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Simple Summary: The Tribbles proteins are members of CAMK Ser/Thr protein kinase family. They
are evolutionary conserved pseudokinases found in most tissues of eukaryotic organisms. This
ubiquitously expressed protein family is characterized by containing a catalytically deficient kinase
domain which lacks amino acid residues required for the productive interaction with ATP and
metal ions. Tribbles proteins exert their biological functions mainly through direct interaction with
MAPKK and AKT proteins, therefore regulating important pathways involved in cell proliferation,
apoptosis and differentiation. Due to the role of MAPKK and AKT signalling in the context of cancer
development, Tribbles proteins have been recently considered as biomarkers of cancer progression.
Furthermore, as the atypical pseudokinase domain retains a binding platform for substrates, Tribbles
targeting provides an attractive opportunity for drug development.

Abstract: The Tribbles pseudokinases family consists of TRIB1, TRIB2, TRIB3 and STK40 and,
although evolutionarily conserved, they have distinctive characteristics. Tribbles members are
expressed in a context and cell compartment-dependent manner. For example, TRIB1 and TRIB2
have potent oncogenic activities in vertebrate cells. Since the identification of Tribbles proteins as
modulators of multiple signalling pathways, recent studies have linked their expression with several
pathologies, including cancer. Tribbles proteins act as protein adaptors involved in the ubiquitin-
proteasome degradation system, as they bridge the gap between substrates and E3 ligases. Between
TRIB family members, TRIB2 is the most ancestral member of the family. TRIB2 is involved in protein
homeostasis regulation of C/EBPα, β-catenin and TCF4. On the other hand, TRIB2 interacts with
MAPKK, AKT and NFkB proteins, involved in cell survival, proliferation and immune response.
Here, we review the characteristic features of TRIB2 structure and signalling and its role in many
cancer subtypes with an emphasis on TRIB2 function in therapy resistance in melanoma, leukemia
and glioblastoma. The strong evidence between TRIB2 expression and chemoresistance provides an
attractive opportunity for targeting TRIB2.

Keywords: TRIB2; Tribbles; pseudokinases; signalling; cancer; therapy resistance; biomarker

1. Introduction

Tribbles proteins are pseudokinases conserved in metazoan species throughout evolu-
tion. Tribbles was first discovered as a regulator of mitosis and morphogenesis in Drosophila
melanogaster [1]. In human, TRIB 1, 2, 3 and Sgk495/serine/threonine kinase 40 (STK40),
are the four members of a subfamily of pseudokinases closest to fly TRIB [2]. The sequence
analysis of human TRIB family showed that the pseudokinase domain of TRIB2 and TRIB1
had a high level of homology (71%) while these members had around 53% with TRIB3.
However, the homology of STK40 with any of the other family members was less than
22% [2,3]. A taxonomic analysis of the Tribbles sequences revealed TRIB2 as the most
ancestral member of the Tribbles protein family as TRIB2 orthologs were identified in the
oldest metazoans, such as cnidarians and sponges while orthologs of TRIB1 and 3 were
detected in later metazoans linages that led to vertebrates [4]. This protein family has been
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classified as serine/threonine pseudokinases without ATP affinity (TRIB1) or low affinity
(TRIB2 and TRIB3) and with no or only residual phosphotransferase capacity in vitro [4].

Pseudokinases have been less studied than canonical kinases although about 10 percent
of kinases encoded in the human genome are pseudokinases [5]. Pseudokinases are char-
acterized by the lack of at least one of the conserved amino acids essential for the bind-
ing of ATP and/or catalysis and are classified in several subfamilies including the Tyr
pseudokinases erythropoietin-producing hepatocellular carcinoma (Eph) A10 and EphB6,
Tribbles/TRIB/ STK40 and the orphan pseudokinase protein serine kinase histone (PSKH)
2, whose biological function still remains unknown despite clear conservation in most
vertebrates [2]. The Tribbles/TRIB/STK40 family has been classified as serine/threonine
pseudokinases whose pseudokinase domain are similar to the active site of canonical
kinases CAMK (calcium/calmodulin-dependent protein kinase) [2,6].

The structure of the human TRIB protein can be divided in three parts: the N-terminal
PEST region (70–100 residues), atypical bilobed central pseudokinase domain, and a C-
terminal tail (approximately 25 residues) that binds E3 ligases [7]. The N-terminal domain is
characteristic of each member of the TRIB family with specific motifs/sequences [8,9] which
are essentials for the stability and regulation of the proteins [4,10,11]. The pseudokinase
domain is highly conserved during evolution and is homologous to serine/threonine kinase
domains. The most striking difference between conventional kinases and the pseudokinase
domain of Tribbles proteins is the absence of an Asp–Phe–Gly (DFG) tripeptide motif
which chelates the Mg2+ ion regulating ATP binding [11]. As in canonical kinases, the
pseudokinase domain is formed by two lobes, the N-lobe and the C-lobe. The N-lobe
contains the kinase machinery and the C-lobe the substrate -binding site. The C-terminal
tail contains the HPW (F/L) and DQXVP (D/E) sequences. While the HPW (F/L) sequence
is involved in the interactions between MEK1 as well as other MAPKK dual-specificity
kinases and TRIB pseudokinases, the DQXVP (D/E) sequence promotes the interaction
with ubiquitin E3 ligases such as COP1, β-TRCP, Smurf1 and TRIM21 [4,12]. Moreover, the
sequences HPW (F/L) and DQXVP (D/E) have been proposed to interact in cis with the
N-lobe and C-lobe of the pseudokinase domain respectively and regulate the interaction
with potential substrates [4]. Furthermore, Tribbles proteins contain additional important
residues and sequences. The conserved Lys 90 and 177 residues, presented in all Tribbles
proteins, have been shown to be required for the interaction of TRIB2 with ATP [6,13],
and to be essential for C/EBP-α degradation by TRIB2 [4,14], respectively. C/EBP-α is an
important transcription factor and its degradation by TRIB1 or 2 is closely related with
leukemia [15]. In addition, a conserved E (S/N) LED sequence has been described that
replaces the DFG motif of canonical kinases in Tribbles proteins. The ESLED sequence in
TRIB2 has been suggested to play a role in ATP binding and hydrolysis [13].

