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Abstract

Chemotherapeutic agents- and radiation therapy-induced NF-xB activation in cancer cells
contributes to aggressive tumor growth and resistance to chemotherapy and ionizing radiation
during cancer treatment. TAK1 has been shown to be required for genotoxic stress-induced NF-
xB activation. However, whether TAK1 ubiquitination is involved in genotoxic stress-induced
NF-xB activation remains unknown. Herein, we demonstrate that TAKZ1 ubiquitination plays an
important role in the positive and negative regulation of Doxorubicin (Dox)-induced NF-xB
activation. We found that TAK1 was required for Dox-induced NF-xB activation. At the early
stage of Dox treatment, Dox induced Lys63-linked TAK1 polyubiquitination at lysine 158 residue.
USP4 inhibited Dox-induced TAK1 Lys63-linked polyubiquitination and knockdown of USP4
enhanced Dox-induced NF-xB activation. At the late stage of Dox treatment, Dox induced Lys48-
linked TAK1 polyubiquitination to promote TAK1 degradation. ITCH inhibited Dox-induced NF-
xB activation by promoting Lys48-linked TAKZ1 polyubiquitination and its subsequent
degradation. Our study indicates that TAK1 ubiquitination plays critical roles in the regulation of
Dox-induced NF-xB activation. Thus, intervention of TAK1 kinase activity or TAK1 Lys63-
linked polyubiquitination pathways might greatly enhance the therapeutic efficacy of Dox.
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Introduction

In the last decade, radiotherapy, chemotherapy or combinations of radiotherapy and
chemotherapy have become the nonsurgical standard of care in many locally advanced
tumors [1, 2]. However, the efficacy of currently available chemotherapeutic and
radiotherapeutic agents in cancer patients is largely reduced by a number of resistance
mechanisms [3-5]. Activation of transcription factor NF-xB is frequently encountered in
tumor cells and is believed to be one of resistance mechanisms that contribute to aggressive
tumor growth and resistance to chemotherapy and radiotherapy during cancer treatment [6—
8]. Accumulating evidences over the last few years indicate that most chemotherapeutic
agents and radiation therapy activate NF-xB /n vitroand in vivo. However, how
chemotherapeutic agents and radiation therapy activate NF-xB remains to be fully
understood.

Currently, ionizing radiation (IR) and chemotherapeutic drugs, such as topoisomerase |
inhibitor camptothecin (CPT), topoisomerase Il inhibitor etoposide (VP16), and the DNA-
intercalating agent doxorubicin (Dox) are commonly used in clinic to treat many kinds of
cancer [9, 10]. lonizing radiation and the above common chemotherapeutic drugs are DNA-
damaging agents and cause genotoxic stresses. Mammalian cells have a network of highly
conserved DNA-repair and cell-cycle checkpoint pathways to respond to genotoxic stresses.
Double-strand breaks (DSBs), one of common DNA lesions caused by genotoxic stresses,
are recognized by the Mre11-Rad50-Nbs1 (MRN) complex which transiently recruits the
kinase ATM [11, 12]. DNA double-strand breaks are also sensed by the poly-(ADP)-
ribosylating enzyme poly(ADP-ribose) polymerase 1 (PARP-1), which synthesizes poly-
(ADP-ribose) and attaches to itself or other acceptor proteins [13-15]. Both PARP-1 and
ATM are required for NF-xB activation in genotoxic stress response [16, 17]. However,
how nuclear genotoxic stresses activate cytosolic IKK complex remains to be fully defined.

TAKZ1, a member of the MAPK kinase kinase family, is originally found to function in the
transforming growth factor-pg (TGF-p)-mediated MAPK activation [18]. TAKL1 is critical for
IKK activation in response to multiple stimuli [19-23]. Recently, several groups have
reported that TAK1 mediates NF-xB activation in response to genotoxic stress [24-27].
However, the biological roles of TAK1 in response to different genotoxic stimuli are still
controversial.

