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The transcription factor nuclear factor kB (NF-kB) regu-
lates various cellular processes such as inflammation and
apoptosis. The NF-kB essential modulator (NEMO/IKKY) is
indispensable for NF-kB activation by diverse stimuli
including genotoxic stress. Here, we show that NEMO
linear ubiquitination on K285/309 is critical for genotoxic
NF-xB activation. The E3 ligase linear ubiquitin chain
assembly complex (LUBAC) facilitates NEMO linear
ubiquitination upon genotoxic stress. Inhibiting LUBAC
function interrupts the genotoxic NF-kB signalling cascade
by attenuating the activation of IKK and TAK1 in response
to DNA damage. We further show that the linear ubiqui-
tination of NEMO is a cytoplasmic event, potentially down-
stream of NEMO nuclear exportation. Moreover, ELKS
ubiquitination appears to facilitate linear ubiquitination
of NEMO through stabilizing NEMO:LUBAC association
upon DNA damage. Deubiquitinating enzyme CYLD
inhibits NEMO linear ubiquitination, possibly by disas-
sembling both K63-linked and linear polyubiquitin. We
also found that abrogating linear ubiquitination of NEMO
significantly increased genotoxin-induced apoptosis,
resulting in enhanced sensitivity to chemodrug in cancer
cells. Therefore, LUBAC-dependent NEMO linear ubiquiti-
nation is critical for genotoxic NF-kB activation and
protects cells from DNA damage-induced apoptosis.
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Introduction

The nuclear factor kB (NF-xB) is a family of transcription
factors that controls expression of a large number of genes,
therefore participates in regulating various physiological and
pathological processes (Perkins, 2007; Hayden and Ghosh,
2008). Deregulation of NF-kB signalling has been linked to
many diseases such as asthma, arthritis, diabetes, stroke, and
cancer (Kumar et al, 2004). NF-xB is kept inactive by associa-
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tion with members of the IxB family of inhibitor proteins that
sequester the NF-kB/IkB complex in the cytoplasm of resting
cells. A wide variety of extracellular stimuli induces NF-kB
activation through the IkB kinase (IKK) complex, which
comprises two catalytic subunits, IKKa and IKKB, and a
regulatory subunit IKKy/NEMO (NF-«B essential modulator)
(Hayden and Ghosh, 2008). IKK activation leads to phosphor-
ylation of IkB and its subsequent ubiquitin-dependent
proteolysis, which liberates NF-kB for nuclear translocation
and transcriptional regulation (Perkins, 2007; Hayden and
Ghosh, 2008).

Multiple genotoxic anticancer drugs and ionizing radiation
have been shown to activate NF-xB (Baldwin, 2001; Janssens
and Tschopp, 2006; Wu and Miyamoto, 2007). Previous
studies indicated that NF-xB activation by genotoxic agents
is mediated mainly by an IKK-dependent pathway (Baldwin,
2001; Wu and Miyamoto, 2007). However, in contrast to
membrane-bound receptor-transduced NF-«kB signalling path-
ways, the genotoxic NF-«kB signalling is initiated from the
nucleus. How nuclear DNA damage signal induces activation
of the cytoplasmic IKK complex has yet to be fully character-
ized. It was reported that IKK-unbound NEMO forms a
nuclear complex, so-called PIDDosome, with p53 induced
protein with death domain (PIDD) and receptor-interacting
protein kinase 1 (RIP1) in response to DNA damage; and the
PIDDosome formation promotes NEMO sumoylation
(Janssens et al, 2005). Recently, poly(ADP-ribose) polymer-
ase 1 was shown to assemble another nuclear complex with
NEMO, PIASy (the protein inhibitor of activated STAT), and
ATM (ataxia telangiectasia mutated), through poly(ADP-
ribose) synthesis. This complex facilitates NEMO sumoyla-
tion upon genotoxic stimulation in certain cell types
(Stilmann et al, 2009). We found sumoylation of NEMO
promotes its nuclear accumulation upon genotoxic stress.
In the nucleus, DNA damage induces the activation of ATM,
which then directly phosphorylates NEMO and promotes
NEMO mono-ubiquitination (Huang et al, 2003; Wu et al,
2006). Mono-ubiquitinated NEMO is then exported from the
nucleus in association with ATM and finally forms a complex
with IKKB in the cytoplasm, leading to activation of the IKK
complex. A recent report also showed that NEMO could be
mono-ubiquitinated in cytoplasm in an ATM-dependent man-
ner, which in turn mediated downstream IKK activation upon
genotoxic stress (Hinz et al, 2010).

