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Abstract

TGF-B-activated kinase 1 (TAK1 or MAP3K?7) is an intracellular hub molecule that regulates both
nuclear factor-xB (NF-xB) and mitogen-activated protein kinase (MAPK) signaling pathways that
play key roles in development, cell survival, immune response, metabolism, and carcinogenesis.
TAKTL activity is tightly regulated by its binding proteins, TAB1 and TAB2/TAB3, as well as by
post-translational modification including ubiquitination and phosphorylation. Accumulating
evidence demonstrates that TAK1 plays a role in tumor initiation, progression, and metastasis as a
tumor prompter or tumor suppressor. Understanding of the role of TAK1 in liver physiology and
diseases are required for the development of therapeutic agency targeting TAKL. In this review,
we highlight the activation mechanism and pathophysiological roles of TAK1 in the liver.
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Introduction

TAKTL is a serine/threonine kinase that was identified by a cDNA library screening and
protein-fragment complementation assay in yeast for its ability to substitute for the
MAPKKK Stellp in the yeast pheromone-induced MAPK pathway. Thereby, TAK1 was
validated as a member of the MAPKKK family (MAP3K7) [1]. TAK1 is a critical mediator
of the inducible transcription factors such as nuclear factor-xB (NF-xB) and c-Jun N-
terminal kinases (JNKSs) that contribute to embryonic development, innate immunity, and
cell survival; therefore, TAK1 plays a crucial role in the regulation of genes involved in cell
homeostasis. Recent reports demonstrate that TAK1 acts as a tumor suppressor in liver and
prostate [2, 3]. In contrast, the inhibition of TAK1 activity induces cancer cell death,
suggesting that TAK1 may be an effective target for cancer treatment [4, 5]. Therefore,
understanding the regulation of TAKZ1 activity and its functions are important for the
development of cancer therapies targeting TAK1.

Regulation of TAK1 activity

TAK1 forms complex with its adaptor proteins, TAB1, TAB2, and TAB3. TAB1
constitutively interacts with TAK1 and participates in the autophosphorylation of TAK1 that
is essential for TAK1 kinase activity [6]. In contrast to TAB1, TAB2 and TAB3 are
structurally related and share 48% of amino acid sequence. In contrast to TAB1 that binds to
the N-terminal kinase domain of TAK1, TAB2 and TAB3 associate with the C-terminal
region of TAK1 (Figure 1) [7, 8]. Upon stimulation with cytokines such as IL-153, TAB2
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induces translocation from cell membrane to cytosol. TAB2 then associates TAK1 with
ubiquitinated TRAF6, thereby mediating the activation of TAK1. The genetic deletion of
TAB1, TAB2, or TAK1 results in embryonic lethality; TAB1™~ mice die during a late stage
of gestation with defects in both cardiac and lung development. While TAB2 and TAB3 are
suggested to function redundantly, TAB2~~ mice are embryonically lethal with
abnormalities in the liver [9-11]. These findings suggest that TAK1 and its associated
proteins have distinct regulatory mechanisms and functions that are not redundant in the
regulation of TAK1 activity.

Multiple post-translational modifications of TAK1 and TABs control TAK1 kinase activity.
Although phosphorylation of Thr-187 is crucial for TAK1 kinase activity in the TNF
receptor (TNFR) signaling, ubiquitination and methylation are also important for the
regulation of TAK1 activity[12]. Furthermore, O-linked -N-acetylglucosaminylation (O-
GlcNAcylation) of TABL1 at Ser-395 is associated with the full activation of TAK1 [13].