It is thought that while Tribbles proteins lost their enzymatic activity to phosphorylate
substrates, they retained their capability to interact with signalling proteins and function
as a scaffold proteins [16]. Tribbles proteins have been shown to play an important role
in regulating cell differentiation, proliferation, migration and growth. However, the ex-
pression of the three TRIBs and their functional role depends on the tissue and cell type in
which they are expressed [17,18]. In hematopoiesis, the expression of TRIB1 is higher in
myeloid cells, compared to TRIB2 or TRIB3 that are more expressed in B cells and dormant
hemopoietic stem cells, respectively [19]. Furthermore, each member of the Tribbles family
has been shown to exert specific physiological functions. While TRIB1 regulates hepatic
lipid metabolism [20], TRIB2 regulates pluripotency of embryonic stem cells and enhances
their reprogramming efficiency [21], TRIB2 and TRIB3 participate in adipogenesis [22,23]
and TRIB3 regulates glucose homeostasis [24]. Though there is accumulated evidence that
all members of the TRIB protein family are involved in normal physiology [8,21,23,25,26],
in this review we will focus on the specific role of TRIB2 in tumour formation, progression
and therapy resistance.
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2. Unique Structural Features of TRIB2

TRIB2 has a similar structure than the other members of the TRIB protein family
but counts with several specific features. The N-terminal domain has been analyzed in
different species, showing that in TRIB2 is more evolutionary conserved than in TRIB1 and
TRIB3 [11]. As shown in Figure 1, the N-terminal domain contain a sequence rich in serines
and prolines, in particular close to the pseudokinase domain, which is characteristic of
a PEST sequences known to be involved in the regulation of the half-life of proteins [11].
In the N-terminal domain of TRIB2 the phosphorylation of one of these serine residues,
namely serine-83 by p70S6K together with the amino acid sequence 69–85 and the five
most N-terminal amino acids, called TRIB2 degradation domain (TDD) are essential for the
degradation of TRIB2 via Smurf-1 and β-TRCP in human liver cells [10,27].
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Figure 1. Structure and function of TRIB2 pseudokinase. TRIB2 is a three-domain protein containing
an N-terminal PEST region (blue), a bilobed pseudokinase domain (orange) and a C-terminal tail
(green). The PEST sequence and the five most N-terminal amino acids (TRIB2 Degradation Domain,
TDD) are involved in TRIB2 degradation. The N-lobe of pseudokinase domain is characterized by the
phosphorylation of serine 83 by p70S6K, which is also involved in TRIB2 homeostasis. The C-lobe
of pseudokinase domain contains the ESLED sequence which is implicated in ATP binding and
hydrolysis. The interaction of TRIB2 with NF-κB and with substrates of the ubiquitin-proteasome
system (TCF4, β-CATENIN, C/EBPα and CDC25B/C) occurs also through C-lobe of pseudokinase
domain. Within the C-terminal region of TRIB2, there are two important conserved sequences:
ILDHPWF sequence is involved in the interaction with MEK1, MKK7 and p38 MAPKs, and the
sequence DQLVPD is related to the interaction with Ubiquitin E3-ligases such as SMURF-1, βTRCP,
COP1 and TRIM21, that polyubiquitylate the substrates attached to pseudokinase domain. The
DQLVPD sequence also binds PCBP2 protein, which interacts with PSMB5 proteasome subunit
leading to a reduction in global ubiquitin levels. The C-terminal domain is also involved in the direct
interaction with non-phosphorylated threonine 308 of AKT, which promotes the phosphorylation of
serine 473 of AKT and enhances its activation. The dashed arrows indicate that it has been described
that OCT4 and AP4 interact with TRIB2 but is has not been clarified with which region of the protein.

The pseudokinase domain is highly conserved among the three Tribbles proteins,
differentiating them from the other member of the subfamily, STK40, and the broader
family of canonical CAMKs [2]. Indeed, the human TRIB1-3 are unique among all human
proteins in combining a kinase-like domain and a domain that promotes the interaction
with ubiquitin ligases. The acidic pseudokinase domain of the TRIBs contains an αC-helix
and a MEK-binding site at the end of C-lobe and a distinct C-terminal peptide motif that
interacts directly with a small cluster of cellular E3 ubiquitin ligases [6]. The C-helix of
TRIB2 contains three unusual cysteine residues at the end of the β3-Lys-containing motif
which are not present in TRIB1 or 3 leading to a truncated αC-helix in the N-lobe [28].
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These residues have been shown to be covalently bound by several kinase inhibitors as
discussed below. In addition, residues 158–180 of TRIB2 have been shown to be key for
binding NF-κB2 and regulating NF-kB activity in epithelial cells [29]. At the sequence level
there are variation between the TRIB family members like E (S/N) LED in the pseudokinase
domain HPW (F/L) and DQXVP (D/E) in the C-tail, and in the PEST region, that should
be studied in depth to explain the differences in regulation and signaling of each members
of the TRIB family [30].

3. Regulation of TRIB2 Expression and TRIB2 Signalling

Tribbles proteins seem to have redundant and non-overlapping functions. TRIB2-
specific regulation and signaling depends on the cell type and the physiological context.
TRIB2 regulation can occur through different means including by transcription factors-
mediated activation or repression of TRIB2 expression, through miRNAs or by promoting
TRIB2 degradation by the proteasome. Interestingly, the number of predicted transcription
factor-binding sites in human and murine TRIB2 gene promoter region is significantly
greater compared to TRIB1 or 3 [4]. Table 1 lists transcription factors that have been
directly involved in the regulation of TRIB2 in different cell types. Interestingly, it has
been described that TRIB2 is expressed in a cyclic manner during the cell cycle, though
the underlying mechanism remains to be established [31]. The study of the mechanisms
that regulate TRIB2 during the cell cycle might shed light on how its deregulation leads to
diseases such as cancer.

Table 1. Summary of transcription factors demonstrated to regulate TRIB2.

Transcription Factor Regulation Cell Type References

E2F1 Positive Acute myeloid leukemia (AML) mice [32]
C/EBPα-p30 Positive Acute myeloid leukemia (AML) mice [32]

TAL1 Positive Acute lymphoblastic leukemia (ALL) human [33]
NOTCH1 Positive Acute lymphoblastic leukemia (ALL) human [33]

Smad3 Positive Lung adenocarcinoma human [34]
Mesi1 Positive Acute myeloid leukemia (AML) mice [35]
PITX1 Positive Acute lymphoblastic leukemia (ALL) human [36]
FOG-1 Positive Bone marrow mice [37]

GATA-1 Positive Bone marrow mice [37]
TCF Positive Liver cancer cells human [38]

FoxA Positive Liver cancer cells human [38]
C/EBPα-p42 Negative Acute myeloid leukemia (AML) mice [32]

E2A Negative Acute lymphoblastic leukemia (ALL) human [33]

The regulation by miRNAs is yet another level of TRIB2 regulation that has emerged
recently. The hsa-miR-99b/let-7e/miR-125a cluster downregulates TRIB2 expression and
thereby enhances STAT3 activation as a consequence of increased extracellular signal-
regulated kinase (ERK) and Jun kinase activation by binding mitogen-activated protein
kinase (MAPK) complexes, MKK7 and MEK1 in monocytes [39]. miR-511, miR-1297 and
let-7 inhibit proliferation in adenocarcinoma of lung by suppressing TRIB2 expression
and consequently increasing C/EBPα expression [40,41]. Similarly, miR-206 and miR-140
suppress lung adenocarcinoma cell proliferation and metastasis via reduced phospho-
Smad3/Smad3, which downregulate TRIB2 [34]. On the other hand, miR-505 through
inhibition of ZEB1-AS1 upregulates TRIB2 expression in pancreatic cells [42]. In addition,
miR-155 induces the expression of TRIB2 as part of a group of apoptosis-associated genes
in AML [43].