The studies on genotoxic NF-kB activation highlighted the
complex and important roles of NEMO post-translational
modifications, such as sumoylation, phosphorylation, and
ubiquitination, in mediating NF-xB signalling cascade.
Ubiquitin has a critical role in regulating multiple NF-xB
signalling pathways, by promoting proteasome-dependent
proteolysis (e.g., IkBa and pl00) and scaffolding kinase
activation (e.g., TAK1 and IKK) (Chen, 2005). NEMO has
been shown to participate in ubiquitin-mediated NF-kB
signalling by either being ubiquitinated or interacting with
the polyubiquitin chains of the other signalling components
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(Skaug et al, 2009). It was shown that ubiquitin forms diverse
polychains through isopeptide bond between the Gly76 of a
distal ubiquitin molecule and one of seven lysines (K6, K11,
K27, K29, K33, K48, or K63) located within a proximal
ubiquitin, and distinct functions have been attributed to
the different lysine linkages (Hochstrasser, 2006; Chen and
Sun, 2009). Recently, a novel form of polyubiquitin linkage
was introduced into the NF-xB signalling paradigm, where
ubiquitin chains were connected with a peptide bond be-
tween Gly76 of one ubiquitin and Metl of another ubiquitin
(Tokunaga et al, 2009). It was shown that NEMO linear
ubiquitination is required for efficient NF-xB activation in-
duced by TNFa, which may also depend on the specific
recognition of linear polyubiquitin by NEMO (Haas et al,
2009; Lo et al, 2009; Rahighi et al, 2009). However, the
molecular mechanisms involved in this process have not
been fully elucidated, and the role of NEMO linear ubi-
quitination in other NF-«B signalling pathways remained to
be determined.

The linear polyubiquitin is catalysed by the linear ubiqui-
tin chain assembly complex (LUBAC) E3 ligase, which is
composed of HOIL-1L, HOIP, and SHARPIN (Kirisako et al,
2006; Gerlach et al, 2011; Tkeda et al, 2011; Tokunaga et al,
2011). We found that LUBAC was indispensable for NF-kB
activation upon genotoxic stimulation, potentially through
facilitating NEMO linear ubiquitination on Lys285 and
Lys309. DNA damage-induced polyubiquitination of ELKS is
crucial for LUBAC to associate with and facilitate NEMO
linear ubiquitination. Moreover, abrogating linear ubiquitina-
tion of NEMO significantly inhibited the sequential activation
of TAK1, IKK, and NF-kB upon genotoxic stress, resulting
in increased apoptosis. Altogether, our data indicate that
LUBAC-mediated NEMO linear ubiquitination has an impor-
tant role in transducing nuclear genotoxic signals to the
cytoplasmic IKK complex by facilitating sequential activation
of TAK1 and IKK, and in turn regulating NF-xB-dependent
cell survival.