TAKTL is activated by the signaling of TGF-$ receptor, IL-1 receptor (IL-1R), Toll-like
receptor (TLR), type 1 TNFR (TNFR1), T cell receptor (TCR), and B cell receptor (BCR).
These signaling, except the TNFR signaling, induce the association of TNF receptor-
associated factor (TRAF) 6 with TAK1 to activate IKK and JNK/p38 MAP kinases [14-16].
In contrast, TNFRL1 signaling utilizes TRAF2, TARF5, and RIP1 to propagate signaling to
activate TAK1 [17]. In TNFR signaling, TNFa trimer binding to trimerized TNFR1 induces
the recruitment of adaptor proteins TRADD, clAPs, RIP1 kinase, and E3-ubiquitine ligases
TRAF2 and TRAFS, to the intracellular domain of TNFR1. TRAF2/5, clAPs, and Ubc13
promote the K63 polyubiquitination of RIP1 (Figure 2) [18, 19]. Then, TAB2 /TAB3
molecule of the TAK1-TAB1-TAB2/TAB3 complex is recruited to K63 polyubiquitin
chains of RIP1. TABL is involved in TAK1 autophosphorylation at Thr184 and Thr187, and
the binding of RIP1 polyubiquitin chains to TAK1 complex through TAB2 or TAB3 is
required for TAK1 activation. NEMO of IKK complex (IKKa/IKKB/NEMO) is also
recruited to RIP1 K63 polyubiquitin chains (Figure 2). Unlike K48 polyubiquitination
chains involved in the proteasomal degradation, K63 polyubiquitin chains promote signaling
by serving as molecular scaffolds. Activated TAK1 phosphorylates IKKp, which then
induces IxBa phosphorylation and K48 ubiquitination followed by proteasomal degradation
of IxBa. The freed NF-xB then nuclear-translocates itself and binds to «B motifs of the
DNA. NF-xB activation leads to the expression of anti-apoptotic molecules, such as c-FLIP
and anti-oxidant SOD2 (Figure 2). These NF-kB inducible molecules prevent caspase-
dependent apoptotic pathway and antagonize ROS production that promotes JNK-dependent
pro-apoptotic pathway [19]. TLR, IL-1, and TGF signaling utilize another E3-ubiquitine
ligase, TRAF®6, to build K63 polyubiquitin chains on TRAF6 in the presence of Ubc13. The
K63 polyubiquitin chains bind to TAK1 and IKK complexes for activation of these
complexes followed by NF-xB activation (Figure 2) [15, 18, 20, 21].

TAB27/~ cells activate JNK, but not NF-«B, because TAK1 complex binds to the
polyubiquitin chains of RIPL/TRAF2 or TRAF6 through TAB2, and the activation of IKK
requires both TAK1 complex and IKK complex binding to polyubiquitination chains [22].
Therefore, it is likely that NF-xB pathway is activated in an ubiquitination-dependent
manner, but MAPK pathway is activated in a phosphorylation-dependent manner rather than
ubiquitination-dependent manner.

Deactivation of TAK1 is also an important molecular mechanism in the regulation of TAK1
activity. Thr-187, a crucial autophosphorylation site can be rapidly dephosphorylated by
protein phosphatase 6 (PP6) [23]. The activation of PP6 requires the binding to K63
polyubiquitin chains through TAB2. Therefore, in the absence of TAB2, PP6 cannot
dephosphorylate TAK1, thereby prolonging TAK1 and JNK phosphorylation (Figure 3)

J Gastroenterol. Author manuscript; available in PMC 2015 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Roh et al.

Page 3

[22]. Thus, TAB2 controls not only the activation of TAKZ, but also the deactivation of
TAK1 through PP6. Furthermore, the feedback loop by p38 contributes to TAK1
deactivation. p38a phosphorylates TAB1 at Ser-423 and Thr-431 that promotes TAK1
dephosphorylation [24]. Deubiquitinases CYLD and A20 form complexes with the E3
ubiquitin ligase ITCH that cleave K63-linked polyubiquitin chains [25], and act together to
terminate TAK1-mediated inflammatory signaling [26]. The CYLD-ITCH or A20-ITCH
complex cleaves K63-linked polyubiquitin chains on activated TAK1 and catalyzes K48-
linked ubiquitination to terminate TAK1-mediated NF-xB activation through proteosomal
degradation of TAK1 [26, 27]. Deubiquitinases A20 and Cezanne, but not CYLD, are
induced by NF-kB to negatively regulate TAK1 and NF-xB activity by removing K63
polyubiquitin chains [28].