Moreover, TRIB2 has been shown to be regulated by signalling pathways such as
Toll-like receptor 5 (TLR5), Wnt/β-catenin/TCF4 and p70S6K/Smurf1/β-TRCP. Whereas
TLR5 ligand stimulation induces TRIB2 expression, TRIB2 mediate a negative feedback
by inhibiting TLR5-mediated activation of NF-κB downstream of TRAF6 in both human
and mouse colon epithelium [29]. The Wnt/β-catenin/TCF4 pathway promotes TRIB2
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expression in liver cancer cells [38], and in this case TRIB2 also produces a negative
feedback, via TRIB2-mediated ubiquitination and degradation of TCF4 and β-catenin
through the E3 ligase binding region [12]. At the protein level, TRIB2 is regulated by
proteasomal degradation via p70S6K/Smurf1/β-TRCP in human liver cells [10,27].

TRIB2 regulates different downstream signaling pathways through its interaction
with MAPK, AP4, CDC25, OCT3/4, C/EBP alpha, ubiquitin E3 ligases, PCBP2, MAPK,
and AKT. Through these interactions TRIB2 plays a key role in cellular processes like cell
cycle, senescence, pluripotency of stem cell, protein degradation, and cell survival. The
direct interaction between TRIB2 and MAPK can inhibit the MAPK signalling pathway.
TRIB2 has been described to directly interact with MEK1 and MKK7 (MAPKs) through the
pseudokinase domain of TRIB2 and the N-terminal region of these MAPKs. However, the C-
tail of TRIB2 is also necessary for the interaction with MKK7. While MKK7/TRIB2 has been
shown to be localized in both, the cell nucleus and cytoplasm, the MEK1/TRIB2 complex
is only localized in the cytoplasm [44]. TRIB2 may also indirectly activate MAPKs, such as
p38, which control cell cycle regulators that are aberrantly activated in myeloid leukemia,
exerting a tumour suppressor function [45]. In colorectal cancer, it has been described
that the pseudokinase domain of TRIB2 interacts with AP4 and enhances AP4-mediated
reduction of p21 expression, ultimately leading to decreased senescence and apoptosis of
tumour cells [46]. TRIB2 interacts directly with CDC25C via the pseudokinase domain of
TRIB2 which leads to the K48-linked polyubiquitination of CDC25C and its subsequent
degradation via the proteasome, producing cell cycle arrest [31]. Moreover, TRIB2 is
involved in the pluripotency of embryonic stem cells and is important for maintaining
self-renewal ability through direct interaction with the transcription factors related with
induced pluripotent stem cells, OCT3/4 and increasing OCT3/4 promoter activity [21].

Another important role of the TRIB signalling is the regulation of C/EBP-α. The
three TRIBs may interact with C/EBP-α but only TRIB1 and 2 can degrade it via the
proteasome [4]. In lung cancer, TRIB2 blocks C/EBP-α activity by direct binding promoting
the ubiquitination of C/EBP-α and consequently its proteasomal degradation through
the interaction between the E3 ligase TRIM21 and the C-tail of TRIB2 [47]. Conversely, in
AML another E3 ligase, COP1 is necessary for C/EBP-α degradation and the presence of
the COP1 binding site in TRIB2 as well as the pseudokinase domain are essential to its
oncogenic role in this caner type [14]. On the other hand, TRIB2 also modulates proteasome
function via the proteasome subunit PSMB5 for which the PCBP2 protein is required. The
DQLVPD sequence of TRIB2 binds to the KH3 domain of PCBP2 and PCBP2 interact with
PSMB5, leading to the activation of PSMB5 and reducing Ub levels [48].

TRIB2 also promotes AKT activation via direct protein-protein interaction through
the COP1 domain at the C-terminus of the protein. TRIB2 preferentially binds to catalyti-
cally inactive, non-phosphorylated threonine 308 AKT1 in vitro and increases endogenous
AKT phosphorylation at the hydrophobic motif (serine 473) in human cancer cells [28].
TRIB2/AKT interaction promotes the activating phosphorylation on serine 473 of AKT
without affecting its threonine 308 phosphorylation status. TRIB2-mediated AKT activa-
tion results in FOXO inhibition and increased MDM2 activity to degrade p53 [49]. As a
consequence, the expression of FOXO and p53 target genes such as BIM, FasL and p21
which lead to drug induced apoptosis, is attenuated by TRIB2 [49–51].

4. TRIB2 in Health and Disease

The tribbles gene was first identified in Drosophila as a regulator of string⁄cdc25 in
morphogenesis [16]. In Xenopus, Xtrb2 the TRIB2 orthologue was injected into embryos
producing dorsal mesoderm involution defects, a phenotype that resembles gastrulation
invagination defects seen in Drosophila trbl mutants [16]. In mice, TRIB2 expression is
observed during gestation in different organs such as kidneys, mesonephros, testes, heart,
eyes, thymus, blood vessels, muscle, bones, tongue, spinal cord, and ganglions. However,
TRIB2 mutant mice show no apparent phenotypic variations, suggesting that it is not
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essential for murine development or that the other Tribbles proteins can compensate for
the lack of TRIB2 [52].

Furthermore, the role of TRIB2 in stem cell differentiation has also been demonstrated.
The siRNA-mediated suppression of TRIB2 in mesenchymal stem cells (MSCs) produced an
increase in adipogenic differentiation by increasing C/EBP-α degradation [53,54]. Related
to the role of TRIB2 in adipocytes, studies by Nakayama et al. in the Japanese population
reported an adaptive variant of TRIB2, rs1057001, associated with high levels of thermo-
genic gene expression in both visceral and subcutaneous adipose tissue in humans [22].
This TRIB2 variant is implicated in visceral fat accumulation and is interpreted as the result
of a positive natural selection of TRIB2 in East Asians [55].

The TRIB family has also been associated with reproduction. In cumulus cells that
are surrounding bovine and mouse oocyte the expression levels of TRIB2 are the highest
among the TRIBs. During oocyte maturation, TRIB2 expression levels are reduced and
TRIB1 and TRIB3 are increased. This may be due to the different role of the TRIBs, which in
the case of TRIB2 is more involved in proliferation and therefore is not necessary for oocyte
maturation [56]. On the other hand, in granulosa cells, TRIB2 regulates gene expression,
protein degradation and activation of signaling pathways that may contribute to follicular
growth, differentiation of steroidogenic cells into luteal cells after ovulation and function
of the corpus luteum [57].

At the level of hematopoiesis TRIB2 plays an important role mainly through the
degradation of C/EBP-α. It has been observed that TRIB2 is overexpressed during thymus
development, and in B cells, natural killers, and CD4+ T cells and to a lesser degree in
CD8+ T cells [19]. Additionally, TRIB2 is expressed in early hematopoietic progenitors
and erythroid precursors, and the deletion of TRIB2 mainly affected erythroid lineage
development. TRIB2 has also been shown to promote erythropoiesis independent of
C/EBPα proteins in vivo. As a result, TRIB2 knockout mice exhibit macrocytic anemia [58].