Results

LUBAC is required for genotoxic NF-xB activation

NEMO linear ubiquitination is required for effective NF-kB
activation by TNFa and IL-1, and the ubiquitinated residues
within NEMO have been identified as Lys285 and Lys309
(Tokunaga et al, 2009). Coincidently, Lys309 is one of the two
NEMO residues that we have shown to be sumoylated and
subsequently mono-ubiquitinated in the genotoxic NF-xB
signalling pathway (Huang et al, 2003). Also, Lys285 was
found to be ubiquitinated upon genotoxic stress (Hinz et al,
2010). To determine whether NEMO linear ubiquitination also
has a role in the genotoxic NF-kB signalling pathway, we
depleted HOIP, the catalytic subunit of LUBAC ligase complex
(Kirisako et al, 2006), to disrupt LUBAC ligase activity in
HEK293 cells. We found that knockdown of HOIP substan-
tially reduced NF-xB activation by treatment with genotoxic
drug etoposide (Etop) as measured by gel shift assay; while a
mild decrease of NF-xB activation by TNFa was also
observed (Figure 1A). Consistent with this observation,
while transient transfection of wild-type LUBAC slightly
enhanced Etop-induced NF-xB activation (Figure 1B, lane
6), overexpression of its dominant-negative mutant
LUBAC®® (HOIL-1/HOIP®®) significantly inhibited the NF-kB
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activation in Etop-treated cells (Figure 1B, lane 9). These data
indicate that linear ubiquitination ligase LUBAC is required
for genotoxic NF-kB activation in HEK293 cells.

To determine whether HOIL-1 subunit is also required for
LUBAC function in regulating the genotoxic NF-kB signalling,
we treated wild-type and HOIL-1-deficient MEF cells with
DNA-damaging drugs, camptothecin (CPT) and doxorubicin
(Dox). Genetic ablation of HOIL-1 significantly attenuated
the NF-xB activation induced by CPT and Dox in MEFs
(Figure 1C). Furthermore, reconstitution of wild-type HOIL-
1 was able to rescue the deficiency of genotoxic agent-
induced NF-«B activation in HOIL™/~ MEFs (Figure 1D).
Recently, SHARPIN was identified as a subunit of LUBAC
complex, which also has a role in mediating TNFa-induced
NF-kB signalling (Gerlach et al, 2011; Ikeda et al, 2011;
Tokunaga et al, 2011). We found genotoxic agent-induced
NF-«B activation was abolished in SHARPIN-deficient MEFs
(Figure 1E), which further reinforced the notion that LUBAC
is indispensable for effective genotoxic NF-«xB activation. We
also observed that inhibiting LUBAC function by overexpres-
sing LUBAC®® mutant or depleting HOIP with siRNA
diminished genotoxic agent-induced NF-xB activation in
HT1080 fibrosarcoma cells and U20S osteosarcoma cells
(Supplementary Figure S1A-C), indicating the critical role
of LUBAC in mediating genotoxic NF-kB signalling is con-
served in cancer cells. Our data further suggest that diverse
genotoxic drugs induce NF-xB activation in a LUBAC-depen-
dent manner (Figure 1F and G), and the inhibition
of genotoxic NF-kB activation by LUBAC deficiency is not
due to the change of the kinetics of NF-kB signalling
(Supplementary Figure S1D-F). In addition, the activity of
NF-xB-driven luciferase reporter in response to treatment
with TNFa or etoposide was significantly reduced in
HOIP-depleted cells or cells expressing the LUBAC®® mutant
(Figure 1H and I). All these results support that LUBAC has a
critical role in regulating NF-xB-dependent gene
expression in cells exposed to various genotoxic stimuli.