TAK1 and TGF-B signaling

TGF-B family signaling contributes to a variety of cellular and tissue pathophysiology
including cell survival, proliferation, differentiation, embryonic development, inflammation,
and carcinogenesis. TGF- binds to type Il TGF-p receptor and subsequently recruits and
phosphorylates type | TGF- receptor kinase. Phosphorylated type | TGF-3 receptor then
activates a Smad-dependent canonical pathway and Smad-independent non-canonical
TAKZ1-dependent pathway. In mouse hepatocytes and cardiomyocytes, TAK1 is rapidly
activated within 5-10 min after TGF-3 stimulation and mediates the activation of p38 and
JNK [20, 29-31]. TAK1-deficient MEFs have reduced TGF-p induced activation of NF-xB
and JNK [9]. Intriguingly, the phenotype of conditional TAK1 knockouts resembles that of
the ALK | (TGF-p type I receptor) knockouts, showing abnormal vascular development
[32], suggesting the dominant functions of TAK1 in TGF-B signaling. Recently, the
mechanism by which TGF-p mediates TAK1 activation has been elucidated. When TGF-j
binds to its receptor complex, type | and type Il TGF-f receptors recruit TRAF6 and binds to
TRAF homologous domain at the C-terminus of TRAF6 [30, 33]. Ubiquitinated TRAF6
interacts physically with TAK1 by K63-linked polyubiquitin chains, leading to the
triggering of TAK1 activation [20, 33]. Although it is claimed that unanchored K63
polyubituitin chain can directly activate TAK1 due to the fact that TAK1 activity correlate
with the polyubiquitin chains and not with TRAF6 [34]. K158 on TAKL1 is also
ubiquitinated by TRAF6, which is crucial in TAK1-mediated IKK, JNK, and p38 activation
by TGF-f [35].

TAK1 and DNA damage response

Novel function of TAK1 in the DNA damage response has recently been discovered. In
cells, DNA repair and cell cycle checkpoint pathways are tightly coordinated. DNA damage
by genotoxicity or ionizing radiation arrest cell growth temporary for DNA repair; severe
DNA damage may initiate apoptosis. As a response to genotoxic stress such as
chemotherapy and radiotherapy, cells activate NF-xB that leads to cell survival and tumor
resistance. Accumulating evidence has shown that TAK1 is required for the activation of
NF-kB in response to genotoxicity [36—38]. However, in the context of the magnitude and
duration of TAK1 activity, activation by either ionizing radiation or drugs such as
doxorubicin may activate different signaling pathways [37]. In response to genotoxic drugs,
ataxia-telangiectasia-mutated (ATM) kinase is mobilized to nucleus and assembles ATM-
NEMO-Ubc13 complex that covalently attaches K63-linked polyubiquitin chains to ELKS
(a protein rich in glutamate, leucine, lysine, and serine) adaptor (Figure 2) [36]. Upon
binding of TAB2 or TAB3 to ubiquitinated ELKS, TAK1 activates the downstream
signaling [36]. An ATM-TRAF6-Ubc13 module stimulates TAB2-dependent TAK1
phosphorylation in response to ionizing radiation (Figure 2) [38]. In addition, another E3
ligase, known as linear ubiquitin chain assembly complex (LUBAC), has been demonstrated
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to be important for genotoxic activation of TAK1 [39]. Collectively, DNA damage activates
TAK1 by similar mechanisms to those found in the IL-1/TNF-a/TLR pathways, via K63
polyubiquitin chains.

Role of TAK1 in hepatocytes

We and others have demonstrated the critical function of hepatic TAK1 in liver physiology
and pathology [2, 40]. At one month of age, mice with TAK1 deletion in hepatocytes
develop spontaneous hepatocyte death, compensatory hepatocyte proliferation, hepatic
inflammation, and perisinusoidal fibrosis. Older mice develop multiple liver tumors and
increase the expression of oncogenic molecules including a-fetoprotein [2].