Consistent with the important role of TRIB2 in normal physiology, its deregulation
can lead to disease. In inflammation TRIB2 has been described as a regulator of NF-κB
activity associated with inflammatory bowel disease (IBD), and TRIB2 inhibits TLR5-
mediated activation of NF-κB [29]. In fact, TRIB2 is significantly decreased in samples
obtained from active IBD compared with inactive disease [29,59]. On the other hand,
inflammatory activation of monocytes is an essential part of both innate immune responses
and the pathogenesis of conditions such as atherosclerosis. The activation of monocytes
measured by the production of IL-8 chemokine is MAPK dependent and downregulated
by TRIB2 because of TRIB2 is a negative regulator of MAPK [60]. It should be noted
that while modified low-density lipoprotein downregulates the expression of TRIB2 in
monocytes [60], TRIB2 expression is upregulated by treatment with oxidized LDL in
primary human monocyte-derived macrophages reducing IL-10. Considering that TRIB2
is a highly regulated gene in vulnerable atherosclerotic lesion, and that the inhibition of
macrophage IL-10 biosynthesis is a potential pro-inflammatory consequence of high TRIB2
expression, TRIB2 might be associated to both inflammation and atherosclerosis [61].

5. TRIB2 in Cancer

The role of TRIB2 protein in cancer is currently emerging as a result of our growing
understanding of its function in physiological processes and due to its diverse interactome.
As summarized in Table 2, a multifunctional role of TRIB2 as an oncogenic protein has
been described in numerous cancers where it is overexpressed, including melanoma [62],
leukemias [63,64], pancreatic cancer [42], liver cancer [10], epithelial ovarian cancer [65]
and lung cancer [47,66]. In addition, there is solid evidence that TRIB2 expression affects
the sensitivity of cancer cells to chemotherapeutic and targeted anticancer drugs [49,67–71].
The oncogenic activity of TRIB2 is linked to its dysregulated expression, rather than to
mutational activation, as in the case of melanoma and colorectal cancer, where TRIB2 is
overexpressed and inversely correlated with survival of patients [49]. A recent study, how-
ever, reports a novel fusion transcript derived from a chromosomal translocation between
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the TRIB2 and the PRKCE genes, the latter coding for protein kinase C epsilon in pulmonary
carcinoid tumours [66]. In cellular models of colorectal cancer (CRC), TRIB2 blocks cellular
senescence by promoting transcriptional activity of AP4 and p21 repression [46]. However,
the biological role of TRIB2 in CRC has not been elucidated, while TRIB2-mediated effects
in leukemia, melanoma and liver cancer have been characterized more thoroughly.

Table 2. Summary of TRIB2 function in different human cancers.

Cancer Type TRIB2
Function Target Cell Line/Model Mode of Action References

Lung Oncogenic C/EBPα,
pSmad3, TRIM21

A549, LTEP-a-2 cells
NOD/SCID mice

Patients’ tissue samples

Promotes proliferation,
sphere formation and
in vivo tumorigenicity

[34,47,66]

Colorectal Oncogenic AP4/p21,
AK

SW48 and LoVo cells
Primary

tumour samples

Blocks cellular
senescence Confers

resistance to
PI3K inhibitors

[46,49]

Pancreatic Oncogenic miR505/
ZEB1-AS1

SW1990 and
Capan-1 cells

Promotes viability,
migration and invasion [42]

Ovarian Tumour
suppressor p21 A2780 cell line

Patient tumour samples

Induces of a
cisplatin-dependent cell

cycle arrest
and apoptosis

[65]

Melanoma Oncogenic
FOXO,

β-catenin,
c-Myc and cyclinD1

Sk-Mel-28, Sk-Mel-94,
Sk-Mel-19, UACC-257,
Hs 895T, Sk-Mel-147,

A375 and HaCaT cells
Melanoma xenograft

Promotes proliferation
and drug resistance.

Inhibition of apoptosis
[50,72–74]

Liver Oncogenic
βTrCP,

C/EBPα, SMURF1,
PCBP2

HepG2, Bel-7402,
Bel-7404, Hep3B, Huh7,
SMMC-7721, Bel-7402

and HL-7702 cells
Mouse model of liver

fibrosis and HCC

Promotes tumorigenesis,
tumour growth and

cell survival
[10,12,48,75]

Leukemia
Oncogenic C/EBPα

32D cells
C/EBPαfl/fl

mouse model

Cooperates with
HOXA9 in AML

Confers proliferative
advantage and
induce AML

[63,64]

Tumour
suppressor

Notch
p38 Patient samples

Is required for p38
MAPK signalling,

induction of cell cycle
checkpoint response and

apoptosis.
Its deficiency accelerates

the onset of ALL

[15,45,76]

5.1. TRIB2 in Leukemia

In the hematopoietic system, TRIB2 expression is important for lymphoid and ery-
throid lineages, as it is highly expressed in lymphoid populations, including B, T and NK
cells, and moderately expressed in common myeloid progenitor (CMP) and in megakaryocyte–
erythroid progenitors (MEP). Conversely, TRIB1 and TRIB3, are more abundant in myeloid
lineage and primitive stem cells, respectively [19]. Although TRIB2 function is funda-
mental in lymphoid lineage, it is associated with both acute myeloid (AML) and acute
lymphoblastic leukemias (ALL). TRIB2 is highly expressed in human T-ALL [63,64] where
its expression correlates with Notch1 mutations in pediatric cases [63]. Additionally, TRIB2
is required for the growth and survival of human T-ALL cell lines driven by the oncogenic
transcription factor TAL1 [33]. In contrast, Stein and colleagues found that knockdown
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of TRIB2 in murine T-ALL cell lines did not affect cell growth or survival and rather acts
as tumour suppressor in Notch-driven T-ALL [77]. This finding suggests a more complex
relationship between TRIB2 expression and T-ALL. TRIB2 is also potentially involved in B
cell-ALL (B-ALL) with translocation t (1;19), as the expression level of TRIB2 in this subset
of ALL was higher than that in T-ALL [63].

In the context of AML, TRIB2 was also shown to cooperate with HOXA9 (Homeobox
A9) and accelerate murine AML [78]. HOXA9 and its cofactor Meis Homeobox 1 (MEIS1)
are transcription factors expressed in early myeloid progenitors, which appear upregulated
in AML [79]. Overexpression of Meis1 synergizes with multiple Nucleoporin 98 (NUP98)
and HOX fusion genes to accelerate the onset of AML in murine bone marrow transplan-
tation models [80,81]. TRIB2 is a target gene of HOXA9-mediated leukemogenesis and
is activated by MEIS1 in AML driven by NUP98-HOXD13/MEIS1 rearrangements [35].
Additionally, several studies have shown that exogenous expression of TRIB2 confers a
proliferative advantage in vitro and is sufficient to induce AML in vivo [82,83]. The best
understood pathway by which TRIB2 promotes oncogenesis is its role in the degradation
of C/EBP transcription factors [14,82,84]. Indeed, in the absence of C/EBPα, TRIB2 is
unable to generate AML disease [83]. These effects are consonant with the association of
inactivation of C/EBPα expression in human AML and the block in myeloid differentiation
with the subsequently accumulation of myeloid blasts in the bone marrow observed in
conditional mouse knockout models [85]. Moreover, TRIB2-dependent p42 isoform of
C/EBPα degradation is mediated by the proteasome and constitutive photomorphogenesis
1 (COP1). Thus, COP1 is recruited by TRIB2 for the interaction with C/EBPα, suggesting
TRIB2 functions as a scaffold protein to colocalize the enzyme with its target [14,86]. Never-
theless, Gilby and colleagues found that TRIB2 can act as tumour suppressor in AML and
accordingly its expression was downregulated in patient samples [15]. Furthermore, TRIB2
seems not to be necessary for the initiation of myeloid leukemia, but is required for p38
MAPK signalling, a pathway that is activated in cellular stress conditions and regulates cell
proliferation [45]. This tumour suppressive role of the TRIB2-p38 axis is also supported by
the evidence that TRIB2 deficiency accelerates the onset of acute lymphoid leukemia [76].