Ubiquitination is a reversible post-translational modification involving the covalent
attachment of one or more ubiquitin monomers to a protein substrate. Ubiquitin has seven
lysines (K6, K11, K27, K29, K33, K48 and K63), all of which can be conjugated to another
ubiquitin to form a polyubiquitin chain through different lysine linkages to serve distinct
functions in the cells [28]. Lys63-linked TAK1 polyubiquitination is required for NF-xB
activation by TNFa, IL-1p and TGFp [29-35]. Lys48-linked TAK1 polyubiquitination-
mediated TAK1 degradation is critical for the termination of TNFa-induced NF-xB
activation [36, 37]. Therefore, TAK1 ubiquitination plays an important role in the positive
and negative regulation of TNFa-induced NF-xB activation. However, it is unclear whether
TAK?1 ubiquitination is also involved in genotoxic stress-induced NF-xB activation. In this
study, we demonstrate that TAK1 ubiquitination plays a critical role in the regulation of
Dox-induced NF-xB activation.
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Experimental procedures

Plasmids

HA-Ub-wildtype, HA-Ub-K63-only mutant, HA-Ub-K48-only mutant, FLAG-TAK1-
wildtype and TAK1-V5His expression constructs were created as previously described [29-
31]. Mammalian expression vectors for USP4 wildtype was constructed as previously
described [32]. The TAK1-K72R-V5His mutant was generated as previously described [36].
FLAG-ITCH was provided by Dr. Claudius Vincenz and Dr. Edward W. Harhaj.

Antibodies and reagents

The following antibodies and reagents were used: anti-phospho-1KKa/p (2078S), anti-
IKKa/B (2684S), anti-phospho-p38 (9211L), anti-p38 (9212), anti-phospho-IJNK (9251L),
anti-JNK (9252L), anti-phospho-ERK (9106L), anti-ERK (9102), anti-TAK1(4505S), anti-
mouse (7076S) and anti-Rabbit (7074S) secondary antibodies were from Cell Signaling.
Anti-p-Actin (A2228) and anti-FLAG (F3165) were from Sigma. Anti-ITCH (611198) was
from BD Transduction Laboratories. Anti-HA (SC-7392), anti-Ub (SC-8017) and Protein A-
agarose (SC-2001) were from Santa Cruz. Anti-USP4 (A300-829A) was from Bethyl. Anti-
V5 and anti-FLAG antibodies were generated by immunizing rabbits with the synthetic
peptides corresponding to amino acids-GKPIPNPLLGLDST and DYKDDDDK,
respectively (Genemed Synthesis, Inc., San Antonio, TX). Doxorubicin (D1515), etoposide
(E1383) and camptothecin (C9911) were from Sigma.

Cell lines and cell culture

Hela, HEK-293T and MEF cells were maintained in Dulbecco’s modified Eagle’s medium
(high glucose) supplemented with 10% fetal calf serum, 100 units/ml penicillin, and 100 p.g/
ml streptomycin at 37 °C in 5% CO,. TAK1-deficient and knockin MEFs were established
as previously described [29-31, 36]. USP4 stable knockdown HeLa cells were generated as
previously described [36]. ITCH-deficient MEFs were provided by Lydia Matesic.

Immunoprecipitation and immunoblotting

To prepare the total cell lysates, transfected or treated cells were washed 3 times with ice-
cold PBS on ice and then scraped in lysis buffer (25 mM HEPES (pH 7.7), 135 mM NacCl,
1% Triton X-100, 25 mM B-glycerophosphate, 0.1 mM sodium orthovanadate, 0.5 mM
phenylmethylsulfonylfluoride, 1 mM dithiothreitol, 10 pg/ml aprotinin, 10 pwg/ml leupeptin,
1 mM Benzamidine, 20 mM disodium p-nitrophenylphosphate, 1 mM phenylmethylsulfonyl
fluoride, and phosphatase inhibitor cocktail 2 and 3). Cell lysate were collected and
centrifuged by 15,000 g for 15 min at 4 °C. The supernatant was transferred to a new tube
and protein concentration was determined. For immunoprecipitation, primary antibodies
were added to the supernatant and incubated with rotation for 3 h at 4 °C. Then the protein
A-agarose beads were further incubated with rotation for 3 h at 4 °C. After that, the mixtures
were centrifuged by 5,000 rpm for 4 min The precipitates were washed three times using
pre-cold washing buffer (20mM HEPES (pH 7.7), 50mM NacCl, 2.5mM MgCl,, 0.1mM
EDTA and 0.05% Triton X-100), then the beads were resuspended in Laemmli sample
buffer and boiled for 10 min. The immunoprecipitates or the whole cell lysates were
resolved by SDS-PAGE and transferred to nitrocellulose membranes. The membranes were
probed with appropriate primary antibodies and the 1gG horseradish peroxidase-conjugated
antibodies. The proteins were detected using the ECL-Plus Western blotting detection
system (GE Health Care, Buckinghamshire, UK).
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CCK-8 cell proliferation assay

Results

Cells were seeded in 96-well plates at the concentration of 10,000 cells per well. 24 hours
later, cells were checked by microscopy and treated by Dox at indicated concentrations for
48 hours. Cell viability was measured by the tetrazolium salt-based proliferation assay
(CCK-8 assay, Dojindo Laboratories) following the manufacturer’s instructions.