NEMO is ubiquitinated with linear chains in response
to DNA damage in a manner dependent on LUBAC

We have shown NEMO can be modified with mono-ubiquitin
which is required for its nuclear exportation in genotoxic NF-
kB signalling (Wu et al, 2006). To examine whether NEMO
can be also polyubiquitinated upon genotoxic stress, HEK293
cells were transiently transfected with NEMO constructs and
treated with etoposide. We detected a high molecular weight
smear in immunoprecipitated NEMO samples under stringent
condition with anti-ubiquitin antibody (Figure 2A), indicating
that NEMO was modified with polyubiquitin upon genotoxic
stimulation. Interestingly, this NEMO polyubiquitination was
remarkably diminished in cells expressing a NEMO mutant
harbouring mutation at K285 and K309 (Figure 2A, lane 4).
Since K285/309 was identified as residues required for NEMO
linear ubiquitination (Tokunaga et al, 2009), we then used an
antibody specifically recognizing linear linkage to determine
whether the polyubiquitin attached on NEMO upon genotoxic
stress was composed of linear chain. We found NEMO was
modified with linear polyubiquitin in HEK293 cells treated
with etoposide (Figure 2B). Moreover, the NEMO linear
ubiquitination was induced by another genotoxic drug
doxorubicin in a HOIP-dependent manner (Figure 2C). The
requirement of HOIP for NEMO linear ubiquitination was also
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Figure 1 LUBAC is required for NF-«xB activation by genotoxic agents. (A) HEK293 cells were transfected with control or siRNAs targeting
HOIP. After 48 h, cells were treated with etoposide (Etop, 10 uM) for 2 h, TNFa (10 ng/ml) for 30 min or left untreated (—). NF-«xB activation
was analysed by EMSA using Igk probe. Total cell lysates were analysed by western blotting using antibodies as indicated. (B) HEK293 cells
were mock transfected or transfected with LUBAC-WT (HA-HOIL-1/HOIP-Myc), LUBAC-CS (HA-HOIL-1/HOIP“*~-Myc) mutant constructs as
shown. Cells were treated and analysed as in (A). (C) HOIL-1*/* and HOIL-1~/~ MEFs were treated with camptothecin/CPT (C, 10 uM),
doxorubicin/Dox (D, 2 pg/ml) for 2 h or left untreated. Treatments with TNFa (T, 10 ng/ml, 30 min) and LPS (L, 10 pg/ml, 30 min) were used as
control. NF-kB activation was analysed by EMSA. HOIL-1 expression was shown by western blotting. (D) HOIL-1 "/~ MEFs were mock
transfected or transfected with HOIL-1. Cells were treated and analysed as in (C). (E) Wild-type (SHARPIN*/*) and cpdm (SHARPIN /")
MEFs were treated as in (C), and analysed with EMSA and immunoblotting as indicated. (F) HEK293 cells were transfected with control or
siRNAs targeting HOIP, and treated with CPT (10 uM, 2h), Dox (2 pug/ml, 2h), Etop (10 uM, 2h), TNFa (10 ng/ml, 30 min) or left untreated.
Total cell lysates were analysed as in (A). (G) HEK293 cells were mock transfected or transfected with LUBAC-CS mutant. EMSA analyses and
immunoblotting were carried out as in (F). (H) HEK293 cells were co-transfected with kB-Fluc/hRluc-TK reporter constructs along with control
or siRNAs targeting HOIP. After 48 h, cells were treated with Etop (10 uM) or TNFa (10 ng/ml), and cell extracts were prepared and analysed for
luciferase activity. The histogram represents the normalized luciferase reporter activity of three independent experiments; shown as
mean £ s.d. (I) Similar experiments as in (G) were carried out in HEK293 cells co-transfected with kB-Fluc/hRluc-TK reporter constructs

only or along with LUBAC-CS mutant.

observed in etoposide-treated cells (Figure 2D), indicating a
critical role of LUBAC in mediating NEMO linear ubiquitina-
tion upon DNA damage. We also observed the etoposide-
induced NEMO polyubiquitination in mouse NEMO-deficient
1.3E2 cells stably reconstituted with wild-type NEMO, but not
in those reconstituted with NEMO-K285/309R mutant
(Figure 2E), suggesting that the NEMO linear ubiquitination
is a conserved stress response to genotoxic treatments.