The apparent contradiction that exists in the functionality of TRIB2 as an oncogene or
tumour suppressor in AML models in vitro, might be due to the fact that both, high and
low TRIB2 expression levels correlate with different types of leukemia in patients: AML
subtypes with deletions in Chromosomes 5 or 7 display TRIB2 higher expression, whereas
in AML subtypes with translocations of Chromosomes 9 or 11, TRIB2 expression is lower
than in normal hematopoietic progenitor cells [19].

5.2. TRIB2 in Liver Cancer

Liver cancer is the sixth most common malignancy and the fourth most common
cause of cancer-related mortality worldwide [87]. It is characterized by the dysregulation
of metabolic and cell differentiation pathways including Wnt, ERK and AKT/mTOR
signalling [88,89]. In the hepatocellular carcinoma context, TRIB2 has been shown to be
a downstream effector and upstream regulator of Wnt signalling. TRIB2 is specifically
activated by Wnt pathway effectors TCF4 and β-Catenin in the human liver cancer cell line
HepG2 [38]. By contrast, TRIB2 facilitates the nuclear accumulation of its associated E3
ligases SMURF1, βTrCP and COP1 which leads with the ubiquitination and degradation
of TCF4 and β-Catenin [12]. These findings suggest a negative auto-regulatory feedback
in TRIB2-Wnt signalling in which TRIB2 acts as an oncogenic and tumour suppressive
factor during liver tumorigenesis. Furthermore, recent studies have revealed a novel role of
TRIB2 in modulating proteasome function by interaction with poly (rC)-binding protein 2
(PCBP2) and proteasome 20S subunit beta 5 (PSMB5). PCBP2 mediates degradation of some
proteins and inhibits the production of reactive oxygen species (ROS), being implicated in
development and progression of cancer. Mechanistically, TRIB2-PCBP2 interaction leads to
a decrease in the ubiquitin pool by increasing the proteolytic efficiency of the proteasome
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and, consequently, maintains the viability of the liver cancer cells and promotes tumour
growth [48].

Together, these data reveal the complexity of TRIB2 and ubiquitin proteasome system
interactions in liver cancer cells and highlight the importance of cell context in TRIB2
protein function. Recent work in liver fibrosis and hepatocellular carcinoma (HCC) has
demonstrated that TRIB2 is strongly upregulated in human fibrotic liver tissues and HCC
tissues. TRIB2 colocalized with α-smooth muscle actin (α-SMA) in fibrotic and HCC liver
tissues. Knockdown of TRIB2 inhibited hepatic stellate cells activation and liver fibrosis
in vitro and in vivo [75], suggesting TRIB2 as an attractive therapeutic target for hepatic
fibrosis and fibrosis-associated liver cancer.

5.3. TRIB2 in Melanoma

Melanoma is the tissue with the highest expression of TRIB2 and its expression level
correlates with each melanoma stage [62]. In both, patient samples and ex vivo models,
TRIB2 expression correlates also with treatment response, suggesting that the measurement
of TRIB2 levels could be useful to both diagnose the disease and its grade. Moreover,
TRIB2 has been identified as a repressor of FOXO proteins contributing to the growth and
survival of melanoma cells [50]. In vivo, TRIB2 knockdown in melanoma xenograft models
shows significant reduction of tumour growth [50]. In line with this, TRIB2 could be used
as a biomarker in melanoma since its expression strongly correlates specifically with both
the presence and progression of melanocyte-derived malignancies [62] but not in samples
from other tumour sources, including non-basal skin carcinoma [50]. Recent work has
revealed that TRIB2 positively correlates with the circular RNA 0084043 (circRNA_0084043).
CircRNA is deregulated in melanoma tissues and cells and has an oncogenic role in human
melanoma [72]. Apparently, circ_0084043 knockdown inhibited expression of β-catenin,
c-Myc and cyclinD1 through downregulating TRIB2 via miR-429. Moreover, knockdown
of circ_0084043 or TRIB2 suppressed melanoma development, indicating that they could
be a potential therapeutic target [73].

Taken together, these data emphasize that TRIB2 plays a crucial role in regulating vari-
ous cellular processes in cancer, such as proliferation, apoptosis and drug resistance [19,65,74]
and although, currently, the role of TRIB2 in cancer remains controversial, we are moving
forward in unraveling TRIB2 function in neoplasia.

6. The Emerging Role of TRIB2 in Therapy Resistance

In all areas of cancer therapy, resistance is a major concern, and it is broadly clas-
sified into two groups: acquired and intrinsic. Acquired drug resistance is a conse-
quence of molecular changes and clonal selection observed after an extended period
of drug treatment, whereas innate resistance occurs due to mutations in tumour cells
during disease progression [90]. Table 3 outline the role of TRIB2 in cancer relapse due to
chemotherapy resistance.

Table 3. Role of TRIB2 in chemotherapy resistance.

Tumour Type Anticancer Drug Cell Line/Model Role of TRIB2 in Resistance References

Melanoma
Osteosarcoma

PI3K
inhibitors

mTOR inhibitors
Dacarbazine
Gemcitabine
5-fluorouracil

U2OS osteosarcoma cell line
Patient melanoma samples

TRIB2 disrupts AKT/FOXO
signalling by increasing AKT
and MDM2 phosphorylation

[49]

Glioblastoma Temozolomide Patient tumour samples Combined increase in TRIB2
and MAP3K1 [69]



Cancers 2021, 13, 2701 10 of 17

Table 3. Cont.