TAK1 is required for Dox-induced NF-kB activation

TAK1 has been suggested to mediate NF-xB activation in response to genotoxic stress [24—
27]. To better understand the role of TAK1 in IR-, CPT-, VP16- and Dox-induced NF-xB
and MAPK activation, we examined the IR-, CPT-, VP16- and Dox-induced IKKs, JNK,
p38 and ERK phosphorylation in wildtype and TAK1-deficient MEFs. As expected, Dox
induced IKKs, JNK, p38 and ERK phosphorylation in wildtype MEFs after one hour of
stimulation. However, unlike ERK phosphorylation, Dox-induced IKKs, JNK and p38
phosphorylation were greatly impaired in TAK1-deficient MEFs (Fig. 1A). Similar results
were also observed in MEFs treated with other genotoxic agents such as VP16, CPT and IR
(Fig. 1C, 1D and 1E). To further confirm the role of TAK1 in Dox-induced NF-xB and
MAPK activation, the control vector and TAK1 wildtype were stably introduced back into
the TAK1-deficient MEF cells by a retroviral transduction system. Then vector and TAK1
wildtype reconstituted MEF cells were treated with Dox at different time points, and then
the cell lysates were immunoblotted with the indicated antibodies to examine Dox-induced
IKKs, JNK, p38 and ERK phosphorylation. As showed in Fig. 1B, TAK1 wildtype but not
vector control rescued the Dox-induced IKKs, JNK and p38 phosphorylation in TAK1-
deficient MEFs. These results suggest that TAK1 is definitely required for Dox-induced NF-
xB, JNK and p38 activation.

Lys63-linked TAK1 polyubiquitination at Lys-158 is required for Dox-induced NF-kB

activation

Lys63-linked TAK1 polyubiquitination is required for TNFa- and IL-1pB-induced IKK-NF-
xB activation [29-31]. However, whether Lys63-linked TAK1 polyubiquitination is also
involved in Dox-induced NF-xB activation remains unknown. To answer this question, we
first tested whether Dox could induce Lys63-linked TAK1 polyubiquitination. In this assay,
we co-transfected FLAG-TAK1 into HEK-293T cells along with HA-ubiquitin Lys63-only
(HA-Ub-K63) mutant. Transfected cells were treated with or without Dox for the time
points indicated. FLAG-TAK1 was then immunoprecipitated from cell lysates and blotted
with anti-HA antibodies to detect ubiquitinated TAK1. As showed in Fig. 2A, Dox induced
Lys63-linked TAK1 polyubiquitination. We further confirmed this result by using a FLAG-
TAKTI stably expressed HelLa cell line (Fig. 2B).

We previously showed that Lys63-linked TAK1 polyubiquitination occurs at Lys-158 and
this modification is critical for NF-xB activation induced by many stimuli [29-31]. Thus,
we tested whether Lys63-linked TAK1 polyubiquitination at Lys-158 is also required for
Dox-induced NF-xB activation. TAK1 wildtype and K158R mutant reconstituted MEF cells
were treated with Dox at different time points, and then the cell lysates were immunoblotted
with the indicated antibodies to examine Dox-induced IKKs, JNK, and p38 phosphorylation.
As showed in Fig. 2C, Dox-induced IKKs, JNK, and p38 phosphorylation were greatly
impaired in MEFs reconstituted with TAK1 K158R mutant compared to ones with TAK1
wildtype. Consistently, TAK1-deficient and K158R mutant reconstituted MEF cells were
more sensitive to Dox-induced cell death compared to MEFs with TAK1 wildtype (Fig. 2D).
These data suggest that Lys63-linked TAK1 polyubiquitination at Lys-158 is required for
Dox-induced NF-xB activation.
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USP4 deubiquitinates TAK1 with Lys63-linked polyubiquitination and inhibits Dox-induced
NF-kB activation