To further explore the role of LUBAC in regulating NEMO
linear ubiquitination, we examined etoposide-induced NEMO
linear ubiquitination in HEK293 cells transfected with HOIP®S
mutant, which inhibited endogenous LUBAC ligase activity
(Tokunaga et al, 2009). The dominant-negative HOIP®®
mutant effectively inhibited the linear ubiquitination of

©2011 European Molecular Biology Organization

NEMO in etoposide-treated HEK293 cells (Figure 2F), sug-
gesting the ligase activity of LUBAC is indispensable for
NEMO linear ubiquitination upon genotoxic stress.
Furthermore, co-immunoprecipitation analyses indicated
that NEMO and LUBAC could form a complex with a delayed
kinetics in HEK293 cells treated with genotoxic agents (Figure
2G and H). All these data strongly suggest that LUBAC E3
ligase is essential for DNA damage-induced NEMO linear
polyubiquitination, potentially on K285 and K309.

Linear ubiquitination of NEMO is downstream of its
nuclear exportation

Our previous studies have shown NEMO shuttles between
cytoplasm and nucleus upon genotoxic stimulation, and this

The EMBO Journal VOL 30 | NO 18] 2011

3743



NEMO linear ubiquitination upon genotoxic stress

Niu et al
A o B C D
IP: a-Myc Input SRNA  Ctrl  HOIP
NEMO:  WT K285/309R WT K285/309R Dox: - + — + NEMO: WT K285/309R
Etop: - + - + - + - + Etop: — + + — + +
170 4 Etop: - + 170 siRNA:  Ctrl HOIP Ctrl HOIP
130 - a 130
95 - 95 e
Qo © N
2 3 2 2
3 72 - = 3 = —
© T 'l
2 3 56 = 52
56 - 5 , ° =
-~ - -~ . 5 = ) S
e [ — o [ o B
o-NEMO 5
L_‘-d .g
a-HOIL-1 | —— e P 0-HOIL-1 E <
1 2 3 456 7 8 1 2 3 4 1 2 345 6
E F G H
Etop: - +
IP: o-NEMO Input HOIPSS: - + -
NEMO: WT K285/309R WT K285/309R 170 IP Ab: o-NEMO  IgG - T ¢c E
Etop: - + — + — + — + 130 Dox(h): 0 05 1 15 2 15 a.|-|o|p T
T 2 o5 ‘ Q
. PN T T Ik
£ - o
s 0-HOIP [= = < = > —=| a-HOIP s
o-NEmo [ oHOLA (= = = = = o |§ Mo 2
a3 - . o-Myc _ oNEMO [ s o o == o] | a-NEMOE’
EE A (HOIP) 3 1 2 3 4 5 6 1 2 3 4
amye (R = 0L g

1 2 3 456 7 8 1 2 3

Figure 2 DNA damage induces NEMO linear ubiquitination on Lys285/309. (A) HEK293 cells were transfected with Myc-tagged NEMO-WT or
NEMO-K285/309R and treated with Etop (10 uM, 2h). Whole cell lysates were subjected to anti-Myc immunoprecipitation under a stringent
condition (see details in Materials and methods), and analysed by immunoblotting using antibodies as shown. Input represents 5% of total
extracts. (B) HEK293 cells were treated with Etop (10 pM, 2 h) or left untreated. Cells were lysed as in (A) and immunoprecipitated with anti-
NEMO antibody, and followed with immunoblotting using anti-linear polyubiquitin antibody. (C) NEMO linear ubiquitination analyses as in
(B) were performed in HEK293 cells transfected with control or siRNAs targeting HOIP. (D) HEK293 cells were transfected with Myc-tagged
NEMO-WT or NEMO-K285/309R along with control siRNA or siRNA targeting HOIP as shown. Cells were treated and analysed as in (A). *IgG
light chain. (E) Myc-NEMO-WT or Myc-NEMO-K285/309R stably reconstituted 1.3E2 cells were treated and analysed as in (A), except for
immunoprecipitation using anti-NEMO. (F) HEK293 cells were mock transfected or transfected with HOIP-CS mutant, and treated with Etop
(10 uM, 2 h). Whole cell lysates were used for analysing NEMO linear ubiquitination as in (B). (G) HEK293 cells were treated with Doxorubicin
(2 ug/ml) for time as indicated. Whole cell lysates were immunoprecipitated with anti-NEMO antibody or IgG control, and immunoblotted
with anti-HOIP, anti-HOIL-1, and anti-NEMO antibodies. (H) HEK293 cells were left untreated or treated with TNFo (10 ng/ml, 30 min), CPT
(10 uM, 90 min), or Etop (10 M, 90 min), similar analyses were carried out as in (G).

