radiation pneumonitis in patients with pulmonary ma-
lignancies treated with radiotherapy [104]. Finally, the expression of a
HIPK2 circular RNA (circHIPK2) has been found to be associated with
cisplatin (DDP) chemoresistance in ovarian cancer (OvCa) samples.
Circular RNAs (CircRNAs) are covalently closed long non-coding RNAs
that exert crucial biological functions in human diseases with tissue-
specific and cell-specific patterns [105]. CircRNAs regulate gene
expression by acting as miRNA sponges, RNA-binding protein seques-
tering agents, or nuclear transcriptional regulators. Many circRNAs have
been found to be upregulated during mouse neural development and
human epithelial-mesenchymal transition, and are aberrantly expressed
in several vascular diseases, neurological disorders, and cancers [106].
The expression, function and mechanism of circRNAs have been sys-
tematically over-viewed in gynecological cancers including OvCa [107].
In these tumors, circHIPK2 knock-down suppresses DDP resistance.
Moreover, cell proliferation, cell cycle regression, migration and inva-
sion, as well as tumor growth of OvCa cells, are overall restrained by
silencing circHIPK2, suggesting an anti-tumor role of circHIPK2 knock-
down in DDP-resistant OvCa SKOV3/DDP and A2780/DDP cells both in
vitro and in vivo [108].

Taken together, these data support the idea that HIPK2 is important
to establish an efficient response to several cancer treatments. Consid-
ering that The Cancer Genome Atlas (TCGA) consortium has made
available big data sets correlating gene expression levels and mutational
status to clinical outcomes and chemotherapy response [109-111], a
metanalysis of the status of HIPK2 in these data sets could provide more
solid evidence of the translational relevance of HIPK2 in the response to
cancer therapy and in clinical practice.
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5. HIPK2 and miRNAs functional interaction in cancer cells

As reviewed in [8,9], HIPK2 expression is regulated by several
miRNAs, which are able to bind the 3’-UTR of HIPK2 transcripts and to
inhibit their translation. Over the last few years, new HIPK2-regulating
miRNAs have been identified in different types of cancer cells (Table 2).
In particular, four “onco-miR”, miR-222-3p, miR-4652-3p, miR-197,
and miR-222-3p, whose expression is increased in tumor cells with
respect to their normal counterparts, have been shown to exert their
oncogenic activity by downregulating HIPK2 expression, thus prevent-
ing the kinase from exerting its tumor suppressive functions.

miR-222-3p is significantly upregulated in pancreatic cancer tissues,
in which it enhances glycolysis and promotes cell proliferation [112]. As
we discussed before, these same effects had already been reported to be
associated with the downregulation of HIPK2 increasing the ERK/c-Myc
axis in Panc-1, SW1990 and primary pancreatic cancer cells [59].
Indeed, analyzing a cohort of pancreatic patient samples from The
Cancer Genome Atlas (TCGA) database and Panc-1 and Mia-PaCa2
pancreatic cancer cell lines, Zhai and colleagues revealed an inverse
correlation between miR-222-3p and HIPK2 expression. Moreover, the
HIPK2/miR-222-3p functional interaction involves also the tumor sup-
pressor long noncoding RNA (IncRNA) LINC00261, which can act as a
“sponge” binding miR-222-3p, thus preventing its binding to HIPK2
mRNA. It has been shown that this “protective effect” of LINC00261 on
miR-222-3p-induced HIPK2 downregulation can attenuate aerobic
glycolysis in Panc-1 and Mia-PaCa2 pancreatic cancer cells [112].

Another HIPK2-regulator onco-miR is miR-4652-3p, which is upre-
gulated via the PI3K/AKT/c-JUN signaling pathway in nasopharyngeal
carcinoma NPC-HONE1 and immortalized nasopharyngeal NP69 cells.
The main oncogenic effect of this miR is the activation of EMT signaling
through which it promotes NPC migration, invasion, and metastasis
[113]. EMT activation is the mechanism by which also miR-197 exerts
its oncogenic activity. The expression of this miR has been correlated
with lung adenocarcinoma (LAD) progression, and it has been shown
that it strongly activates EMT and promotes LAD metastasis by directly
silencing HIPK2 [114].

Similarly, HIPK2 expression is negatively regulated by miR-222-3p
which is highly expressed in gastric cancer, especially in the H. pylori
induced one. In particular, miR-222-3p-induced HIPK2 downregulation
is associated with an increased in cell proliferation, viability and
migration in SGC-7901 gastric cancer cells [115].

Recently, two circulating exosomal microRNAs (exomiRs) exomiR-
1229 and exomiR-1260b have been reported to target and down-
regulate HIPK2 expression in colon and lung cancer cells respectively
[116,117]. ExomiRs are miRNAs which are contained into exosomes, a
type of extracellular vesicles that can be secreted by most cells, including
tumor ones. Increasing evidence is showing that tumor-derived exo-
somes “indoctrinate” surrounding cells and modulate the microenvi-
ronment to facilitate tumor progression [118]. Specific exomiRs are
found to be significantly increased in the serum of patients with specific
cancer types [119], representing potential new diagnostic and

Table 2
Newly discovered HIPK2-targeting miRs.

HIPK2-
targeting miR

Cancer type Effects

miR-222-3p Pancreatic Cancer Enhanced glycolysis and cell
proliferation [112]
miR-4652-3p Nasopharyngeal EMT; metastasis [113]
Carcinoma
miR-197 Lung Adenocarcinoma EMT; metastasis [114]
miR-222-3p Gastric Cancer Enhanced cell proliferation, viability

and migration [115]

Increased angiogenesis; high grade
disease; metastasis [116]
Increased angiogenesis; high grade
disease; metastasis [117]

exomiR-1229 Colorectal Cancer

exomiR-1260b Non-Small-Cell Lung

Cancer
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prognostic markers for these neoplasias [120-122]. In colon cells,
HIPK2 expression is inhibited by exomiR-1229, an exomiR targeting
HIPK2 mRNA is upregulated in the serum of CRC patients [116].
Interestingly, exomiR-1229 overexpression correlates with tumor size,
lymphatic metastasis, TNM stage and poor survival, and its oncogenic
effects seem to be mainly due to its ability to down-regulate HIPK2
protein expression. In fact, exomiR-1229-induced HIPK2 down-
regulation potentiates VEGF pathway activation with consequent pro-
angiogenic effects [116]. A very similar behavior is shown by exomiR-
1260b, which is upregulated in non-small-cell lung cancer (NSCLC)
patients [117]. ExomiR-1260b upregulation positively correlates with
high-grade disease, metastasis, and poor survival of NSCLC patients,
while it negatively correlates with HIPK2 expression. Also in this case,
the miR-induced HIPK2 downregulation results in a pro-angiogenic ef-
fect that increases the tumor growth and metastatic potential [117].

All these reports clearly indicate that several onco-miRs exert their
oncogenic activity by targeting HIPK2 in different cancer types. These
observations suggest that “antagomiRs”, small synthetic RNA that are
perfectly complementary to specific target miRNAs, could be used to
neutralize these HIPK2-targeting miRs, in order to restore physiological
HIPK2 expression [121] and ameliorate the outcome of tumors like
pancreatic, gastric and nasopharyngeal carcinomas.

6. Conclusions and future perspectives

In the last few years, many reports confirmed the importance of
HIPK2 in cancer biology and therapy, and provided new insights on the
cellular pathways in which this kinase is involved and the molecular
mechanisms through which HIPK2 exerts its tumor suppressive/onco-
genic role. Consistently with the heterogeneity of its activity, HIPK2 has
been reported to be downregulated in CRC, HCC, osteosarcoma, and
pancreatic cancer, whereas it is mutated, upregulated or delocalized in
NSCLC, AML, TSCC, OSCC and RCC (Table 1). In the tumors in which
HIPK2 is downregulated, it exerts a tumor suppressive activity, and its
downregulation is associated with poor prognosis and low survival. As
previously observed in other cancer types, the regulation of cell prolif-
eration, migration and DNA repair, and the inhibition of oncogenic
players, like HIF-1a, Wnt/f-catenin, MAPK, and c-Myc, are the main
mechanisms through which HIPK2 plays its tumor suppressive role. In
addition, new tumor suppressive mechanisms have been described,
including the promotion of MBR degradation, the regulation of macro-
phage inflammatory activity, and the modulation of tumor microenvi-
ronment. On the other hand, HIPK2 has a direct or indirect oncogenic
role in the tumors in which it is mutated, upregulated or delocalized,
and, also in this case, its mutational or expression status has a prognostic
value. Interestingly, HIPK2 has been shown to affect the responsiveness
to cancer therapy of glioblastoma, osteosarcoma, colon and breast
cancer cells, and to be the main effector through which several onco- and
exomiRs exert their oncogenic activity in colon, lung, pancreas, stomach
and nasopharyngeal cancers (Table 2).