USP4 inhibits TNFa-induced NF-xB activation by acting as a TAK1 deubiquitinase [32].
Therefore, we want to test whether USP4 also acts as a TAK1 deubiquitinase to inhibit Dox-
induced NF-xB activation. We overexpressed FLAG-TAK1 and MYC-USP4 with HA-Ub-
K63 mutant in HEK-293T cells and then treated cells with Dox for the time points indicated.
In this assay, we found that Dox-induced TAK1 Lys63-linked polyubiquitination was
inhibited by USP4 (Fig. 3A). To determine whether USP4 is involved in the negative
regulation of Dox-induced NF-xB activation, we generated USP4 stable knockdown HeLa
cell line using a retroviral transduction system (Fig. 3B). We then analyzed the effect of
USP4 knockdown on Dox-induced IKKs phosphorylation. In this assay, we found that Dox
induced a higher level of IKKs phosphorylation in the USP4-knockdown cells compared
with the control cells (Fig. 3B). Furthermore, knockdown of USP4 enhances Dox-induced
JNK and p38 phosphorylation (Fig. 3B). Therefore, USP4 acts as a TAK1 deubiquitinase to
inhibit Dox-induced NF-xB activation.

Dox induces Lys48-linked TAK1 polyubiquitination and degradation

Lys48-linked TAK1 polyubiquitination mediated TAK1 degradation plays a critical role in
the termination of TNFa-induced NF-xB activation [36, 37]. We then tested whether Dox
could induce Lys48-linked TAK1 polyubiquitination and degradation. In this assay, we co-
transfected FLAG-TAK1 into HEK-293T cells with HA-Ub-K48 mutant. Transfected cells
were treated with MG132 along with or without Dox for the time points indicated. FLAG-
TAKZ1 was then immunoprecipitated from cell lysates and blotted with anti-HA antibodies to
detect TAK1 with Lys48-linked polyubiquitination. We found that Dox induced Lys48-
linked TAK1 polyubiquitination in the presence of MG132, while without Dox stimulation,
MG132 alone was not sufficient to cause Lys48-linked TAK1 polyubiquitination (Fig. 4A).
Dox-induced Lys48-linked TAK1 polyubiquitination was also confirmed in FLAG-TAK1
stably expressed HeLa cell line (Fig. 4B). Next we examined whether Dox could induce
TAK1 degradation in HeLa cells. We first incubated the cells with cycloheximide (CHX) to
block protein synthesis. Consistent with the observation that Dox could induce Lys48-linked
TAK1 polyubiquitination, Dox promoted degradation of a significant portion of TAK1
protein after sixteen hours of treatment (Fig. 4C and 4D).

ITCH promotes Lys48-linked TAK1 polyubiquitination and inhibits Dox-induced NF-kB

activation

Recently, ITCH is suggested to be a TAK1 E3 ligase to mediate TAK1 Lys48-linked
polyubiquitination and negatively regulates TNFa-induced NF-xB activation [37]. To test
whether ITCH is a TAK1 E3 ligase to mediate Dox-induced Lys48-linked
polyubiquitination of TAK1, we expressed TAK1-V5His and FLAG-ITCH along with HA-
Ub-wildtype, HA-Ub-K48 or HA-Ub-K63. We observed more polyubiquitinated forms of
TAK1 when ITCH and TAK1 were expressed together compared to TAK1 alone (Fig. 5A).
ITCH catalyzed TAK1 polyubiquitination mainly through Ub-K48 (Fig. 5A). TAK1 Lys-72
has been suggested to mediate TNFa-induced TAK1 polyubiquitination with Lys48 linkage
type [36, 37]. Here we examined whether ITCH mediated Lys48-linked TAK1
polyubiquitination through Lys-72 site. To test this, we expressed FLAG-ITCH and HA-
tagged Ub K48 mutant along with TAK1 wildtype or K72R mutant. As shown in Fig. 5B,
ITCH dramatically promoted Lys48-linked polyubiquitination of TAK1 wildtype but not
K72R mutant. This result suggests that ITCH mediates Lys48-linked TAK1
polyubiquitination mainly through TAK1 Lys-72 residue.