In addition to the spontaneous hepatocyte death caused by TAK1 deletion, TAK1™/~
hepatocytes increase their sensitivity to TNF-a-induced cell death, speculated to be the
result of the abrogation of prosurvival NF-«xB activity in these cells [2, 9, 41, 42]. Additional
deletion of TNFRL1 in hepatocyte specific TAK1-deficient (TAK1AHep) mice rescues
hepatocytes from cell death [2, 43]. This indicates that TNFR signaling is responsible for the
spontaneous hepatocyte death, liver inflammation, and fibrosis in TAK1AHep mice.
Although TNF-a-induced JNK activation is abolished in TAK1~/~ hepatocytes, INK is
spontaneously activated in the livers of TAK1AHep mice, in which the cells responsible for
activated JNK include both the hepatocytes and liver non-parenchymal cells [2]. In non-
parenchymal cells that express intact TAK1 protein, JNK can be activated by several
cytokine stimuli, including TNF-a and IL-1f, through TAK1. However, it is speculated that
in hepatocytes, JNK is activated independently of TAK1 through other cytokine signaling or
ROS.

Inhibition of NF-kxB activation by NEMO deletion sensitizes hepatocytes to LPS-induced
apoptosis that is TNFa-dependent [44]. TAK1AHep mice also show massive liver cell
apoptosis and liver injury after LPS treatment. Specific deletion of TAKL in liver
parenchymal cells (hepatocytes and cholangiocytes) induce hepatocyte dysplasia and early-
onset of hepatocarcinogenesis, correlating with the formations of biliary ductopenia,
cholestasis, and liver fibrosis. Surprisingly, Luedde and colleagues demonstrated reduction
of cancer formation in mice with liver specific deletion of NEMO in addition to TAK1,
showing this liver phenotype to be dependent on NEMO but not on NF-xB [40]. TAK1-
deleted livers show increased expression of FOXO3a, whereas additional NEMO deletion
decreases FOXO3a expression, suggesting that NEMO-dependent FOXO3a expression may
contribute to NEMO-dependent carcinogenesis in liver specific TAK1-deleted mice [40].
Confirmation of this speculation by the genetic deletion of FOXO3a is much desired.
Further investigation is necessary to clarify the mechanisms of NEMO-dependent
carcinogenesis in TAK1AHep mice.

Hepatocytes deficient in TAK1 abrogated TGF-p-mediated activation of p38, JNK, and NF-
«B. In contrast, TGF-p-mediated cell death and phosphorylation of Smad2/3 were enhanced
[45]. In addition, blocking the Smad pathway inhibited TGF--induced death of TAK1™/~
hepatocytes. Accordingly, additional deletion of Smad4, a co-Smad of Smad2 and Smad3,
inhibited the development of spontaneous liver injury, inflammation, fibrosis, and HCC in
hepatocyte-specific TAK1 deleted mice [45]. These findings indicate that TAK1 positively
regulates prosurvival NF-xB pathway and negatively regulates overactivation of TGF-f-
mediated Smad2/3 that promotes hepatocyte death (Figure 4). We also found that TGF-j
induces CTGF expression in hepatocytes that is associated with the formation of
spontaneous liver fibrosis in TAK1AHep mice. This suggests that not only hepatic stellate
cells, but also hepatocytes, contribute to TGF-p-mediated liver fibrosis. TGF- signaling
promotes hepatocyte death and compensatory proliferation during the early course of
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hepatocarcinogenesis. In contrast, in the advanced stage of hepatocellular carcinoma, TGF-3
signaling participates in the expression of anti-apoptotic molecules, such as Bcl-xL,
chemotactic mediator CTGF, as well as tumor-related molecules such as -catenin, YAP1,
and WISP1, suggesting that TGF-f-mediated functions change from pro-apoptotic to anti-
apoptotic and pro-carcinogenic when cells transform to malignant cells (Figure 4). Recently,
our research group has reported that hepatocyte’s TGF-3 signaling contributes to the
development of non-alcoholic steatohepatitis through the promotion of hepatocyte death and
lipid accumulation in Smad and ROS-dependent manner [46]. Although TGF- does not
induce cell death in normal hepatocytes, lipid accumulated hepatocytes are susceptible to
TGF-B-mediated cell death. In lipid accumulated hepatocytes, the TAK1-NF-xB signal acts
to prevent cell death and Smad activation. Moreover, ROS production is associated with
TGF-B-mediated cell death. Evidence suggests that TGF-B-induced Smad and TAK1
activation may act reciprocally in a hepatic stress signaling resulting in hepatocyte death,
inflammation, steatohepatitis, fibrosis, and carcinogenesis [45].