Taken together, these data strengthen the idea that HIPK2 can be an
important prognostic marker in a vast array of cancer types, an impor-
tant factor to predict cancer therapy response, and a therapeutic target
itself. In fact, depending on the cellular context, HIPK2 could be targeted
to restore its tumor-suppressive functions to sensitize cancer cells to
chemo- or radiotherapy, or to abrogate its oncogenic activity. Intrigu-
ingly, HIPK2 could be targeted directly or through the miRs that regu-
late its expression, which appear to be crucial for the role of HIPK2 in
many cancer cells. In particular, depending on the cellular context,
currently available HIPK2-selective inhibitors blocking its kinase activ-
ity [123,124], and/or “antagomiRs” binding/neutralizing HIPK2-
targeting miRs [125], may represent potential promising therapeutics
to be used in the near future.

It is important to highlight that, while the data reviewed here
demonstrate that the role of HIPK2 in cancer biology is even deeper and
more heterogenous than expected, the field would now need to adopt



A. Conte et al.

new experimental approaches to reach the “next level” in understating,
and, ideally, using the translational potential of this kinase. In fact, even
if most of the recent reports provide interesting examples of new targets,
mechanisms of action, mutations, and expression alterations of HIPK2,
they are limited by the scarcity of in vivo experiments and analysis of
conspicuous groups of patients. Hence, the next challenge is to increase
pre-clinical studies in animal models to definitively clarify and envisage
the modulation of HIPK2 expression and/or activity as potential treat-
ment for cancer. This will realistically open the route for clinical studies.
On the other hand, clinical studies on large cohorts of patients will be
fundamental to unquestionably include HIPK2 as a prognostic marker in
clinical practice.

Data availability

In this review article, the authors do not report any original data.

Acknowledgements

The authors acknowledge the POR Campania FESR 2014-2020
“SATIN” grant for the financial support provided for their research. The
scientific illustrations in Fig. 1 and Fig. 2 were created using BioRender.
com.

References

[1] Y.H. Kim, C.Y. Choi, S.J. Lee, M.A. Conti, Y. Kim, Homeodomain-interacting
protein kinases, a novel family of co-repressors for homeodomain transcription
factors, J. Biol. Chem. 273 (1998) 25875-25879, https://doi.org/10.1074/
jbc.273.40.25875.

[2] G. Manning, D.B. Whyte, R. Martinez, T. Hunter, S. Sudarsanam, The protein

kinase complement of the human genome, Science 298 (2002) 1912-1934,

https://doi.org/10.1126/science.1075762.

C. Rinaldo, F. Siepi, A. Prodosmo, S. Soddu, HIPKs: Jack of all trades in basic

nuclear activities, Biochim. Biophys. Acta, Mol. Cell Res. 1783 (2008)

2124-2129, https://doi.org/10.1016/j.bbamcr.2008.06.006.

C. Rinaldo, A. Prodosmo, F. Siepi, S. Soddu, HIPK2: a multitalented partner for

transcription factors in DNA damage response and development, Biochem. Cell

Biol. 85 (2007) 411-418, https://doi.org/10.1139/007-071.

[5] M.L. Schmitz, A. Rodriguez-Gil, J. Hornung, Integration of stress signals by
homeodomain interacting protein kinases, Biol. Chem. 395 (2014) 375-386,
https://doi.org/10.1515/hsz-2013-0264.

[6] T.G. Hofmann, C. Glas, N. Bitomsky, HIPK2: a tumour suppressor that controls
DNA damage-induced cell fate and cytokinesis, BioEssays. 35 (2013) 55-64,
https://doi.org/10.1002/bies.201200060.

[7] G. Dorazi, C. Rinaldo, S. Soddu, Updates on HIPK2: a resourceful oncosuppressor

for clearing cancer, J. Exp. Clin. Cancer Res. 31 (2012) 2-9, https://doi.org/

10.1186/1756-9966-31-63.

A. Conte, G. Maria Pierantoni, Regulation of HIPK proteins by MicroRNAs,

MicroRNA 4 (2015) 148-157, https://doi.org/10.2174/

2211536604666151002002720.

A. Conte, G.M. Pierantoni, Update on the regulation of HIPK1, HIPK2 and HIPK3

protein kinases by microRNAs, MicroRNA. 7 (2018) 178-186, https://doi.org/

10.2174/2211536607666180525102330.

[10] D. Valente, G. Bossi, A. Moncada, M. Tornincasa, S. Indelicato, S. Piscuoglio, E.
D. Karamitopoulou, A. Bartolazzi, G.M. Pierantoni, A. Fusco, S. Soddu,

C. Rinaldo, HIPK2 deficiency causes chromosomal instability by cytokinesis
failure and increases tumorigenicity, Oncotarget. 6 (2015) 10320-10334, https://
doi.org/10.18632/0oncotarget.3583.

[11] G. Wei, S. Ku, G.K. Ma, S. Saito, A.A. Tang, J. Zhang, J.H. Mao, E. Appella,

A. Balmain, E.J. Huang, HIPK2 represses p-catenin-mediated transcription,
epidermal stem cell expansion, and skin tumorigenesis, Proc. Natl. Acad. Sci. U. S.
A. 104 (2007) 13040-13045, https://doi.org/10.1073/pnas.0703213104.

[12] O. Ritter, M.L. Schmitz, Differential intracellular localization and dynamic
nucleocytoplasmic shuttling of homeodomain-interacting protein kinase family
members, Biochim. Biophys. Acta, Mol. Cell Res. 2019 (1866) 1676-1686,
https://doi.org/10.1016/j.bbamcr.2019.04.009.

[13] G.M. Pierantoni, M. Fedele, F. Pentimalli, G. Benvenuto, R. Pero, G. Viglietto,
M. Santoro, L. Chiariotti, A. Fusco, High mobility group I (Y) proteins bind HIPK2,
a serine-threonine kinase protein which inhibits cell growth, Oncogene. 20
(2001) 6132-6141, https://doi.org/10.1038/sj.0nc.1204635.

[14] Y. Guo, J.Y. Sui, K. Kim, Z. Zhang, X.A. Qu, Y.J. Nam, R.N. Willette, J.V. Barnett,
B.C. Knollmann, T. Force, H. Lal, Cardiomyocyte homeodomain-interacting
protein kinase 2 maintains basal cardiac function via extracellular signal-
regulated kinase signaling, Circulation 140 (2019) 1820-1833, https://doi.org/
10.1161/CIRCULATIONAHA.119.040740.

[15] J. Zhang, V. Pho, S.J. Bonasera, J. Holzmann, A.T. Tang, J. Hellmuth, S. Tang, P.
H. Janak, L.H. Tecott, E.J. Huang, Essential function of HIPK2 in TGFf-dependent

[3

—

[4

=

[8

—

[9

[}

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Cellular Signalling 101 (2023) 110491

survival of midbrain dopamine neurons, Nat. Neurosci. 10 (2007) 77-86, https://
doi.org/10.1038/nn1816.

S. Anzilotti, M. Tornincasa, R. Gerlini, A. Conte, P. Brancaccio, O. Cuomo,

G. Bianco, A. Fusco, L. Annunziato, G. Pignataro, G.M. Pierantoni, Genetic
ablation of homeodomain-interacting protein kinase 2 selectively induces
apoptosis of cerebellar Purkinje cells during adulthood and generates an ataxic-
like phenotype, Cell Death Dis. 6 (2015) e2004-2011, https://doi.org/10.1038/
cddis.2015.298.

Y. Shang, J. Zhang, E.J. Huang, HIPK2-mediated transcriptional control of NMDA
receptor subunit expression regulates neuronal survival and cell death,

J. Neurosci. 38 (2018) 4006-4019, https://doi.org/10.1523/JNEUROSCIL.3577-
17.2018.

Y. Shang, C.N. Doan, T.D. Arnold, S. Lee, A.A. Tang, L.F. Reichardt, E.J. Huang,
Transcriptional Corepressors HIPK1 and HIPK2 Control Angiogenesis via TGF- b —
TAK1 - Dependent Mechanism 11, 2013, https://doi.org/10.1371/journal.
pbio.1001527.

D. De Biase, V. Valente, A. Conte, F. Cammarota, N. Boccella, L. D’esposito,

1. D’aquino, O. Paciello, S. Paladino, G.M. Pierantoni, Phenotypic effects of
homeodomain-interacting protein kinase 2 deletion in mice, Int. J. Mol. Sci. 22
(2021), https://doi.org/10.3390/ijms22158294.