Because ITCH was a TAK1 E3 ligase to mediate TAK1 Lys48-linked polyubiquitination,
we reasoned that TAK1 should be more stable in ITCH-deficient MEFs than in wildtype
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MEFs. Therefore, we examined TAK1 protein level and Dox-induced TAK1 degradation in
wildtype and ITCH-deficient MEFs. As expected, the TAK1 protein level is much higher in
ITCH-deficient MEFs than in wildtype MEFs (Fig. 5C). Futhermore, in ITCH-deficient
MEFs, TAK1 was resistant to Dox-induced degradation when compared to its level in
wildtype MEFs (Fig. 5C). Furthermore, we investigated the effect of ITCH deficiency on
Dox-induced NF-xB activation. As shown in Fig. 5D, Dox induced a dramatically higher
and prolonger IKKs, JNK and p38 phosphorylation in ITCH-deficient MEFs when
compared to wildtype MEFs. These data collectively suggest that ITCH negatively regulates
Dox-induced NF-xB activation by acting as a TAK1 E3 ligase.

Discussion

The efficacy of currently available chemotherapeutic and radiotherapeutic agents in cancer
patients is largely dampened by a number of resistance mechanisms. Activation of
transcription factor NF-xB is one of resistance mechanisms that contribute to resistance to
chemotherapy and ionizing radiation during cancer treatment. Therefore, understanding the
molecular mechanisms of how NF-xB activation is induced by chemotherapy and
radiotherapy is of pivotal importance. Here, we provide convincing genetic and biochemical
evidences to prove that TAK1 polyubiquitination plays an important role not only in Dox-
induced NF-xB activation but also in the termination of Dox-induced NF-xB activation.
TAKT1 positively and negatively regulates its downstream signaling events through its
dynamic polyubiquitination modification. At the early stage of Dox treatment, TAK1 is
modified by Lys63-linked polyubiquitination at Lys-158 that is required for Dox-induced
NF-xB activation. Subsequently, activated TAK1 will be modified by Lys48-linked
polyubiquitination at Lys-72 that results in TAK1 degradation to terminate Dox-induced
NF-xB activation. To obtain an optional NF-xB activation, cells have evolved a precise
ubiquitination regulatory mechanism to control TAK1 activity. Given the pivotal role of
TAK1 and TAK1 ubiquitination in Dox-induced NF-xB activation, we reasoned that
inhibition of TAK1 kinase activity or intervention of TAK1 ubiquitination pathways might
greatly enhance the therapeutic efficacy of Dox.

The human genome encodes about 95 putative deubiquitinating enzymes (DUBSs) that are
divided into five subclasses based on their Ub-protease domains [38]. USP4 is a member of
the Ub-specific peptidases (USPs) family that represents the largest subclass of DUBS.
USP4 is previously reported to act as a TAK1 deubiquitinase to inhibit TNFa.- and I1L-1p-
induced NF-xB activation [32]. Here, we provide evidence to show that USP4 also acts as a
TAK1 deubiquitinase to inhibit Dox-induced NF-xB activation. High expression of USP4 in
cancer cells might be beneficial to chemotherapy-induced cancer cell death. Moreover,
USP4 is recently showed to enhance EMT and metastasis by stabilizing TBRI [39]. It is very
possible that USP4 has diverse or even opposite roles in tumor initiation, tumor
development, metastasis and chemotherapy response by targeting on different substrates.