Tumour Type Anticancer Drug Cell Line/Model Role of TRIB2 in Resistance References

Small Cell Lung Cancer Cisplatin
NCI-H69 xenograft mouse

model,
Patient tumour samples

TRIB2 overexpression
increases C/EBPα
downregulation

[67]

Epithelial Ovarian
Cancer

Cisplatin A2780 cell line,
Patient tumour samples

There is a correlation with
TRIB2 knockdown

and resistance [65]

5′-Aza-Cytidine A2780 Cisplatin resistant
cell line

TRIB2 is overexpressed in
resistant cells

Acute
Myeloid

Leukemia

Doxorubicin K562 cell line

TRIB2 promotes the
expression of cell membrane

transporters MRP1 and
MDR1 increasing the efflux

of drug [68]

Cytarabine
Daunorubicin K562 cell line

TRIB2 overexpression
increases BCL2 expression,

promoting
antiapoptic signalling

In several cancer cell lines, such as osteosarcoma and melanoma, as well as in vivo
models and patient samples, TRIB2 overexpression has been shown to mediate resistance
against various chemotherapeutics and targeted drugs including PI3K- and mTORC1-
inhibitors, dacarbazine, gemcitabine and 5-fluorouracil, through the disruption of the
AKT/FOXO and AKT/MDM2/p53 pathways. The increase of TRIB2 correlates with
increased phosphorylation of AKT and MDM2 in patient samples and leads to a worse clin-
ical outcome. Mechanistically, TRIB2 interacts via its COP1 domain with AKT [49]. TRIB2
preferentially binds to catalytically inactive, non-phosphorylated threonine 308 AKT1
in vitro and increases endogenous AKT phosphorylation at the hydrophobic motif (serine
473) in human cells [28]. It remains to be established whether TRIB2 indiscriminately
binds to the AKT isoforms AKT1, AKT2 and AKT3 or with selective or preferential affinity.
The phosphorylation of AKT results in an activation of its enzymatic activity and the
subsequent inactivation of FOXO and p53 [49]. Thus, patients whose tumours display
high TRIB2 expression may not benefit from specific PI3K inhibitor therapeutics, rendering
TRIB2 as a suitable biomarker predicting treatment outcome and selecting patients for
individualized therapy.

Furthermore, several recent articles suggest the implication of TRIB2 in the tumour
sensitivity to cisplatin. Platinum-based drugs such as cisplatin are being used for the
treatment of numerous cancer types including testicular, lung, ovarian, bladder, and head
and neck cancers [91]. These drugs are classified as alkylating-like agents and act though
damaging DNA [92]. Unfortunately, the great majority of cancer patients treated with
platinum-containing drugs have some level of intrinsic resistance or develop acquired
resistance to the treatment [93]. In cellular and in vivo models of small cell lung cancer, the
cisplatin-resistant cells showed significantly higher expression of TRIB2 mRNA than control
cells [67]. Moreover, the TRIB2 knockdown reverts cisplatin resistance, and correlates
with upregulation of C/EBPα protein levels, indicating that TRIB2 could be a potential
target to circumvent chemoresistance. Conversely, in epithelial ovarian cancer, TRIB2
knockdown increases resistance to cisplatin [65]. If, instead, the cells were treated with the
hypomethylating agent 5′-Aza-Cytidine, TRIB2 was overexpressed in resistant cells [65].
One possible explanation for the TRIB2 knockdown-dependent cisplatin resistance may
be due to the subsequent activation of FOXO proteins, since it has been reported that the
levels of FOXO proteins are related to cisplatin resistance in ovarian cancer [94].

One of the anticancer drugs widely used in chemotherapy is doxorubicin (also known
as adryamicin). It is a 14-hydroxylated analogue of daunorubicin, a natural product also
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used as anticancer drug [95]. These molecules act by intercalating in the DNA causing
breakage of DNA strands and inhibition of DNA synthesis [96]. In AML, Ma and colleagues
have demonstrated that in doxorubicin resistant cells, TRIB2 knockdown decreases IC50
and increases intracellular doxorubicin accumulation [68]. Additionally, they demonstrate
that TRIB2 promotes cellular efflux functions of doxorubicin by increasing the MDR1 and
MRP1 cell membrane transporters, considered as “drug resistance proteins” because they
work as drug efflux pump mediating multidrug resistance of human leukemia cells [97].
Consistent with this observation, a recent study uncovered an additional mechanism of
chemoresistance in AML in which TRIB2 overexpression confers resistance to cytarabine,
doxorubicin and daunorubicin, DNA intercalating agents which cause breakage of DNA
strands and inhibition of DNA synthesis [70]. Nevertheless, as mentioned before, TRIB2 has
been shown to act both as an oncogenic driver and tumour suppressor in AML [19,82,83].
Thus, TRIB2 deficiency conferred resistance to daunorubicin treatment by promoting
growth and survival advantage in myeloid leukemia cells [45]. TRIB2 re-expression or
pharmacological activation of p38 MAPK signalling in TRIB2 deficient leukemia cells
sensitized the cells to chemotherapy-induced apoptosis.

The wealth of conflicting studies highlights the need and importance of carefully
approaching the analysis of TRIB2 function, as it exerts a dual role in myeloid leukemia
and liver in a context-specific manner. It should also be noted that Tribbles proteins can
perform redundant functions, which may mask some of the effects seen in these studies.
For example, TRIB1 also accelerates degradation of C/EBPα in AML cells [98]. In addition,
TRIB1 is also involved in the etiology of glioma [99], liver [100] and prostate cancer [101].
Regarding TRIB3, its expression was found elevated in patients with colorectal cancer and
its expression correlated with poor overall survival [102].

7. Targeting TRIB2

Due to the importance of TRIB2 in disease progression and therapeutic resistance,
TRIB2 presents an exciting opportunity for anti-cancer drug development efforts. TRIB2 is
an unexplored, druggable therapeutic target at the core of a clinically relevant drug resis-
tance mechanisms. Bailey et al. reported that TRIB2 binds to ATP and autophosphorylates
suggesting that small molecule kinase inhibitors might be capable of manipulating TRIB2
function [13]. According to the specific oncogenic context, both up- or down-regulation of
TRIB2, are the two approaches for targeting TRIB2. Therefore, so far, strategies to target
TRIB2 are based on pharmacological approaches manipulating the endogenous levels of
TRIB2 indirectly by modifying its direct regulators including miRNAs and proteins that
regulate TRIB2 degradation. Importantly, TRIB2 is a target of small-molecule protein kinase
inhibitors, originally designed to interfere with HER2 and EGFR tyrosine kinase family
members [28]. Second and third generation dual HER2 and EGFR inhibitors including
afatinib, neratinib and osimertinib (known to irreversibly inhibit these receptor tyrosine
kinases by covalently binding to a cysteine residue) also interact with a cysteine residue
present in the kinase domain of TRIB2 in a covalent manner [28]. Unlike related non-
covalent inhibitors like lapatinib, these covalent inhibitors lead to rapid degradation of
the TRIB2 protein [28]. Moreover, this inhibition is specific for TRIB2 because of the lack
of equivalent Cys residues in other pseudokinases, including TRIB1, TRIB3, and STK40,
indicating the convenience of this therapeutic approach for tumours in which high levels
of TRIB2 correlates with worst prognosis. It is worth noting that these covalent inhibitors
have been approved for their clinical use to treat patients with non-small cell lung cancer
or breast cancer. Further to this, using RNA sequencing-based transcriptional profiling of
isogenic osteosarcoma U2OS cells with different TRIB2 status, a recent study identified
several small-molecule compounds, including harmine and piperlongumine, that reverse
TRIB2-dependent transcriptional signatures [71]. Consistent with the involvement of TRIB2
in promoting PI3K/AKT signalling, these two naturally occurring alkaloids induce the nu-
clear translocation of the FOXO3 transcription factor. As TRIB2 expression level correlates
with increased resistance to chemotherapy, this work suggests a therapeutic combination
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of harmine or piperlongumine with the dual PI3K/mTOR inhibitor BEZ235 treatment to
overcome resistance by increasing the cytostatic effects of BEZ235. Targeting TRIB2 could
also be achieved by using miRNAs. It has been reported that miR-206 and miR-140 act
as tumour suppressor in lung adenocarcinoma by modifying oncogenic TRIB2 promoter
activity [34]. This study shows that miR-206 and miR-140 target the transcription factor
phospho-Smad3 which, in turn, binds CAGACA sequences in TRIB2 promoter. In line with
this data, in osteosarcoma tissues and cell lines, TRIB2 is a direct target of miR-509-5p and
when miR-509-5p is overexpressed or TRIB2 is silenced, the malignant capacity of osteosar-
coma cells, in terms of proliferation and invasion, its reduced [103]. Additionally, TRIB2
stability could be target by modifying Ubiquitin E3 ligase SCFβ-TRCP levels. SCFβ-TRCP is
a multiprotein complex composed by the F-box protein β-TRCP, scaffold protein CUL1
and the adapter protein SKP1. This complex polyubiquitinate TRIB2 on its degradation do-
main (TDD) located at the N-terminal domain, triggering its proteasomal degradation [27].
Targeted protein degradation using proteolysis targeting chimaeras (PROTACs) [104] or
hydrophobic tagging (HyT) [105] that promote the degradation of specific proteins has
attracted extensive interest as a modality for modulating ‘undruggable’ targets. In order to
apply these approaches to enable targeting of TRIB2, selective and potent ligands need to
be identified as starting point for PROTAC/HyT discovery.