R. Gerlini, E. Amendola, A. Conte, V. Valente, M. Tornincasa, S.C. Credendino,
F. Cammarota, C. Gentile, L. Di Guida, S. Paladino, G. De Vita, G.M. Pierantoni,
A. Fusco, Double knock-out of Hmgal and Hipk2 genes causes perinatal death
associated to respiratory distress and thyroid abnormalities in mice, Cell Death
Dis. 10 (2019), https://doi.org/10.1038/541419-019-1975-5.

W. Xiao, E. Jing, L. Bao, Y. Fan, Y. Jin, A. Wang, D. Bauman, Z. Li, Y.L. Zheng,
R. Liu, K. Lee, J.C. He, Tubular HIPK2 is a key contributor to renal fibrosis, JCI
Insight 5 (2020), https://doi.org/10.1172/jci.insight.136004.

T.G. Hofmann, A. Mdller, H. Sirma, H. Zentgraf, Y. Taya, W. Droge, H. Will,

M. Lienhard Schmitz, Regulation of p53 activity by its interaction with
homeodomain-interacting protein kinase-2, Nat. Cell Biol. 4 (2002) 1-10, https://
doi.org/10.1038/ncb715.

D. Fasano, S. Parisi, G.M. Pierantoni, A. De Rosa, M. Picillo, G. Amodio, M.

T. Pellecchia, P. Barone, O. Moltedo, V. Bonifati, G. De Michele, L. Nitsch,

P. Remondelli, C. Criscuolo, S. Paladino, Alteration of endosomal trafficking is
associated with early-onset parkinsonism caused by SYNJ1 mutations, Cell Death
Dis. 9 (2018), https://doi.org/10.1038/541419-018-0410-7.

G. D’Orazi, B. Cecchinelli, T. Bruno, I. Manni, Y. Higashimoto, S. Saito,

M. Gostissa, S. Coen, A. Marchetti, G. Del Sal, G. Piaggio, M. Fanciulli, E. Appella,
S. Soddu, Homeodomain-interacting protein kinase-2 phosphorylates p53 at Ser
46 and mediates apoptosis, Nat. Cell Biol. 4 (2002) 11-20, https://doi.org/
10.1038/ncb714.

G.M. Pierantoni, F. Pentimalli, M. Fedele, M. Santoro, A. Fusco, A. Bulfone,

A. Ballabio, R. Iuliano, L. Chiariotti, A. Ballabio, The homeodomain-interacting
protein kinase 2 gene is expressed late in embryogenesis and preferentially in
retina, muscle, and neural tissues, Biochem. Biophys. Res. Commun. 290 (2002)
942-947, https://doi.org/10.1006/bbrc.2001.6310.

L. Lavra, C. Rinaldo, A. Ulivieri, E. Luciani, P. Fidanza, L. Giacomelli, C. Bellotti,
A. Ricci, M. Trovato, S. Soddu, A. Bartolazzi, S. Sciacchitano, The loss of the p53
activator HIPK2 is responsible for galectin-3 overexpression in well differentiated
thyroid carcinomas, PLoS One 6 (2011), https://doi.org/10.1371/journal.
pone.0020665.

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

J.A. Blaquiere, E.M. Verheyen, Homeodomain-Interacting Protein Kinases:
Diverse and Complex Roles in Development and Disease, 1st ed, Elsevier Inc.,
2017, https://doi.org/10.1016/bs.ctdb.2016.10.002.

M.A. Calzado, F. Renner, A. Roscic, M.L. Schmitz, HIPK2: a versatile switchboard
regulating the transcription machinery and cell death, Cell Cycle 6 (2007)
139-143, https://doi.org/10.4161/cc.6.2.3788.

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

M. Tan, H. Gong, Y. Zeng, L. Tao, J. Wang, J. Jiang, D. Xu, E. Bao, J. Qiu, Z. Liu,
Downregulation of homeodomain-interacting protein kinase-2 contributes to
bladder cancer metastasis by regulating Wnt signaling, J. Cell. Biochem. 115
(2014) 1762-1767, https://doi.org/10.1002/jcb.24842.

L. Nardinocchi, R. Puca, D. Guidolin, A.S. Belloni, G. Bossi, C. Michiels, A. Sacchi,
M. Onisto, G. D’Orazi, Transcriptional regulation of hypoxia-inducible factor 1u
by HIPK2 suggests a novel mechanism to restrain tumor growth, Biochim.
Biophys. Acta, Mol. Cell Res. 1793 (2009) 368-377, https://doi.org/10.1016/j.
bbamcr.2008.10.013.

K. Oda, H. Arakawa, T. Tanaka, K. Matsuda, C. Tanikawa, T. Mori, H. Nishimori,
K. Tamai, T. Tokino, Y. Nakamura, Y. Taya, p53AIP1, a potential mediator of p53-
dependent apoptosis, and its regulation by ser-46-phosphorylated p53, Cell. 102
(2000) 849-862, https://doi.org/10.1016/50092-8674(00)00073-8.

S. Iacovelli, L. Ciuffini, C. Lazzari, G. Bracaglia, C. Rinaldo, A. Prodosmo,

A. Bartolazzi, A. Sacchi, S. Soddu, HIPK2 is involved in cell proliferation and its
suppression promotes growth arrest independently of DNA damage, Cell Prolif.
42 (2009) 373-384, https://doi.org/10.1111/j.1365-2184.2009.00601.x.

E. Oda, R. Ohki, H. Murasawa, J. Nemoto, T. Shibue, T. Yamashita, T. Tokino,
T. Taniguchi, N. Tanaka, Noxa, a BH3-only member of the Bcl-2 family and
candidate mediator of p53-induced apoptosis, Science 288 (2000) 1053-1058,
https://doi.org/10.1126/science.288.5468.1053.


http://BioRender.com
http://BioRender.com
https://doi.org/10.1074/jbc.273.40.25875
https://doi.org/10.1074/jbc.273.40.25875
https://doi.org/10.1126/science.1075762
https://doi.org/10.1016/j.bbamcr.2008.06.006
https://doi.org/10.1139/O07-071
https://doi.org/10.1515/hsz-2013-0264
https://doi.org/10.1002/bies.201200060
https://doi.org/10.1186/1756-9966-31-63
https://doi.org/10.1186/1756-9966-31-63
https://doi.org/10.2174/2211536604666151002002720
https://doi.org/10.2174/2211536604666151002002720
https://doi.org/10.2174/2211536607666180525102330
https://doi.org/10.2174/2211536607666180525102330
https://doi.org/10.18632/oncotarget.3583
https://doi.org/10.18632/oncotarget.3583
https://doi.org/10.1073/pnas.0703213104
https://doi.org/10.1016/j.bbamcr.2019.04.009
https://doi.org/10.1038/sj.onc.1204635
https://doi.org/10.1161/CIRCULATIONAHA.119.040740
https://doi.org/10.1161/CIRCULATIONAHA.119.040740
https://doi.org/10.1038/nn1816
https://doi.org/10.1038/nn1816
https://doi.org/10.1038/cddis.2015.298
https://doi.org/10.1038/cddis.2015.298
https://doi.org/10.1523/JNEUROSCI.3577-17.2018
https://doi.org/10.1523/JNEUROSCI.3577-17.2018
https://doi.org/10.1371/journal.pbio.1001527
https://doi.org/10.1371/journal.pbio.1001527
https://doi.org/10.3390/ijms22158294
https://doi.org/10.1038/s41419-019-1975-5
https://doi.org/10.1172/jci.insight.136004
https://doi.org/10.1038/ncb715
https://doi.org/10.1038/ncb715
https://doi.org/10.1038/s41419-018-0410-7
https://doi.org/10.1038/ncb714
https://doi.org/10.1038/ncb714
https://doi.org/10.1006/bbrc.2001.6310
https://doi.org/10.1371/journal.pone.0020665
https://doi.org/10.1371/journal.pone.0020665
https://doi.org/10.18632/oncotarget.14723
https://doi.org/10.1016/bs.ctdb.2016.10.002
https://doi.org/10.4161/cc.6.2.3788
http://refhub.elsevier.com/S0898-6568(22)00253-4/rf0150
http://refhub.elsevier.com/S0898-6568(22)00253-4/rf0150
http://refhub.elsevier.com/S0898-6568(22)00253-4/rf0150
https://doi.org/10.1002/jcb.24842
https://doi.org/10.1016/j.bbamcr.2008.10.013
https://doi.org/10.1016/j.bbamcr.2008.10.013
https://doi.org/10.1016/S0092-8674(00)00073-8
https://doi.org/10.1111/j.1365-2184.2009.00601.x
https://doi.org/10.1126/science.288.5468.1053

A. Conte et al.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

M.K. Fritsche, V. Metzler, K. Becker, C. Plettenberg, C. Heiser, B. Hofauer,

A. Knopf, Cisplatin fails to induce puma mediated apoptosis in mucosal
melanomas, Oncotarget. 6 (2015) 9887-9896, https://doi.org/10.18632/
oncotarget.3195.