process is controlled by NEMO sequential modification with NEMO occurs in cytoplasm. Indeed, we detected a significant
SUMO-1, phosphate, and ubiquitin (Miyamoto, 2011). We increase of NEMO polyubiquitination upon etoposide treat-
found HOIP knockdown did not significantly affect sumoyla- ment in cytosolic fraction (Figure 3C), which is consistent
tion, phosphorylation, and nuclear translocation of NEMO or with the predominant cytoplasmic distribution of HOIP
ATM activation in Etop-treated HEK293 cells (Supplementary (Supplementary Figure S2C). Moreover, NEMO polyubiquiti-
Figure S2A-C). Moreover, sumoylation of NEMO could be nation by genotoxic stress was abrogated in cells expressing
detected as early as 60 min after etoposide treatment, which NEMO-S85A mutant (Figure 3D, lane 4). We have shown
is followed by mono-ubiquitination of NEMO detected at Ser85 mutation of NEMO blocked its ATM-dependent phos-
around 90min after treatment (Figure 3A). In contrast, phorylation, mono-ubiquitination, and subsequent nuclear
NEMO linear ubiquitination was more prominent at 2h export in response to DNA damage, while tethering a ubiqui-
after etoposide exposure (Figure 3A), indicating it may take tin moiety to NEMO S85A mutant (Ub-S85A) could restore
place later than of NEMO mono-ubiquitination. Furthermore, NEMO nuclear export (Wu et al, 2006). In agreement with our
an ATM kinase inhibitor KU55933, which has been shown to previous finding, ubiquitin fusion to NEMO-S85A mutant
abrogate ATM-dependent NEMO phosphorylation and mono- also recapitulated the NEMO polyubiquitination upon geno-
ubiquitination (Wu et al, 2006), effectively inhibited DNA toxic stimulation (Figure 3D, lane 6). On the other hand,
damage-induced NEMO linear ubiquitination (Figure 3B), we found ATM inhibition did not overtly affect linear ubiqui-
favouring an upstream role of mono-ubiquitination for tination of NEMO induced by etoposide or doxorubicin in
subsequent NEMO linear ubiquitination. cells expressing NEMO Ub-S85A mutant (Figure 3E;

As the mono-ubiquitination promotes NEMO to export Supplementary Figure S2E), indicating that ATM may have
from nucleus, it is plausible the linear ubiquitination of an upstream role in regulating NEMO linear ubiquitination,