Role of TAK1 in extrahepatic cells

TAKL deletion in skin leads to massive keratinocyte death and severe skin inflammation by
postnatal day 6-8. TAK1 deletion increases the sensitivity to TNF-a-induced apoptosis in
keratinocytes. These findings indicate that the TAK1-IKK-NF-kB pathway is a critical
regulator of epidermis integrity and is essential for the protection of skin from TNF-a-
induced cell death [47]. Since deletion of TAK1 in keratinocytes causes ROS accumulation,
TAK1 prevents ROS production that promotes epithelial cell death and inflammation [48,
49]. TAK1™~ keratinocytes also display exacerbated TNF-a-induced JNK activation, and
inhibition of ROS by Butylated hydroxyanisole (BHA) suppresses TNF-a-induced cell
death and JNK activation. Moreover, JNK inhibitor was shown to suppress TNF-a-induced
cell death in TAK1™/~ keratinocytes, indicating that JNK activation by ROS is responsible
for TNF-a-induced cell death in TAK1™/~ keratinocytes [49]. Similar to TAK1 ™/~
keratinocytes, deletion of both TAB1 and TAB2 in keratinocytes results in the accumulation
of RQOS, cell death, and inflammation in skin [50].

TAKT1 deletion in intestinal epithelium also causes spontaneous intestinal inflammation and
apoptosis, resulting in fatality merely 1 day after the birth. TNF-a-induced intestinal
apoptosis and inflammation significantly increase in intestine-specific TAK1 (TAK1AInt)
mice. Additional deletion of TNFR1 attenuates, but not completely inhibit, intestinal
apoptosis and inflammation in TAK1AInt mice, demonstrating that TNFR signaling partially
mediates but TNFR-independent mechanism is also important for the intestinal damage in
TAK1AInt mice [51]. Mechanistically, TAK1 signaling regulates integrity of intestinal
epithelium through a key antioxidant transcription factor NF-E2-related factor 2 [48].
Recently, several reports suggest that TAK1 protects cells from TNF-induced necroptosis by
preventing RIP1/RIP3-dependent ROS production and caspase-8 activation [52, 53]. These
findings suggest that TAK1 mediates prosurvival signaling that protects cells from apoptosis
induced by inflammatory cytokines and ROS.

TAKTI deletion in cartilage leads to the abnormal development of cartilage, severe postnatal
growth retardation culminating in death by 2—-3 weeks of age [54]. Cartilage-specific
TAK1~/~ mice display severe chondrodysplasia, impaired formation of secondary centers of
ossification, and joint abnormalities including elbow dislocation and tarsal fusion. Of note,
bone morphogenic protein receptor (BMPR) signaling is impaired in TAK17/~
chondrocytes, resulting in reduced phosphorylation of Smad1/5/8 and p38/Jnk/Erk MAP
kinases.
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Through endothelial-specific deletions of TAK1 and TAB2, it has been elucidated that
TAK1 regulates angiogenesis, by inhibiting TNF-dependent death of endothelial cells and
promoting TNF-independent angiogenic cell migration. TAK1 is suggested to modulate
endothelial cell survival in a VEGF-independent manner and prevent TNF-induced cell
death though modulation of RIP1-dependent necrosis [55].