D. Muschik, I. Braspenning-Wesch, E. Stockfleth, F. Rosl, T.G. Hofmann, I. Nindl,
Cutaneous HPV23 E6 prevents p53 phosphorylation through interaction with
HIPK2, PLoS One 6 (2011), https://doi.org/10.1371/journal.pone.0027655.

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

W.C. Dong, Y.M. Seo, E.A. Kim, S.S. Ki, W.A. Jang, S.J. Park, S.R. Lee, Y.C. Cheol,
Ubiquitination and degradation of homeodomain-interacting protein kinase 2 by
WD40 repeat/SOCS box protein WSB-1, J. Biol. Chem. 283 (2008) 4682-4689,
https://doi.org/10.1074/jbc.M708873200.

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

Y. Shima, T. Shima, T. Chiba, T. Irimura, P.P. Pandolfi, I. Kitabayashi, PML
activates transcription by protecting HIPK2 and p300 from SCF Fbx3 -mediated
degradation, Mol. Cell. Biol. 28 (2008) 7126-7138, https://doi.org/10.1128/
mcb.00897-08.

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

Y. Rui, Z. Xu, S. Lin, Q. Li, H. Rui, W. Luo, H.M. Zhou, P.Y. Cheung, Z. Wu, Z. Ye,
P. Li, J. Han, S.C. Lin, Axin stimulates p53 functions by activation of HIPK2 kinase
through multimeric complex formation, EMBO J. 23 (2004) 4583-4594, https://
doi.org/10.1038/sj.emboj.7600475.

L. Nardinocchi, R. Puca, D. Givol, G. D’Orazi, HIPK2 - a therapeutical target to be
(re)activated for tumor suppression: role in p53 activation and HIF-1a inhibition,
Cell Cycle 9 (2010) 1270-1275, https://doi.org/10.4161/cc.9.7.11125.

J. Moehlenbrink, N. Bitomsky, T.G. Hofmann, Hypoxia suppresses
chemotherapeutic drug-induced p53 serine 46 phosphorylation by triggering
HIPK2 degradation, Cancer Lett. 292 (2010) 119-124, https://doi.org/10.1016/j.
canlet.2009.11.016.

C.J. Kim, Y.G. Cho, C.H. Park, S.W. Jeong, S.W. Nam, S.Y. Kim, S.H. Lee, N.J. Yoo,
J.Y. Lee, W.S. Park, Inactivating mutations of the Siah-1 gene in gastric cancer,
Oncogene. 23 (2004) 8591-8596, https://doi.org/10.1038/sj.0onc.1208113.

Y.Y. Wen, Z.Q. Yang, M. Song, B.N. Li, X.H. Yao, X.L. Chen, J. Zhao, Y.Y. Lu, J.
J. Zhu, E.H. Wang, The expression of SIAH1 is downregulated and associated with
bim and apoptosis in human breast cancer tissues and cells, Mol. Carcinog. 49
(2010) 440-449, https://doi.org/10.1002/mc.20615.

H. Yoshibayashi, H. Okabe, S. Satoh, K. Hida, K. Kawashima, S. Hamasu,

A. Nomura, S. Hasegawa, I. Ikai, Y. Sakai, SIAH1 causes growth arrest and
apoptosis in hepatoma cells through p-catenin degradation-dependent and
-independent mechanisms, Oncol. Rep. 17 (2007) 549-556, https://doi.org/
10.3892/0r.17.3.549.

C. Kanei-ishii, J. Ninomiya-tsuji, J. Tanikawa, T. Nomura, T. Ishitani, S. Kishida,
K. Kokura, T. Kurahashi, E. Ichikawa-iwata, Y. Kim, K. Matsumoto, S. Ishii, Wnt-1
signal induces phosphorylation and degradation of c-Myb protein via TAK1,
HIPK2, and NLK, 2004, pp. 816-829, https://doi.org/10.1101/gad.1170604.
control.

G. Bon, S.E. Di Carlo, V. Folgiero, P. Avetrani, C. Lazzari, G. D’Orazi, M.F. Brizzi,
A. Sacchi, S. Soddu, G. Blandino, M. Mottolese, R. Falcioni, Negative regulation of
4 integrin transcription by homeodomain-interacting protein kinase 2 and p53
impairs tumor progression, Cancer Res. 69 (2009) 5978-5986, https://doi.org/
10.1158/0008-5472.CAN-09-0244.

C. Rinaldo, A. Moncada, A. Gradi, L. Ciuffini, D. D’Eliseo, F. Siepi, A. Prodosmo,
A. Giorgi, G.M. Pierantoni, F. Trapasso, G. Guarguaglini, A. Bartolazzi,

E. Cundari, M.E. Schinina, A. Fusco, S. Soddu, HIPK2 controls cytokinesis and
prevents tetraploidization by phosphorylating histone H2B at the Midbody, Mol.
Cell 47 (2012) 87-98, https://doi.org/10.1016/j.molcel.2012.04.029.

H. Deshmukh, T.H. Yeh, J. Yu, M.K. Sharma, A. Perry, J.R. Leonard, M.A. Watson,
D.H. Gutmann, R. Nagarajan, High-resolution, dual-platform aCGH analysis
reveals frequent HIPK2 amplification and increased expression in pilocytic
astrocytomas, Oncogene. 27 (2008) 4745-4751, https://doi.org/10.1038/
onc.2008.110.

M.A.M. Al-Beiti, X. Lu, Expression of HIPK2 in cervical cancer: correlation with
clinicopathology and prognosis, Aust. New Zeal. J. Obstet. Gynaecol. 48 (2008)
329-336, https://doi.org/10.1111/j.1479-828X.2008.00874.x.

H.J. Schulten, D. Hussein, F. Al-Adwani, S. Karim, J. Al-Maghrabi, M. Al-Sharif,
A. Jamal, S. Bakhashab, J. Weaver, F. Al-Ghamdji, S.S. Baeesa, M. Bangash,

A. Chaudhary, M. Al-Qahtani, Microarray expression profiling identifies genes,
including cytokines, and biofunctions, as diapedesis, associated with a brain
metastasis from a papillary thyroid carcinoma, Am. J. Cancer Res. 6 (2016)
2140-2161.

P. Chen, X. Duan, X. Li, J. Li, Q. Ba, H. Wang, HIPK2 suppresses tumor growth and
progression of hepatocellular carcinoma through promoting the degradation of
HIF-1a, Oncogene. 39 (2020) 2863-2876, https://doi.org/10.1038/541388-020-
1190-y.

L. Zhou, Y. Feng, Y. Jin, X. Liu, H. Sui, N. Chai, X. Chen, N. Liu, Q. Ji, Y. Wang,
Q. Li, Verbascoside promotes apoptosis by regulating HIPK2-p53 signaling in
human colorectal cancer, BMC Cancer 14 (2014) 1-11, https://doi.org/10.1186/
1471-2407-14-747.

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

Cellular Signalling 101 (2023) 110491

Y. Li, F. Ge, S. Wang, Four genes predict the survival of osteosarcoma patients
based on TARGET database, J. Bioenerg. Biomembr. 52 (2020) 291-299, https://
doi.org/10.1007/510863-020-09836-6.

N. Duan, W. Zhang, Z. Li, L. Sun, T. Song, Z. Yu, X. Chen, W. Ma, Overexpression
of HIPK2 removes the transrepression of proapoptotic genes mediated by the
CtBP1-p300- FOXO3a complex and increases the chemosensitivity in
osteosarcoma cells, J. Cancer 12 (2021) 1826-1837, https://doi.org/10.7150/
jca.52115.

Y. Qin, Q. Huy, S. Ji, J. Xu, W. Dai, W. Liu, W. Xu, Q. Sun, Z. Zhang, Q. Ni, X. Yu,
B. Zhang, X. Xu, Homeodomain-interacting protein kinase 2 suppresses
proliferation and aerobic glycolysis via ERK/cMyc axis in pancreatic cancer, Cell
Prolif. 52 (2019) 1-13, https://doi.org/10.1111/cpr.12603.

H. Yi, Z.W. Liao, J.J. Chen, X.Y. Shi, G.L. Chen, G.T. Wu, D.Y. Zhou, G.Q. Zhou, J.
Y. Huang, L. Lian, Z.Y. Yu, S.B. He, Genome variation in colorectal cancer patient
with liver metastasis measured by whole-exome sequencing, J. Gastrointest.
Oncol. 12 (2021) 507-515, https://doi.org/10.21037/jgo-21-9.