3744 The EMBO Journal VOL 30 | NO 18| 2011 ©2011 European Molecular Biology Organization
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Figure 3 LUBAC catalyses NEMO linear ubiquitination in cytoplasm. (A) Myc-NEMO-WT stable HEK293 cells were treated with Etop (10 uM)
for indicated times. Whole cell lysates were analysed by anti-Myc IP followed by immunoblotting using antibodies against SUMO-1, ubiquitin,
linear ubiquitin and NEMO. The asterisk indicates a band overlaps with mono-ubiquitinated NEMO. The arrow indicates Myc-tagged NEMO.
(B) LUBAC-transfected Myc-NEMO stable HEK293 cells were left untreated or treated with 10 uM Etop for 2 h with or without KU55933 (10 uM).
NEMO linear ubiquitination was analysed as in (A). (C) HEK293 cells were treated with Etop (10 uM) for 2 h. Cytoplasmic and nuclear extracts
were fractionated and immunoprecipitated with anti-NEMO antibody or IgG control followed by immunoblotting using antibodies as indicated.
(D) 1.3E2 cells stably expressing 6 x Myc-NEMO-WT, 6 x Myc-NEMO S85A, and 2 x HA-Ub-NEMO S85A were left untreated or treated with
Etop (10 uM, 2 h). Whole cell lysates were analysed by anti-NEMO IP followed by immunoblotting using anti-ubiquitin antibody. The arrow
indicates Myc-tagged NEMO; the asterisk indicates HA-tagged NEMO. (E) 1.3E2 cells stably expressing 6 x Myc-NEMO-WT or 2 x HA-Ub-
NEMO S85A were left untreated or treated with Etop (10 uM, 2 h) in the presence or absence of KU55933 (10 uM). NEMO linear ubiquitination
was examined as in (B).

likely through promoting NEMO nuclear exportation. LUBAC mediates DNA damage-induced activation

Altogether, these results suggest that NEMO linear ubiquiti-
nation is a cytoplasmic event, potentially downstream of
ATM-mediated NEMO nuclear exportation.

A recent report indicated that TNFa played a role in
inducing NF-xB activation at a later stage in response to
extensive DNA lesions (Biton and Ashkenazi, 2011).
Consistent with this report, we found no significant increase
of TNFa secretion until 8h after etoposide treatment
(Supplementary Figure S3A). DNA damage-induced NF-xB
activation and NEMO linear ubiquitination at 2 h after etopo-
side exposure was not affected by TNFa neutralizing anti-
body (Supplementary Figure S3B and C), indicating genotoxic
stress-induced NEMO linear ubiquitination, as an early
response, is independent of TNFa signalling.

©2011 European Molecular Biology Organization

of TAK1 and IKK

It has been established that genotoxic NF-kB signalling
depends on IKK activation (Baldwin, 2001; Wu and
Miyamoto, 2007). Recent studies further showed that TAK1
is required for IKK activation upon genotoxic stress (Hinz
et al, 2010; Wu et al, 2010; Yang et al, 2011). LUBAC was found
in TNFR1-signalling complex upon stimulation and is
required for optimal IKK activation by TAKI in response to
TNFa treatment (Haas et al, 2009). To delineate the mechan-
ism of how LUBAC mediates the genotoxic NF-kB signalling
cascade, we examined whether LUBAC is required for the
activation of IKK and TAK1 by genotoxic agents with in vitro
kinase assays. As shown in Figure 4A, HOIP knockdown
significantly inhibited Etop-induced IKK activity; a similar
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with in vitro kinase assay to assess activity of IKK (A) or TAK1 (B), using GST-IkBo or GST-IKKP as the substrate, respectively.
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The values are presented as mean + s.d.

effect was also observed in cells treated with TNFo. NEMO, which participates in the activation of TAK1 and
Moreover, Etop-induced TAK1 activation was greatly IKK in the genotoxic NF-«B signalling pathway.