Myeloid-specific deletion of TAK1 using LysM-Cre transgene results in spontaneous death
of bone marrow-derived macrophages (BMDMs) [56, 57]. Unlike previous data showing the
prevention of keratinocyte death by simultaneous deletion of TNFR1, macrophage death
was not rescued by the deletion of TNFR1 [47, 57]. TAK1 deficiency in CD11c* DCs
enhances apoptosis by increased caspase activity that depletes CD8* and CD103* DC
subsets in lymphoid and nonlymphoid tissues, respectively [58]. Moreover, TAK1 is a
critical signaling intermediate in TLR-induced activation of NF-xB in DCs.

While TAKL1 is known to have prosurvival and proinflammatory roles in most immune cells,
recent studies have found novel negative regulatory functions of TAKL1 in neutrophils [56].
The study demonstrated that myeloid-specific TAK1 deletion results in neutrophilia and
myeloproliferative disorder (splenomegaly and lymphomegaly)[56, 57]. In addition, LPS
treatment of TAK1™/~ neutrophils increased the phosphorylation of IKK, JNK, and p38,
leading to an enhanced production of proinflammatory cytokines (TNF-a, IL-1p and IL-6)
and ROS [56, 59].

After BCR ligation, the caspase recruitment domain family member 11 (CARD11/
CARMAL1)-B cell CLL/lymphoma 10 (BCL10)-mucosa associated lymphoid tissue
lymphoma translocation gene 1 (MALT1) complex interacts with TRAF6, which in turn
induces TAK1 activation [60]. Although TAKZ1 plays a role in cytokine and TLR-induced
NF-xB and MAPK signaling in B cells, TAK1 contributes only to JNK activation in BCR
signaling [60, 61]. Moreover, TAKL1 deficiency in B cells causes impaired development,
thus validating that TAK1 is indispensable for B cell development. Furthermore, TAK1 is
required for the survival and maintenance of peripheral T cells and for TCR-mediated NF-
kB and MAPK activation [62-64]. Deletion of TAK1 in mature thymocytes impairs TCR-
mediated activation of NF-xB and JNK, and sensitizes cells to apoptosis. However in
effector T cells, TAK1 is dispensable for NF-xB and JNK signaling, but is crucial for
proliferation and p38 activation in response to TCR stimulation [64]. Thus, TAK1 is a
critical component for cell homeostasis and acts as a regulator of NF-xB and MAPK
pathways in a cell type-specific and receptor-dependent manner. These functions are exerted
through diverse pathways including the regulation of inflammation, apoptosis, proliferation,
and carcinogenesis.

Dual role of TAK1 in cancer development

TAK1 has become an attractive target for drug development due to its roles in inflammation,
survival, and carcinogenesis. Various tissue-specific TAK1 knockout mouse models have
elucidated novel functions of TAK1 in vivo. Increasing evidence shows the association of
TAKI1 mutation or loss with human cancers. TAK1 mutations were identified in patients
with diffuse large B-cell lymphoma [65]. Furthermore, frequent deletion of 6g15 including
the MAP3K7 gene that encodes TAK1 protein, is reported to be associated with advanced
stage of prostate cancer in humans [66]. The decrease of TAK1 expression with increasing
Gleason scores in human prostate cancer specimens emphasize that TAK1 is a tumor
suppressor in prostate cancer [3]. The engraftment of TAK1~/~ prostate stem cells in mice
displayed features of prostatic intraepithelial neoplasia and invasive carcinoma [3]. Detailed
mechanistic studies in mouse prostate cancer stem cells and TAK1-deficient prostate
epithelial cells determined that TAK1 deletion enhances cell proliferation, migration, and
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invasion, and inhibits pro-apoptotic p38/JNK MAPK signaling. While there exists
association between TAK1 mutation and certain cancer development, Ray and others
demonstrated that inhibition of TAK1 prevents lung metastasis of breast cancer [67],
suggesting the role of TAK1 in tumor progression, metastasis, and tumor microenvironment.
Recent studies also demonstrate that TAK1 is associated with lymphoid malignancies. For
example, activated TAK1 is abundantly observed in multiple lymphoma cell lines and
abrogation of TAK1 results in reduced NF-xB and p38 activation that becomes vulnerable to
apoptosis. Thus, TAK1 is essential for maintenance of lymphoma survival and will be a
target for the therapy for lymphoma [68]. Recently, it has been reported that TAK1 is
important for viability of cancer cells displaying hyperactive KRAS-dependent Wnt
signaling, as the induction of TAKL inhibition promoted apoptosis in these KRAS-
dependent colon cancers, but not in KRAS-independent colon cancers [69]. These reports
suggests, again, the dual functions of TAK1 in tumor initiation, progression and metastasis
as either tumor promoter or suppressor by context-dependent and cell type-dependent.