Y.M. Tsui, KM.F. Sze, E.K.K. Tung, D.W.H. Ho, T.K.W. Lee, 1.O.L. Ng,
Dishevelled-3 phosphorylation is governed by HIPK2/PP1Ca/ ITCH axis and the
non-phosphorylated form promotes cancer stemness via LGR5 in hepatocellular
carcinoma, Oncotarget. 8 (2017) 39430-39442, https://doi.org/10.18632/
oncotarget.17049.

Y. Akaike, Y. Kuwano, K. Nishida, K. Kurokawa, K. Kajita, S. Kano, K. Masuda,
K. Rokutan, Homeodomain-interacting protein kinase 2 regulates DNA damage
response through interacting with heterochromatin protein 1y, Oncogene. 34
(2015) 3463-3473, https://doi.org/10.1038/0nc.2014.278.

C.E. Barbieri, S.C. Baca, M.S. Lawrence, F. Demichelis, M. Blattner, J.
Theurillat, T.A. White, P. Stojanov, E. Van Allen, N. Stransky, E. Nickerson, S.
Chae, G. Boysen, D. Auclair, R.C. Onofrio, K. Park, N. Kitabayashi, T.
MacDonald, K. Sheikh, T. Vuong, C. Guiducci, K. Cibulskis, A. Sivachenko, S.
Carter, G. Saksena, D. Voet, W.M. Hussain, A.H. Ramos, W. Winckler, M.
Redman, K. Ardlie, A.K. Tewari, J.M. Mosquera, N. Rupp, P.J. Wild, H. Moch,
Morrissey, P.S. Nelson, P.W. Kantoff, S.B. Gabriel, T.R. Golub, M. Meyerson, E.
Lander, G. Getz, M.A. Rubin, L.A. Garraway, Exome sequencing identifies
recurrent SPOP, FOXA1 and MED12 mutations in prostate cancer, Nat. Genet. 44
(2012) 685-689, https://doi.org/10.1038/ng.2279.

X. Jin, S. Qing, Q. Li, H. Zhuang, L. Shen, J. Li, H. Qi, T. Lin, Z. Lin, J. Wang,
X. Cao, J. Yang, Q. Ma, L. Cong, Y. Xi, S. Fang, X. Meng, Z. Gong, M. Ye, S. Wang,
C. Wang, K. Gao, Prostate cancer-associated SPOP mutations lead to genomic
instability through disruption of the SPOP-HIPK2 axis, Nucleic Acids Res. 49
(2021) 6788-6803, https://doi.org/10.1093/nar/gkab489.

F. Zhang, L. Qi, Q. Feng, B. Zhang, X. Li, C. Liu, W. Li, Q. Liu, D. Yang, Y. Yin,
C. Peng, H. Wu, Z.H. Tang, X. Zhou, Z. Xiang, Z. Zhang, H. Wang, B. Wei, HIPK2
phosphorylates HDAC3 for NF-kB acetylation to ameliorate colitis-associated
colorectal carcinoma and sepsis, Proc. Natl. Acad. Sci. U. S. A. 118 (2021) 1-12,
https://doi.org/10.1073/pnas.2021798118.

A. Garufi, G. Traversi, M. Cirone, G. D’Orazi, HIPK2 role in the tumor-host
interaction: impact on fibroblasts transdifferentiation CAF-like, IUBMB Life 71
(2019) 2055-2061, https://doi.org/10.1002/iub.2144.

F. Sardina, L. Monteonofrio, M. Ferrara, F. Magi, S. Soddu, C. Rinaldo, HIPK2 is
required for Midbody remnant removal through autophagy-mediated
degradation, Front. Cell Dev. Biol. 8 (2020) 1-11, https://doi.org/10.3389/
fcell.2020.572094.

C.K. Hu, M. Coughlin, T.J. Mitchison, Midbody assembly and its regulation during
cytokinesis, Mol. Biol. Cell 23 (2012) 1024-1034, https://doi.org/10.1091/mbc.
E11-08-0721.

L. Monteonofrio, D. Valente, M. Ferrara, S. Camerini, R. Miscione, M. Crescenzi,
C. Rinaldo, S. Soddu, HIPK2 and extrachromosomal histone H2B are separately
recruited by Aurora-B for cytokinesis, Oncogene. 37 (2018) 3562-3574, https://
doi.org/10.1038/s41388-018-0191-6.

Biancolillo Pisciottani, Valente Ferrara, Monteonofrio Sardina,

Crescenzi Camerini, Rinaldo Soddu, HIPK2 phosphorylates the microtubule-
severing enzyme Spastin at $268 for abscission, Cells 8 (2019) 684, https://doi.
0rg/10.3390/cells8070684.

V. Gatti, M. Ferrara, 1. Virdia, S. Matteoni, L. Monteonofrio, S. di Martino, M.
G. Diodoro, G. Di Rocco, C. Rinaldo, S. Soddu, An alternative splice variant of
HIPK2 with intron retention contributes to cytokinesis, Cells 9 (2020), https://
doi.org/10.3390/cells9020484.

J.H. Mao, D. Wu, LJ. Kim, H.C. Kang, G. Wei, J. Climent, A. Kumar, F.

G. Pelorosso, R. Delrosario, E.J. Huang, A. Balmain, Hipk2 cooperates with p53 to
suppress y-ray radiation-induced mouse thymic lymphoma, Oncogene. 31 (2012)
1176-1180, https://doi.org/10.1038/0nc.2011.306.

E. Sahai, I. Astsaturov, E. Cukierman, D.G. DeNardo, M. Egeblad, R.M. Evans,
D. Fearon, F.R. Greten, S.R. Hingorani, T. Hunter, R.O. Hynes, R.K. Jain,

T. Janowitz, C. Jorgensen, A.C. Kimmelman, M.G. Kolonin, R.G. Maki, R.

S. Powers, E. Puré, D.C. Ramirez, R. Scherz-Shouval, M.H. Sherman, S. Stewart, T.
D. Tlsty, D.A. Tuveson, F.M. Watt, V. Weaver, A.T. Weeraratna, Z. Werb,

A framework for advancing our understanding of cancer-associated fibroblasts,
Nat. Rev. Cancer 20 (2020) 174-186, https://doi.org/10.1038/541568-019-
0238-1.

Y. Dai, H. Kyoyama, Y.L. Yang, Y. Wang, S. Liu, Y. Wang, J.H. Mao, Z. Xu,

K. Uematsu, D.M. Jablons, L. You, A novel isoform of homeodomain-interacting
protein kinase-2 promotes YAP/TEAD transcriptional activity in NSCLC cells,
Oncotarget 12 (2021) 173-184, https://doi.org/10.18632/
ONCOTARGET.27871.

Y. Jiang, W.J. Xie, R.W. Chen, W.W. You, W.L. Ye, H. Chen, W.X. Chen, J.P. Xu,
The hippo signaling core components YAP and TAZ as new prognostic factors in