ITCH (AIP4) is an E3 ubiquitin ligase that was originally identified through genetic studies
aimed to examine the agouti locus, whose mutation results in coat color alterations in mice
[40]. After that there are an emerging number of Itch protein targets that have been
implicated in tumorigenesis and chemosensitivity [41, 42]. Recently, ITCH is shown to
inhibit lung cancer growth by acting as a TAK1 Lys48-specific E3 ligase to promote TAK1
degradation [37]. Consistent with their reports, we found that ITCH catalyzed Dox-induced
Lys48-linked TAK1 polyubiquitination at TAK1 Lys-72 residue and inhibited Dox-induced
NF-xB activation by promoting TAK1 degradation. Therefore, loss of ITCH may play a role
in the resistance to chemotherapy. Moreover, ITCH also stabilizes p63 and p73 to promote
DNA damage-induced cell death [43-47]. Together, the role of ITCH in the resistance of
chemotherapy is worth further study.
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In summary, here we demonstrate that Lys63-linked TAK1 polyubiquitination at Lys-158 is
required for Dox-induced NF-xB activation. USP4 acts as a TAK1 Lys63-specific
deubiquitinase to deubiquitinate TAK1 and inhibit Dox-induced NF-xB activation.
Forthermore, Dox also induces Lys48-linked TAK1 polyubiquitination at the late stage
which is critical for TAK1-mediated NF-xB termination. ITCH acts as a TAK1 Lys48-
specific E3 ligase to promote Lys48-linked TAK1 polyubiquitination mainly at Lys-72 site
and terminate Dox-induced NF-xB activation. In view of the data presented here and
previous reports, we proposed a working model to show how TAK1 ubiquitination regulates
Dox-induced NF-xB activation and termination. Dox causes double-stranded breaks (DSBs)
that activate PARP-1 and ATM. PARP-1 signalosome formation promotes NEMO
SUMOylation. The coupled export of ATM and sumoylated NEMO translocates to the
cytoplasm and assembles a large complex containing TRAF6, clAP and ELKS. Lys63-
linked polyubiquitination of TRAF6 or ELKS recruits TAB2/TAK1 complex and TRAF6 to
catalyze Lys63-linked TAK1 polyubiquitination at Lys-158 site. TAK1 with Lys63-linked
polyubiquitination recruits IKKs complex and results in IKK-NF-xB activation. After TAK1
is activated with Lys63-linked polyubiquitination by Dox, USP4 deubiquitinates TAK1 and
inhibits TAK1-mediated signaling. Meanwhile, E3 ligase ITCH catalyzes Lys48-linked
TAK1 polyubiquitination and promotes TAK1 degradation to terminate TAK1-mediated
signal transduction (Fig. 6).
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Figurel. TAKlisrequired for doxorubicin (Dox) induced NF-xB, p38 and JNK activation

(A) TAK1** and TAK1~/~ MEFs were treated with Dox at the indicated time points or left
untreated, protein extracts were subjected to SDS-PAGE and immunoblotted with antibodies
indicated. (B) TAK1-deficient and TAK1 wildtype reconstituted MEF cells were treated
with Dox at the indicated time points or left untreated, protein extracts were subjected to
SDS-PAGE and immunoblotted with antibodies indicated. (C) TAK1** and TAK17/~
MEFs were treated with VVP-16 at the indicated time points or left untreated, protein extracts
were subjected to SDS-PAGE and immunoblotted with antibodies indicated. (D) TAK1*/*
and TAK1™~ MEFs were treated with CPT at the indicated time points or left untreated,
protein extracts were subjected to SDS-PAGE and immunoblotted with antibodies indicated.
(E) TAK1** and TAK1™~ MEFs were treated with ionizing radiation (IR) at the indicated
dose or left untreated, protein extracts were subjected to SDS-PAGE and immunoblotted
with antibodies indicated. B-actin was detected as a loading control for whole cell extracts.
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Figure 2. Lys63-linked TAK1 polyubiquitination at Lys-158 isrequired for Dox-induced NF-xB
activation

(A) Expression vectors encoding HA-Ub-K63 and FLAG-TAK1 were co-transfected into
HEK-293T cells. Thirty six hours after transfection, cells were treated with Dox at the
indicated time points or left untreated. FLAG-TAKZ proteins in the cell lysates were
immunoprecipitated with anti-FLAG antibodies and immunoblotted with anti-HA antibodies
to detect the presence of polyubiquitinated FLAG-TAKZ1. (B) HeLa cells with stable
expression of FLAG-TAKZ1 were treated with Dox at the indicated time points or left
untreated. Then, FLAG-TAKZ1 proteins in the cell lysates were immunoprecipitated with
anti-FLAG antibodies and immunoblotted with anti-ubiquitin antibodies to detect the
presence of polyubiquitinated FLAG-TAK1. (C) TAK1 wildtype and TAK1 K158R mutant
reconstituted MEF cells were treated with Dox at the indicated time points or left untreated,
cell extracts were subjected to SDS-PAGE and immunoblotted with antibodies indicated.
(D) pBabe vector, TAK1 wildtype and TAK1 K158R mutant reconstituted TAK1-deficient
MEFs were seeded into 96-well plates at the concentration of 10,000 cells per well. 24 hours
later, cells were treated by Dox at the indicated concentrations for 48 hours. Cell viability
was measured by the CCK-8 assay following the manufacturer’s instructions.
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Figure 3. USP4 deubiquitinates Lys63-linked TAK 1 polyubiquitination and inhibits Dox-induced