Targeting TAK1 for the treatment of cancer

It is becoming increasingly clear that proinflammatory cytokines such as TNF-a, IL-1p and
IL-6 can promote cancer development and progression [70]. The tumor microenvironment
contributes to the link between chronic inflammation and cancer, which promotes tumor
progression. It is necessary to elucidate the physiological functions of TAK1 in different cell
types in chronic inflammation and cancer. Investigation of other regulators has shed more
light on the role of TAK1 in the development of inflammation-associated cancer. Genetic
deletion of CYLD or ITCH, essential ubiquitin regulators for TAK1 deactivation, causes
strong and sustained TAK1 activation with enhanced production of tumor-promoting
proinflammatory cytokines that mediate liver fibrosis, tumor development, and metastasis
[26, 71]. By contrast, TAK1 ™/~ neutrophils increase activation of IKK, JNK, and p38,
leading to the enhanced production of proinflammatory cytokines and ROS. Given that
neutrophils possess significant impact on tumor immune surveillance, metastasis,
angiogenesis, and cellular proliferation, targeting TAK1 activity in neutrophils can be a
therapeutic strategy for cancer treatment through the regulation of cancer-associated
inflammation and tumor microenvironment.

Genotoxic agents induce TAK1-mediated NF-xB activation, suggesting that TAK1 is
associated with the resistance to cancer chemotherapy. The first investigation of reduced
chemoresistance by TAKZ1 inhibition was reported for human pancreatic cancer. The
utilization of RNAi-mediated silencing of TAK1 as well as LYTAKZ, an orally active
TAKU1 inhibitor, significantly inhibited NF-xB activity and sensitized cancer cells to
gemcitabine, oxaliplatin, and SN38 [4]. LYTAK1 in combination with gemcitabine reduced
tumor volume and prolonged survival in vivo. The efficacy of the topoisomerase inhibitor
camptothecin was enhanced by RNA. silencing of TAK1 in human breast and colon cancer
cells, but not in normal mammary epithelial cells [5].

The extrinsic apoptotic signaling induced by TNF-related apoptosis-inducing ligand
(TRAIL), a promising target for cancer therapy, was enhanced by RNA. silencing and
chemical inhibition of TAK1 by suppressing NF-xB and AMPK-dependent cytoprotective
autophagy [72, 73]. Epidermal growth factor receptor (EGFR) is known to promote cancer
progression and considered to be a therapeutic target in various cancers. EGFR-mediated
p38 activation inhibits TAK1 activation through TAB1 phosphorylation [74].
Simultaneously, EGFR signaling induces prosurvival signaling through TAK1-p38 [75].
Thus, targeting the crosstalk between TAK1 and EGFR signaling may be a powerful
strategy for cancer therapy [75]. TAK1 is also associated with pathways of AMPK, Snfl and
LKBL1 that control tumor metabolism and development [73].