8. TRIB2 as a Biomarker

Early diagnosis of many pathologies, such as cancer, can make a difference in the effec-
tiveness of treatment and the prognosis of a disease. It has been largely demonstrated that
several proteins are significantly upregulated in a disease-dependent manner. The proteins
that could be taken as signatures for diagnostic confirmation are known as biomarkers. The
above-described differential expression of TRIB2 in several cancer types and its association
with drug resistance, suggests TRIB2 as a powerful biomarker. TRIB2 exhibits low expres-
sion in healthy skin samples, increases in benign melanoma, with the highest expression
seen in malignant melanoma samples [62]. Given the correlation between TRIB2 expression
levels and the stage of melanoma, TRIB2 could be used as a biomarker for diagnosis and
progression. Moreover, TRIB2 overexpression implies tumour resistance to PI3K/mTOR
inhibitors, so it might also be useful as a predictive biomarker in a personalized therapy
context. TRIB2 had also showed its potential as a combined biomarker in concurrence with
other proteins, such as BCL2 in AML or MAP3K in glioblastoma. In AML, TRIB2 overex-
pression results in an increase in BCL2 expression and these cells can be target by BCL2
inhibition with venetoclax (ABT-199), a BCL2-domain mimetic [70]. These results suggest
that, using TRIB2 as biomarker, combination treatment with conventional chemotherapy
(daunorubicin) and BCL2 inhibition would overcome the drug resistance. Moreover, recent
work in glioblastoma has revealed, not only that high levels of TRIB2 correlates with
poor prognosis of patients with glioblastoma, but also that combined increased in TRIB2
and MAP3K is associated with resistance to temozolomide (TMZ) and radiotherapy [69],
which are the standard of care for this tumour type. Combined elevation of TRIB2 and
MAP3K1 could be used as novel prognostic biomarkers to evaluate the malignancy and
long-term outcomes of glioblastoma. Thus, use of TRIB2 as biomarker has the potential to
stratify clinical approach by identifying patients who may benefit most from specific lines
of treatment.

9. Conclusions

The early detection of a disease as well as the development of an effective and per-
sonalized therapy arises as a consequence of the detailed knowledge of key proteins in
these pathological processes. Therefore, in this review, we wanted to highlight that TRIB
pesudokinases present a new and potential pharmaceutical and therapeutic opportunity
in various pathologies, but especially in cancer. We focus on TRIB2 because, even though
its crystallographic structure is not available, a lot of work is being done in unraveling
its functions. The highlight of TRIB2 structure is its pseudokinase domain, which has
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been evolutionary conserved and is homologous to serine/threonine kinase domains but
lacks the lysine active site. TRIB2 pseudokinase domain, as in canonical kinases, is formed
by two lobes, the N-lobe and the C-lobe. The N-lobe is involved in TRIB2 homeosta-
sis and the C-lobe is the substrate-binding site. The most C-terminal region of TRIB2
is the best described part of the protein. This domain stands out for containing TRIB2
protein-protein interaction sequences with E3-ligases. Thus, TRIB2 acts as a scaffold of the
ubiquitin-proteasome system for protein degradation.

It should also be noted, that a great variety of TRIB2 interactors have been described
in a cell context-dependent manner. For example, while TRIB2 interacts with NF-κB in
epithelial cells, it interacts with OCT4 in embryonic stem cells, although the exact structural
region of TRIB2 responsible for this interaction is still elusive. In addition to this, we
have also summarized the multiple interactors of TRIB2 in a disease context. In colorectal
cancer, TRIB2 interacts with AP4 protein through the pseudokinase domain. Similarly,
TRIB2 also activates the p38 MAPK pathway in myeloid leukemia. Moreover, TRIB2 levels
appear to correlate with many neoplasia conditions, conferring TRIB2 a role as a biomarker,
which in contexts such as melanoma is even dependent on cancer stage progression and
prognosis. It is important to note that the cause of TRIB2 overexpression in neoplasias
has not been elucidated, although we know that TRIB2 is strictly regulated at both the
transcriptional level and protein level. As we have also detailed in this review, TRIB2
levels are regulated through miRNAs, as well as by the phosphorylation of its serine 83 by
p70S6K. Furthermore, TRIB2 degradation is also carried out by SMURF1 and βTRCP. In
order to understand differential expression and activity of TRIB2 in cancer, the network
of components acting upstream of TRIB2 have to be dissected and carefully examined
in vitro and in vivo. Similarly, the use of mouse models including murine xenograft
and immunocompetent allograft models as well as inducible, tissue specific deletion
and overexpression of TRIB2 will help to further define the specific role of TRIB2 in the
formation, progression and therapy resistance of different tumour types. The multilayer
regulation of TRIB2 homeostasis provides the opportunity to target TRIB2, specially in
cases where TRIB2 expression confers resistance to therapy.
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88. Nwosu, Z.C.; Piorońska, W.; Battello, N.; Zimmer, A.D.; Dewidar, B.; Han, M.; Pereira, S.; Blagojevic, B.; Castven, D.; Charlestin,
V.; et al. Severe metabolic alterations in liver cancer lead to ERK pathway activation and drug resistance. EBioMedicine 2020,
54, 102699. [CrossRef]

89. Wang, W.; Smits, R.; Hao, H.; He, C. Wnt/β-Catenin Signaling in Liver Cancers. Cancers 2019, 11, 926. [CrossRef]
90. Lippert, T.H.; Ruoff, H.-J.; Volm, M. Intrinsic and acquired drug resistance in malignant tumors. The main reason for therapeutic

failure. Arzneimittelforschung 2008, 58, 261–264. [CrossRef]
91. Dasari, S.; Tchounwou, P.B. Cisplatin in cancer therapy: Molecular mechanisms of action. Eur. J. Pharmacol. 2014, 740, 364–378.