Loor<»no


https://doi.org/10.18632/oncotarget.3195
https://doi.org/10.18632/oncotarget.3195
https://doi.org/10.1371/journal.pone.0027655
https://doi.org/10.1038/ncb1743
https://doi.org/10.1038/ncb1743
https://doi.org/10.1074/jbc.M708873200
https://doi.org/10.1016/S0092-8674(03)00802-X
https://doi.org/10.1128/mcb.00897-08
https://doi.org/10.1128/mcb.00897-08
https://doi.org/10.1038/cdd.2008.154
https://doi.org/10.1038/sj.emboj.7600475
https://doi.org/10.1038/sj.emboj.7600475
https://doi.org/10.4161/cc.9.7.11125
https://doi.org/10.1016/j.canlet.2009.11.016
https://doi.org/10.1016/j.canlet.2009.11.016
https://doi.org/10.1038/sj.onc.1208113
https://doi.org/10.1002/mc.20615
https://doi.org/10.3892/or.17.3.549
https://doi.org/10.3892/or.17.3.549
https://doi.org/10.1101/gad.1170604.control
https://doi.org/10.1101/gad.1170604.control
https://doi.org/10.1158/0008-5472.CAN-09-0244
https://doi.org/10.1158/0008-5472.CAN-09-0244
https://doi.org/10.1016/j.molcel.2012.04.029
https://doi.org/10.1038/onc.2008.110
https://doi.org/10.1038/onc.2008.110
https://doi.org/10.1111/j.1479-828X.2008.00874.x
http://refhub.elsevier.com/S0898-6568(22)00253-4/rf0270
http://refhub.elsevier.com/S0898-6568(22)00253-4/rf0270
http://refhub.elsevier.com/S0898-6568(22)00253-4/rf0270
http://refhub.elsevier.com/S0898-6568(22)00253-4/rf0270
http://refhub.elsevier.com/S0898-6568(22)00253-4/rf0270
http://refhub.elsevier.com/S0898-6568(22)00253-4/rf0270
https://doi.org/10.1038/s41388-020-1190-y
https://doi.org/10.1038/s41388-020-1190-y
https://doi.org/10.1186/1471-2407-14-747
https://doi.org/10.1186/1471-2407-14-747
https://doi.org/10.1007/s10863-020-09836-6
https://doi.org/10.1007/s10863-020-09836-6
https://doi.org/10.7150/jca.52115
https://doi.org/10.7150/jca.52115
https://doi.org/10.1111/cpr.12603
https://doi.org/10.21037/jgo-21-9
https://doi.org/10.18632/oncotarget.17049
https://doi.org/10.18632/oncotarget.17049
https://doi.org/10.1038/onc.2014.278
https://doi.org/10.1038/ng.2279
https://doi.org/10.1093/nar/gkab489
https://doi.org/10.1073/pnas.2021798118
https://doi.org/10.1002/iub.2144
https://doi.org/10.3389/fcell.2020.572094
https://doi.org/10.3389/fcell.2020.572094
https://doi.org/10.1091/mbc.E11-08-0721
https://doi.org/10.1091/mbc.E11-08-0721
https://doi.org/10.1038/s41388-018-0191-6
https://doi.org/10.1038/s41388-018-0191-6
https://doi.org/10.3390/cells8070684
https://doi.org/10.3390/cells8070684
https://doi.org/10.3390/cells9020484
https://doi.org/10.3390/cells9020484
https://doi.org/10.1038/onc.2011.306
https://doi.org/10.1038/s41568-019-0238-1
https://doi.org/10.1038/s41568-019-0238-1
https://doi.org/10.18632/ONCOTARGET.27871
https://doi.org/10.18632/ONCOTARGET.27871

A. Conte et al.

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

lung cancer, Front. Surg. 9 (2022) 1-10, https://doi.org/10.3389/
fsurg.2022.813123.

L. Torrente, C. Sanchez, R. Moreno, S. Chowdhry, P. Cabello, K. Isono, H. Koseki,
T. Honda, J.D. Hayes, A.T. Dinkova-Kostova, L. De La Vega, Crosstalk between
NRF2 and HIPK2 shapes cytoprotective responses, Oncogene. 36 (2017)
6204-6212, https://doi.org/10.1038/0nc.2017.221.

K. Itoh, T. Chiba, S. Takahashi, T. Ishii, K. Igarashi, Y. Katoh, T. Oyake,

N. Hayashi, K. Satoh, I. Hatayama, M. Yamamoto, Y. Ichi Nabeshima, An Nrf2/
small Maf heterodimer mediates the induction of phase II detoxifying enzyme
genes through antioxidant response elements, Biochem. Biophys. Res. Commun.
236 (1997) 313-322, https://doi.org/10.1006/bbrc.1997.6943.

T. Nguyen, P.J. Sherratt, C.B. Pickett, Regulatory mechanisms controlling gene
expression mediated by the antioxidant response element, Annu. Rev. Pharmacol.
Toxicol. 43 (2003) 233-260, https://doi.org/10.1146/annurev.
pharmtox.43.100901.140229.

S. Homma, Y. Ishii, Y. Morishima, T. Yamadori, Y. Matsuno, N. Haraguchi,

N. Kikuchi, H. Satoh, T. Sakamoto, N. Hizawa, K. Itoh, M. Yamamoto, Nrf2
enhances cell proliferation and resistance to anticancer drugs in human lung
cancer, Clin. Cancer Res. 15 (2009) 3423-3432, https://doi.org/10.1158/1078-
0432.CCR-08-2822.

Y. Mitsuishi, K. Taguchi, Y. Kawatani, T. Shibata, T. Nukiwa, H. Aburatani,

M. Yamamoto, H. Motohashi, Nrf2 redirects glucose and glutamine into anabolic
pathways in metabolic reprogramming, Cancer Cell 22 (2012) 66-79, https://doi.
org/10.1016/j.ccr.2012.05.016.

T. Ohta, K. Iijima, M. Miyamoto, 1. Nakahara, H. Tanaka, M. Ohtsuji, T. Suzuki,
A. Kobayashi, J. Yokota, T. Sakiyama, T. Shibata, M. Yamamoto, S. Hirohashi,
Loss of Keapl function activates Nrf2 and provides advantages for lung cancer
cell growth, Cancer Res. 68 (2008) 1303-1309, https://doi.org/10.1158/0008-
5472.CAN-07-5003.

M.S. Lawrence, P. Stojanov, C.H. Mermel, J.T. Robinson, L.A. Garraway, T.

R. Golub, M. Meyerson, S.B. Gabriel, E.S. Lander, G. Getz, Discovery and
saturation analysis of cancer genes across 21 tumour types, Nature 505 (2014)
495-501, https://doi.org/10.1038/nature12912.

X.L. Li, Y. Arai, H. Harada, Y. Shima, H. Yoshida, S. Rokudai, Y. Aikawa,

A. Kimura, I. Kitabayashi, Mutations of the HIPK2 gene in acute myeloid
leukemia and myelodysplastic syndrome impair AML1- and p53-mediated
transcription, Oncogene 26 (2007) 7231-7239, https://doi.org/10.1038/sj.
onc.1210523.

K.S. Sung, S.-J. Kim, S.W. Cho, Y.-J. Park, K. Tae, C.Y. Choi, Functional
impairment of the HIPK2 small ubiquitin-like modifier (SUMO)-interacting motif
in acute myeloid leukemia, Am. J. Cancer Res. 9 (2019) 94-107. http://www.
ncbi.nlm.nih.gov/pubmed/30755814%0Ahttp://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=PMC6356924.

X. Zheng, Y. Pan, X. Chen, S. Xia, Y. Hu, Y. Zhou, J. Zhang, Inactivation of
homeodomain-interacting protein kinase 2 promotes oral squamous cell
carcinoma metastasis through inhibition of P53-dependent E-cadherin
expression, Cancer Sci. 112 (2021) 117-132, https://doi.org/10.1111/cas.14691.
M.J. Kwon, S.Y. Kang, E.S. Nam, S.J. Cho, Y.S. Rho, HIPK2 overexpression and its
prognostic role in human papillomavirus-positive tonsillar squamous cell
carcinoma, Biomed. Res. Int. 2017 (2017), https://doi.org/10.1155/2017/
1056427.

F. Liu, N. Li, Y. Liu, J. Zhang, J. Zhang, Z. Wang, Homeodomain interacting
protein kinase-2 phosphorylates FOXM1 and promotes FOXM1-mediated tumor
growth in renal cell carcinoma, J. Cell. Biochem. 120 (2019) 10391-10401,
https://doi.org/10.1002/jcb.28323.

T.V. Kalin, V. Ustiyan, V.V. Kalinichenko, Multiple faces of FoxM1 transcription
factor: lessons from transgenic mouse models, Cell Cycle 10 (2011) 396-405,
https://doi.org/10.4161/cc.10.3.14709.

C. Huang, Z. Qiu, L. Wang, Z. Peng, Z. Jia, C.D. Logsdon, X. Le, D. Wei, S. Huang,
K. Xie, A novel FoxM1-caveolin signaling pathway promotes pancreatic cancer
invasion and metastasis, Cancer Res. 72 (2012) 655-665, https://doi.org/
10.1158/0008-5472.CAN-11-3102.

T. Kamigaito, T. Okaneya, M. Kawakubo, H. Shimojo, O. Nishizawa,

J. Nakayama, Overexpression of O-GlcNAc by prostate cancer cells is significantly
associated with poor prognosis of patients, Prostate Cancer Prostatic Dis. 17
(2014) 18-22, https://doi.org/10.1038/pcan.2013.56.

Y. Onodera, J.M. Nam, M.J. Bissell, Increased sugar uptake promotes oncogenesis
via EPAC/RAP1 and O-GlcNAc pathways, J. Clin. Invest. 124 (2014) 367-384,
https://doi.org/10.1172/JCI63146.

Y. Chen, J. Liu, W. Zhang, A. Kadier, R. Wang, H. Zhang, X. Yao, O-glcnacylation
enhances nusapl stability and promotes bladder cancer aggressiveness, Onco.
Targets. Ther. 14 (2021) 445-454, https://doi.org/10.2147/0TT.S258175.