NF-xB activation

(A) Expression vectors encoding HA-Ub-K63 and FLAG-TAK1 were co-transfected into
HEK-293T cells with control vector or expression vectors encoding MY C-USP4. Thirty six

hours after transfection, cells were treated with Dox at the indicated time points or left

untreated. FLAG-TAKTL proteins in the transfected cells were immunoprecipitated with anti-
FLAG antibodies and immunoblotted with anti-HA antibodies to detect the presence of
polyubiquitinated FLAG-TAKL. (B) USP4 stable knockdown and sh-Control HelLa cells
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Figure4. Dox induces L ys48-linked TAK 1 polyubiquitination and degradation
(A) Expression vectors encoding HA-Ub-K48 and FLAG-TAK1 were co-transfected into
HEK-293T cells. Thirty six hours after transfection, cells were treated with Dox and MG132
at the indicated time points or left untreated. FLAG-TAKU1 proteins in the cell lysates were
immunoprecipitated with anti-FLAG antibodies and immunoblotted with anti-HA antibodies
to detect the presence of polyubiquitinated FLAG-TAKZ1. (B) Stable expression of FLAG-
TAK1 or control HelL a cells were treated with Dox and MG132 at the indicated time points
or left untreated. FLAG-TAKU1 proteins in the cell lysates were immunoprecipitated with

anti-FLAG antibodies and immunoblotted with anti-ubiquitin antibodies to detect the
presence of ubiquitinated FLAG-TAKZ1. (C) HelLa cells were treated with Dox and
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cycloheximide (CHX) at the indicated time points or left untreated. TAK1 proteins in the
cell lysates were detected by anti-TAK1 antibodies. (D) Quantification of C.
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Figure5. ITCH promotes Lys48-linked TAK 1 polyubiquitination and inhibits Dox-induced NF-
xB activation

(A) Expression vectors encoding HA-Ub-WT, HA-Ub-K63, HA-Ub-K48 and TAK1-V5His
were co-transfected into HEK-293T cells with control vector or expression vectors encoding
FLAG-ITCH. Thirty six hours after transfection, TAK1-V5His proteins in the cell lysates
were immunoprecipitated with anti-V5 antibodies and immunoblotted with anti-HA
antibodies to detect the presence of polyubiquitinated TAK1-V5His. (B) Expression vectors
encoding HA-Ub-K48 and TAK1-wildtype-V5His or TAK1-K72R-V5His were co-
transfected into HEK-293T cells with control vector or expression vectors encoding FLAG-
ITCH. Thirty six hours after transfection, TAK1-V5His proteins in the cell lysates were
immunoprecipitated with anti-V5 antibodies and immunoblotted with anti-HA antibodies to
detect the presence of polyubiquitinated TAK1-V5His. (C) ITCH** and ITCH™/~ MEFs
were treated with CHX and Dox at the indicated time points or left untreated, protein
extracts were subjected to SDS-PAGE and immunoblotted with antibodies indicated. (D)
ITCH** and ITCH™~ MEFs were treated with Dox at the indicated time points or left
untreated, protein extracts were subjected to SDS-PAGE and immunoblotted with antibodies
indicated.
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Figure 6. Working model

Dox-induced double-stranded breaks (DSBs) activate PARP-1 and ATM. PARP-1
signalosome formation promotes NEMO SUMOylation. The coupled export of ATM and
sumoylated NEMO translocates to the cytoplasm and assembles a large complex containing
TRAF6, clAP, ELKS. Lys63-linked polyubiquitination of TRAF6 or ELKS recruits TAB2/
TAKZ1 complex and TRAF6 further promotes Lys63-linked polyubiquitination of TAK1 at
Lys-158 site. TAK1 with Lys63-linked polyubiquitination recruits IKKs complex and
activates IKKs and NF-xB. After TAK1 activation, USP4 deubiquitinates TAK1 with
Lys63-linked polyubiquitination and inhibits TAK1-mediated downstream signal
transduction. Meanwhile, E3 ligase ITCH catalyzes Lys48-linked polyubiquitination of
TAK1 and promotes TAK1 degradation to terminate downstream signal transduction.
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