[CrossRef]
92. Brabec, V.; Kaspárková, J.; Vrána, O.; Nováková, O.; Cox, J.W.; Qu, Y.; Farrell, N. DNA modifications by a novel bifunctional

trinuclear platinum phase I anticancer agent. Biochemistry 1999, 38, 6781–6790. [CrossRef] [PubMed]
93. Zhou, J.; Kang, Y.; Chen, L.; Wang, H.; Liu, J.; Zeng, S.; Yu, L. The Drug-Resistance Mechanisms of Five Platinum-Based Antitumor

Agents. Front. Pharmacol. 2020, 11. [CrossRef] [PubMed]
94. Arimoto-Ishida, E.; Ohmichi, M.; Mabuchi, S.; Takahashi, T.; Ohshima, C.; Hayakawa, J.; Kimura, A.; Takahashi, K.; Nishio,

Y.; Sakata, M.; et al. Inhibition of phosphorylation of a forkhead transcription factor sensitizes human ovarian cancer cells to
cisplatin. Endocrinology 2004, 145, 2014–2022. [CrossRef] [PubMed]

95. Arcamone, F.; Cassinelli, G.; Fantini, G.; Grein, A.; Orezzi, P.; Pol, C.; Spalla, C. Adriamycin, 14-hydroxydaunomycin, a new
antitumor antibiotic from S. peucetius var. caesius. Biotechnol. Bioeng. 1969, 11, 1101–1110. [CrossRef] [PubMed]

96. Zunino, F.; Gambetta, R.; Di Marco, A.; Zaccara, A. Interaction of daunomycin and its derivatives with DNA. Biochim. Biophys.
Acta Nucleic Acids Protein Synth. 1972, 277, 489–498. [CrossRef]

97. Baran, Y.; Gür, B.; Kaya, P.; Ural, A.U.; Avcu, F.; Gündüz, U. Upregulation of multi drug resistance genes in doxorubicin resistant
human acute myelogeneous leukemia cells and reversal of the resistance. Hematology 2007, 12, 511–517. [CrossRef]

98. Yokoyama, T.; Kanno, Y.; Yamazaki, Y.; Takahara, T.; Miyata, S.; Nakamura, T. Trib1 links the MEK1/ERK pathway in myeloid
leukemogenesis. Blood 2010, 116, 2768–2775. [CrossRef]

99. Tang, B.; Wu, W.; Zhang, Q.; Sun, Y.; Cui, Y.; Wu, F.; Wei, X.; Qi, G.; Liang, X.; Tang, F.; et al. Inhibition of tribbles protein-1
attenuates radioresistance in human glioma cells. Sci. Rep. 2015, 5, 15961. [CrossRef]

100. Ye, Y.; Wang, G.; Wang, G.; Zhuang, J.; He, S.; Song, Y.; Ni, J.; Xia, W.; Wang, J. The oncogenic role of Tribbles 1 in hepatocellular
carcinoma is mediated by a feedback loop involving microRNA-23a and p53. Front. Physiol. 2017, 8, 789. [CrossRef]

101. Shahrouzi, P.; Astobiza, I.; Cortazar, A.R.; Torrano, V.; Macchia, A.; Flores, J.M.; Niespolo, C.; Mendizabal, I.; Caloto, R.; Ercilla,
A.; et al. Genomic and Functional Regulation of TRIB1 Contributes to Prostate Cancer Pathogenesis. Cancers 2020, 12, 2593.
[CrossRef] [PubMed]

102. Miyoshi, N.; Ishii, H.; Mimori, K.; Takatsuno, Y.; Kim, H.; Hirose, H.; Sekimoto, M.; Doki, Y.; Mori, M. Abnormal expression of
TRIB3 in colorectal cancer: A novel marker for prognosis. Br. J. Cancer 2009, 101, 1664–1670. [CrossRef] [PubMed]

103. Guo, J.; Wu, Q.; Peng, X.; Yu, B. miR-509-5p Inhibits the Proliferation and Invasion of Osteosarcoma by Targeting TRIB2. Biomed.
Res. Int. 2019, 2019, 2523032. [CrossRef] [PubMed]

104. Burslem, G.M.; Crews, C.M. Proteolysis-Targeting Chimeras as Therapeutics and Tools for Biological Discovery. Cell 2020.
[CrossRef]

105. Neklesa, T.K.; Tae, H.S.; Schneekloth, A.R.; Stulberg, M.J.; Corson, T.W.; Sundberg, T.B.; Raina, K.; Holley, S.A.; Crews, C.M.
Small-molecule hydrophobic tagging-induced degradation of HaloTag fusion proteins. Nat. Chem. Biol. 2011, 7, 538–543.
[CrossRef] [PubMed]

http://doi.org/10.1038/onc.2016.66
http://www.ncbi.nlm.nih.gov/pubmed/26996668
http://doi.org/10.1182/blood-2009-07-229450
http://doi.org/10.1016/j.immuni.2004.11.006
http://doi.org/10.1182/blood-2012-12-476101
http://www.ncbi.nlm.nih.gov/pubmed/23884858
http://doi.org/10.3390/cancers12102859
http://doi.org/10.1016/j.ebiom.2020.102699
http://doi.org/10.3390/cancers11070926
http://doi.org/10.1055/s-0031-1296504
http://doi.org/10.1016/j.ejphar.2014.07.025
http://doi.org/10.1021/bi990124s
http://www.ncbi.nlm.nih.gov/pubmed/10346899
http://doi.org/10.3389/fphar.2020.00343
http://www.ncbi.nlm.nih.gov/pubmed/32265714
http://doi.org/10.1210/en.2003-1199
http://www.ncbi.nlm.nih.gov/pubmed/14701673
http://doi.org/10.1002/bit.260110607
http://www.ncbi.nlm.nih.gov/pubmed/5365804
http://doi.org/10.1016/0005-2787(72)90092-5
http://doi.org/10.1080/10245330701562535
http://doi.org/10.1182/blood-2009-10-246264
http://doi.org/10.1038/srep15961
http://doi.org/10.3389/fphys.2017.00789
http://doi.org/10.3390/cancers12092593
http://www.ncbi.nlm.nih.gov/pubmed/32932846
http://doi.org/10.1038/sj.bjc.6605361
http://www.ncbi.nlm.nih.gov/pubmed/19904274
http://doi.org/10.1155/2019/2523032
http://www.ncbi.nlm.nih.gov/pubmed/31930114
http://doi.org/10.1016/j.cell.2019.11.031
http://doi.org/10.1038/nchembio.597
http://www.ncbi.nlm.nih.gov/pubmed/21725302

	Introduction 
	Unique Structural Features of TRIB2 
	Regulation of TRIB2 Expression and TRIB2 Signalling 
	TRIB2 in Health and Disease 
	TRIB2 in Cancer 
	TRIB2 in Leukemia 
	TRIB2 in Liver Cancer 
	TRIB2 in Melanoma 

	The Emerging Role of TRIB2 in Therapy Resistance 
	Targeting TRIB2 
	TRIB2 as a Biomarker 
	Conclusions 
	References