J Gastroenterol. Author manuscript; available in PMC 2015 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Roh et al. Page 8

Conclusion and future perspectives

In the recent years, cell-specific functions of TAK1 have significantly progressed towards
elucidation. TAK1 can be activated by various stimuli, including TLR ligands, and
cytokines. Ubiquitination and phosphorylation of TAK1 and its associated partners (TABL,
TAB2, and TAB3) are central for the activation of downstream NF-xB, JNK, p38 and ERK
signaling pathways. Because of the embryonic lethality of whole body TAK1 deletion, the
specific function of TAK1 has been studied using cell- or tissue-specific TAK1 knockouts.
Studies from animal models suggest that TAK1 exhibits diverse and complex biological
functions in regulating cell survival, inflammation, and tumoriogenesis. These findings
suggest that TAK1 is now an attractive molecular target for the treatment of several human
diseases. Systemic administration of selective chemical TAK1 inhibitors showed significant
anti-inflammatory and cancer therapeutic activities in animal models; however, the fact that
TAKTI has diverse cellular functions increases the risk of undesirable side effects, especially
the susceptibility to bacterial and viral infections. In addition, it must be cautioned that the
deletion of TAK1 in hepatocytes results in spontaneous hepatic injury, inflammation,
fibrosis, and cancer through the TNFR and TGFfR signaling or NF-xB-independent
function of NEMO [2, 40]. Unfortunately, our knowledge on when and where TAK1 is
activated in pathologic tissues is insufficient. For the better understanding of TAK1,
establishment of proper methods (i.e. immunohistochemistry) for the detection of TAK1
activity will provide valuable information about its pathophysiological relevance.

RNAi-mediated silencing of TAK1 can ameliorate inflammation in experimental
autoimmune arthritis with decreased frequency of Thl and Th17 cell infiltrations in mice
[76]. The RNAi-mediated strategy is also promising to silence other TAK1-associated
targets involved in TAK1 complex, including TABs and TRAFs. In addition, future
characterization of ubiquitinrelated enzymes for TAKL1 activation and inactivation could
provide new strategies for targeting of TAK1 in liver disease.
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Figure 1. Thedomain structureof TAK 1

TAB2/3

The TAK1 protein contains TAB1-binding region and kinase domain in N-terminus and

TAB2/TABS3 binding domain in C-terminus.
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Figure 2. Activation of TAK 1 Signaling

(1) Binding of TNF to the TNFR type 1 leads to the formation of complex comprising
TRADD, RIP1, TRAF2/5, and Ubc13. K63 ubiquitination of RIP1 recruits and activates
TAK1 through TAB2. (2) IL-1R, TLR, TGF-B, TCR, and BCR utilize TRAF6 and Ubc13 to
create K63 polyubiquitin chains that recruit TAB2 of TAK1 complex. (3) TAK1
phosphorylates and activates the IKK complex, leading to the phosphorylation,
ubiquitination, and degradation of IxBa. The freed NF-xB is activated and translocated into
nucleus. (4) MAPK pathways are activated in a phosphorylation-dependent manner. (5)
DNA double-strand breaks (DSB) induce sumoylation and monoubiquitination of NEMO
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that interacts with ATM. NEMO-ATM complex promotes K63 polyubiquitination by
Ubc13, which in turn activates TAK1 and IKK.
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Figure 3. Mechanism of TAK1inactivation

A20, CYLD, and ITCH deubiquitinate TRAF6 and RIP1. Cezanne deubiquitinates RIP1.
Activation of PP6 requires TAB2 and binding to K63 polyubiquitin chains. PP6
dephosphorylates TAK1. TAK1 and EGFR activate p38 that phosphorylates TAB1, which
in turn dephosphorylates TAK1 to negatively regulate TAK1 activity.
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Figure 4. TGF-B signaling promotes HCC development in TAK 1AHep mice

(2) In young hepatocyte specific TAK1-deficient (TAK1AHep) mice, NF-xB activation is
inhibited, while TGF-B-induced Smad2/3 activation is enhanced, which promotes hepatocyte
death and compensatory proliferation. (2) During hepatocytes transform into malignant
cells, the TGF-B-Smad pathway changes its property, which leads to the upregulation of pro-
carcinogenic, pro-angiogenic, pro-fibrotic, and anti-apoptotic molecules that maintain tumor
cell survival and growth.
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