Q. Zhu, L. Zhou, Z. Yang, M. Lai, H. Xie, L. Wu, C. Xing, F. Zhang, S. Zheng, O-
GlcNAcylation plays a role in tumor recurrence of hepatocellular carcinoma
following liver transplantation, Med. Oncol. 29 (2012) 985-993, https://doi.org/
10.1007/s12032-011-9912-1.

J. Lin, Q. Zhang, Y. Lu, W. Xue, Y. Xu, Y. Zhu, X. Hu, Downregulation of HIPK2
increases resistance of bladder cancer cell to cisplatin by regulating Wip1, PLoS
One 9 (2014) 1-7, https://doi.org/10.1371/journal.pone.0098418.

C. Lazzari, A. Prodosmo, F. Siepi, C. Rinaldo, F. Galli, M. Gentileschi,

A. Bartolazzi, A. Costanzo, A. Sacchi, L. Guerrini, S. Soddu, HIPK2 phosphorylates
Anp63a and promotes its degradation in response to DNA damage, Oncogene. 30
(2011) 4802-4813, https://doi.org/10.1038/0nc.2011.182.

X.N. Wang, K.Y. Wang, X.S. Zhang, C. Yang, X.Y. Li, 4-Hydroxybenzoic acid (4-
HBA) enhances the sensitivity of human breast cancer cells to adriamycin as a
specific HDAC6 inhibitor by promoting HIPK2/p53 pathway, Biochem. Biophys.

10

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Cellular Signalling 101 (2023) 110491

Res. Commun. 504 (2018) 812-819, https://doi.org/10.1016/j.
bbrc.2018.08.043.

D. Fu, J.A. Calvo, L.D. Samson, Balancing repair and tolerance of DNA damage
caused by alkylating agents, Nat. Rev. Cancer 12 (2012) 104-120, https://doi.
org/10.1038/nrc3185.

W. Lijinsky, N-Nitroso compounds in the diet, Mutat. Res. Genet. Toxicol.
Environ. Mutagen. 443 (1999) 129-138, https://doi.org/10.1016/51383-5742
(99)00015-0.

Y. He, W.P. Roos, Q. Wu, T.G. Hofmann, B. Kaina, The SIAH1-HIPK2-p53ser46
damage response pathway is involved in Temozolomide-induced glioblastoma
cell death, Mol. Cancer Res. 17 (2019) 1129-1141, https://doi.org/10.1158/
1541-7786.MCR-18-1306.

G. D’Orazi, A. Garufi, M. Cirone, Nuclear factor erythroid 2 (NF-E2) p45-related
factor 2 interferes with homeodomain-interacting protein kinase 2/p53 activity to
impair solid tumors chemosensitivity, [IUBMB Life 72 (2020) 1634-1639, https://
doi.org/10.1002/iub.2334.

A. Verdina, M. Di Segni, C.A. Amoreo, I. Sperduti, S. Buglioni, M. Mottolese, G. Di
Rocco, S. Soddu, HIPK2 is a potential predictive marker of a favorable response
for adjuvant chemotherapy in stage II colorectal cancer, Oncol. Rep. 45 (2021)
899-910, https://doi.org/10.3892/0r.2020.7912.

E. Kukcinaviciute, V. Jonusiene, A. Sasnauskiene, D. Dabkeviciene, E. Eidenaite,
A. Laurinavicius, Significance of notch and Wnt signaling for chemoresistance of
colorectal cancer cells HCT116, J. Cell. Biochem. 119 (2018) 5913-5920, https://
doi.org/10.1002/jcb.26783.

Y. Kuwano, K. Nishida, Y. Akaike, K. Kurokawa, T. Nishikawa, K. Masuda,

K. Rokutan, Homeodomain-interacting protein kinase-2: a critical regulator of the
DNA damage response and the epigenome, Int. J. Mol. Sci. 17 (2016), https://doi.
org/10.3390/ijms17101638.

Y. Tang, L. Yang, W. Qin, M.X. Yi, B. Liu, X. Yuan, Impact of genetic variant of
HIPK2 on the risk of severe radiation pneumonitis in lung cancer patients treated
with radiation therapy, Radiat. Oncol. 15 (2020) 1-7, https://doi.org/10.1186/
$13014-019-1456-0.

L.S. Kristensen, M.S. Andersen, L.V.W. Stagsted, K.K. Ebbesen, T.B. Hansen,

J. Kjems, The biogenesis, biology and characterization of circular RNAs, Nat. Rev.
Genet. 20 (2019) 675-691, https://doi.org/10.1038/541576-019-0158-7.

T. Zhou, X. Xie, M. Li, J. Shi, J.J. Zhou, K.S. Knox, T. Wang, Q. Chen, W. Gu, Rat
BodyMap transcriptomes reveal unique circular RNA features across tissue types
and developmental stages, RNA 24 (2018) 1443-1456, https://doi.org/10.1261/
™a.067132.118.

P. Dong, D. Xu, Y. Xiong, J. Yue, K. Thira, Y. Konno, H. Watari, The expression,
functions and mechanisms of circular RNAs in gynecological cancers, Cancers
(Basel) 12 (2020) 1-22, https://doi.org/10.3390/cancers12061472.

Y. Cao, X. Xie, M. Li, Y. Gao, Circhipk2 contributes to ddp resistance and
malignant behaviors of ddp-resistant ovarian cancer cells both in vitro and in vivo
through circhipk2/mir-338-3p/chtop cerna pathway, Onco. Targets. Ther. 14
(2021) 3151-3165, https://doi.org/10.2147/0TT.5291823.

E. Moiso, Manual curation of TCGA treatment data and identification of potential
markers of therapy response, MedRxiv. (2021), https://doi.org/10.1101/
2021.04.30.21251941, 2021.04.30.21251941, https://www.medrxiv.org/cont
ent/10.1101/2021.04.30.21251941v2%0Ahttps://www.medrxiv.org/content/
10.1101/2021.04.30.21251941v2.abstract.

C.W. Brennan, The somatic genomic landscape of glioblastoma, Cell. 155 (2013)
462, https://doi.org/10.1016/j.cell.2013.09.034.

P.J. Campbell, Pan-cancer analysis of whole genomes, Nature. 578 (2020) 82-93,
https://doi.org/10.1038/s41586-020-1969-6.

S. Zhai, Z. Xu, J. Xie, J. Zhang, X. Wang, C. Peng, H. Li, H. Chen, B. Shen, X. Deng,
Epigenetic silencing of LncRNA LINC00261 promotes c-myc-mediated aerobic
glycolysis by regulating miR-222-3p/HIPK2/ERK axis and sequestering IGF2BP1,
Oncogene. 40 (2021) 277-291, https://doi.org/10.1038/541388-020-01525-3.
Y. Li, Y. Lv, C. Cheng, Y. Huang, L. Yang, J. He, X. Tao, Y. Hu, Y. Ma, Y. Su, L. Wu,
G. Yu, Q. Jiang, S. Liu, X. Liu, Z. Liu, SPEN induces miR-4652-3p to target HIPK2
in nasopharyngeal carcinoma, Cell Death Dis. 11 (2020), https://doi.org/
10.1038/541419-020-2699-2.

N. Zhang, L. Tian, Z. Miao, N. Guo, MicroRNA-197 induces
epithelial-mesenchymal transition and invasion through the downregulation of
HIPK2 in lung adenocarcinoma, J. Genet. 97 (2018) 47-53, https://doi.org/
10.1007/512041-018-0881-4.

X. Tan, H. Tang, J. Bi, N. Li, Y. Jia, MicroRNA-222-3p associated with
helicobacter pylori targets HIPK2 to promote cell proliferation, invasion, and
inhibits apoptosis in gastric cancer, J. Cell. Biochem. 119 (2018) 5153-5162,
https://doi.org/10.1002/jcb.26542.

H.Y. Hu, C.H. Yu, H.H. Zhang, S.Z. Zhang, W.Y. Yu, Y. Yang, Q. Chen, Exosomal
miR-1229 derived from colorectal cancer cells promotes angiogenesis by
targeting HIPK2, Int. J. Biol. Macromol. 132 (2019) 470-477, https://doi.org/
10.1016/j.ijbiomac.2019.03.221.

D.H. Kim, H. Park, Y.J. Choi, M.H. Kang, T.K. Kim, C.G. Pack, C.M. Choi, J.C. Lee,
J.K. Rho, Exosomal miR-1260b derived from non-small cell lung cancer promotes
tumor metastasis through the inhibition of HIPK2, Cell Death Dis. 12 (2021),
https://doi.org/10.1038/541419-021-04024-9.

H. Ogata-Kawata, M. Izumiya, D. Kurioka, Y. Honma, Y. Yamada, K. Furuta,

T. Gunji, H. Ohta, H. Okamoto, H. Sonoda, M. Watanabe, H. Nakagama,

J. Yokota, T. Kohno, N. Tsuchiya, Circulating exosomal microRNAs as biomarkers
of colon cancer, PLoS One 9 (2014), https://doi.org/10.1371/journal.
pone.0092921.


https://doi.org/10.3389/fsurg.2022.813123
https://doi.org/10.3389/fsurg.2022.813123
https://doi.org/10.1038/onc.2017.221
https://doi.org/10.1006/bbrc.1997.6943
https://doi.org/10.1146/annurev.pharmtox.43.100901.140229
https://doi.org/10.1146/annurev.pharmtox.43.100901.140229
https://doi.org/10.1158/1078-0432.CCR-08-2822
https://doi.org/10.1158/1078-0432.CCR-08-2822
https://doi.org/10.1016/j.ccr.2012.05.016
https://doi.org/10.1016/j.ccr.2012.05.016
https://doi.org/10.1158/0008-5472.CAN-07-5003
https://doi.org/10.1158/0008-5472.CAN-07-5003
https://doi.org/10.1038/nature12912
https://doi.org/10.1038/sj.onc.1210523
https://doi.org/10.1038/sj.onc.1210523
http://www.ncbi.nlm.nih.gov/pubmed/30755814%0Ahttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC6356924
http://www.ncbi.nlm.nih.gov/pubmed/30755814%0Ahttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC6356924
http://www.ncbi.nlm.nih.gov/pubmed/30755814%0Ahttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=PMC6356924
https://doi.org/10.1111/cas.14691
https://doi.org/10.1155/2017/1056427
https://doi.org/10.1155/2017/1056427
https://doi.org/10.1002/jcb.28323
https://doi.org/10.4161/cc.10.3.14709
https://doi.org/10.1158/0008-5472.CAN-11-3102
https://doi.org/10.1158/0008-5472.CAN-11-3102
https://doi.org/10.1038/pcan.2013.56
https://doi.org/10.1172/JCI63146
https://doi.org/10.2147/OTT.S258175
https://doi.org/10.1007/s12032-011-9912-1
https://doi.org/10.1007/s12032-011-9912-1
https://doi.org/10.1371/journal.pone.0098418
https://doi.org/10.1038/onc.2011.182
https://doi.org/10.1016/j.bbrc.2018.08.043
https://doi.org/10.1016/j.bbrc.2018.08.043
https://doi.org/10.1038/nrc3185
https://doi.org/10.1038/nrc3185
https://doi.org/10.1016/S1383-5742(99)00015-0
https://doi.org/10.1016/S1383-5742(99)00015-0
https://doi.org/10.1158/1541-7786.MCR-18-1306
https://doi.org/10.1158/1541-7786.MCR-18-1306
https://doi.org/10.1002/iub.2334
https://doi.org/10.1002/iub.2334
https://doi.org/10.3892/or.2020.7912
https://doi.org/10.1002/jcb.26783
https://doi.org/10.1002/jcb.26783
https://doi.org/10.3390/ijms17101638
https://doi.org/10.3390/ijms17101638
https://doi.org/10.1186/s13014-019-1456-0
https://doi.org/10.1186/s13014-019-1456-0
https://doi.org/10.1038/s41576-019-0158-7
https://doi.org/10.1261/rna.067132.118
https://doi.org/10.1261/rna.067132.118
https://doi.org/10.3390/cancers12061472
https://doi.org/10.2147/OTT.S291823
https://doi.org/10.1101/2021.04.30.21251941
https://doi.org/10.1101/2021.04.30.21251941
https://doi.org/10.1101/2021.04.30.21251941v2%0Ahttps://www.medrxiv.org/content/10.1101/2021.04.30.21251941v2.abstract
https://doi.org/10.1101/2021.04.30.21251941v2%0Ahttps://www.medrxiv.org/content/10.1101/2021.04.30.21251941v2.abstract
https://doi.org/10.1101/2021.04.30.21251941v2%0Ahttps://www.medrxiv.org/content/10.1101/2021.04.30.21251941v2.abstract
https://doi.org/10.1016/j.cell.2013.09.034
https://doi.org/10.1038/s41586-020-1969-6
https://doi.org/10.1038/s41388-020-01525-3
https://doi.org/10.1038/s41419-020-2699-2
https://doi.org/10.1038/s41419-020-2699-2
https://doi.org/10.1007/s12041-018-0881-4
https://doi.org/10.1007/s12041-018-0881-4
https://doi.org/10.1002/jcb.26542
https://doi.org/10.1016/j.ijbiomac.2019.03.221
https://doi.org/10.1016/j.ijbiomac.2019.03.221
https://doi.org/10.1038/s41419-021-04024-9
https://doi.org/10.1371/journal.pone.0092921
https://doi.org/10.1371/journal.pone.0092921

A. Conte et al.

[119]

[120]

[121]

[122]

M. Salehi, M. Sharifi, Exosomal miRNAs as novel cancer biomarkers: challenges
and opportunities, J. Cell. Physiol. 233 (2018) 6370-6380, https://doi.org/
10.1002/jcp.26481.

Y. Toiyama, M. Takahashi, K. Hur, T. Nagasaka, K. Tanaka, Y. Inoue,

M. Kusunoki, C.R. Boland, A. Goel, Serum miR-21 as a diagnostic and prognostic
biomarker in colorectal cancer, J. Natl. Cancer Inst. 105 (2013) 849-859, https://
doi.org/10.1093/jnci/djt101.

N. Takeshita, I. Hoshino, M. Mori, Y. Akutsu, N. Hanari, Y. Yoneyama, N. Ikeda,
Y. Isozaki, T. Maruyama, N. Akanuma, A. Komatsu, M. Jitsukawa, H. Matsubara,
Serum microRNA expression profile: MiR-1246 as a novel diagnostic and
prognostic biomarker for oesophageal squamous cell carcinoma, Br. J. Cancer 108
(2013) 644-652, https://doi.org/10.1038/bjc.2013.8.

J. Skog, T. Wiirdinger, S. van Rijn, D.H. Meijer, L. Gainche, W.T. Curry, B.

S. Carter, A.M. Krichevsky, X.0. Breakefield, Glioblastoma microvesicles

11

[123]

[124]

[125]

Cellular Signalling 101 (2023) 110491

transport RNA and proteins that promote tumour growth and provide diagnostic
biomarkers, Nat. Cell Biol. 10 (2008) 1470-1476, https://doi.org/10.1038/
ncb1800.

L. Hu, G. Wang, C. Zhao, Z. Peng, L. Tao, Z. Chen, G. Hu, Q. Li, Identification of
selective homeodomain interacting protein kinase 2 inhibitors, a potential
treatment for renal fibrosis, Bioorg. Chem. 126 (2022), 105866, https://doi.org/
10.1016/j.bioorg.2022.105866.

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

F. Labarrade, J. Botto, I. Imbert, miR-203 represses keratinocyte stemness by
targeting survivin, J. Cosmet. Dermatol. (2022) 0-3, https://doi.org/10.1111/

jocd.15147.


https://doi.org/10.1002/jcp.26481
https://doi.org/10.1002/jcp.26481
https://doi.org/10.1093/jnci/djt101
https://doi.org/10.1093/jnci/djt101
https://doi.org/10.1038/bjc.2013.8
https://doi.org/10.1038/ncb1800
https://doi.org/10.1038/ncb1800
https://doi.org/10.1016/j.bioorg.2022.105866
https://doi.org/10.1016/j.bioorg.2022.105866
https://doi.org/10.1371/journal.pone.0089176
https://doi.org/10.1371/journal.pone.0089176
https://doi.org/10.1111/jocd.15147
https://doi.org/10.1111/jocd.15147

	HIPK2 in cancer biology and therapy: Recent findings and future perspectives
	1 Introduction
	1.1 HIPK2: a pleiotropic/multifunctional kinase
	1.2 HIPK2 and cancer
	1.3 HIPK2 as a “typical” caretaker tumor-suppressor
	1.4 Not just a tumor-suppressor: the variegated role of HIPK2 in cancer cells

	2 Recent discoveries about HIPK2 tumor suppressive functions
	2.1 HIPK2 downregulation and mutations are associated to bad prognosis in colorectal cancer, osteosarcoma, and liver carcinoma
	2.2 New targets and mechanisms through which HIPK2 exerts its tumor suppressive activity

	3 Recent discoveries about HIPK2 oncogenic functions
	4 HIPK2 and chemoresistance
	5 HIPK2 and miRNAs functional interaction in cancer cells
	6 Conclusions and future perspectives
	Data availability
	Acknowledgements
	References