decreased in HOIP-depleted cells (Figure 4B). In parallel, It was shown K285 and K309 are required for TNFa
we observed the attenuated activation of IKK and TAK1 treatment-induced NEMO linear ubiquitination (Tokunaga
upon genotoxic stress in HOIL-1~/~ MEFs compared with et al, 2009). Our data further suggested that genotoxic
that in wild-type MEFs (Figure 4C and D), which is consis- stress-induced NEMO linear ubiquitination also depended
tent with the decreased JNK activation in TNFa- or Dox- on these residues (Figure 2). We then generated stable cell
treated HOIL-1~/~ MEFs (Supplementary Figure S4A). These lines expressing NEMO-K285R, NEMO-K309R, or NEMO-
data suggest that LUBAC is critical for activation of IKK and K285/309R mutant in 1.3E2 cells and examined whether
TAK1 upon DNA damage. We found that polyubiquitination these NEMO lysine residues are required for genotoxic
had essential roles in mediating TAK1 and IKK activation NF-kB signalling. We found, in contrast to mutation on
in response to genotoxic stimulation (Wu et al, 2010). It is NEMO-K277/309, NEMO sumoylation was still induced by
plausible that LUBAC promotes linear ubiquitination of genotoxic stimulation in cells expressing NEMO-K285/309R
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mutant (Supplementary Figure S4B). Also, DNA damage-
induced NF-xB activation was only partially inhibited in
single lysine mutants, suggesting that the other intact lysine
compensated for the mutated lysine residue (Figure 4E).
However, NF-kB activation by etoposide was abrogated in
cells expressing NEMO-K285/309R double lysine mutant
(Figure 4E), indicating a critical role of linear ubiquitination
on NEMO-K285 and K309 in mediating genotoxic NF-xB
signalling.

Recent studies have underscored the pivotal roles of NEMO
in mediating IKK activation by either interacting with
polyubiquitin chain or being ubiquitinated (Skaug et al,
2009). Both mechanisms contribute to stabilizing the protein
complex harbouring IKK and its upstream kinases, such as
TAK1, leading to efficient IKK activation. To determine
whether NEMO linear ubiquitination has a role in mediating
IKK activation by DNA damage, we treated NEMO single
lysine mutants or double lysine mutant with etoposide and
examined IKK activity. In accordance with genotoxic NF-«B
activation, double lysine mutation at K285/309 significantly
inhibited etoposide-induced IKK activation (Figure 4F), as
well as TAK1 activation (Figure 4G), suggesting that NEMO
linear ubiquitination may have a pivotal role in regulating
TAK1-dependent IKK activation by genotoxic stress.

The zinc finger domain is required for TAB2 association
with linear polyubiquitin

The critical role of ubiquitin, especially the K63-linked poly-
ubiquitin, in mediating TAK1 activation has been well estab-
lished (Adhikari et al, 2007; Skaug et al, 2009). It was shown
that TAK1 can be activated by intermolecular phosphoryla-
tion between TAK1 complexes docking on K63-linked poly-
ubiquitin chains in a TAB2/3-dependent manner (Kanayama
et al, 2004; Xia et al, 2009). Structural analysis revealed that
K63-linked and linear polyubiquitin chains share similar
open conformation (Komander et al, 2009), and NEMO can
bind to either type of polyubiquitin but with distinct affinity
(Laplantine et al, 2009; Lo et al, 2009; Rahighi et al, 2009).
Although a carboxyl-terminal fragment of TAB2 was not able
to pull down linear tetra-ubiquitin in vitro (Komander et al,
2009), it was shown the zinc finger (NZF) domain of TAB2
and TAB3 can directly interact with longer linear polyubiqui-
tin (Tokunaga et al, 2009). As we found NEMO linear
ubiquitination was also required for optimal TAK1 activation
(Figure 4), it is possible that TAK1/TAB2/3 complex could
associate with NEMO linear ubiquitin chain, which may be
required for efficient TAK1 activation, especially in cells
exposed to genotoxic agents.

To test this hypothesis, we generated GST-tagged recombi-
nant proteins of full-length NEMO, TAB2 and TAB2 mutants
with either NZF or CUE domain deletion (Figure S5SB).
Consistent with previous reports (Kulathu et al, 2009; Lo
et al, 2009; Rahighi et al, 2009), TAB2 showed significantly
higher affinity in association with K63-linked polyubiquitin
compared with NEMO, which appeared to bind to linear
polyubiquitin more efficiently (Figure 5A). However, we
were able to detect polyubiquitin with linear linkage asso-
ciated with TAB2, although to a lesser extent compared
with K63-linked polyubiquitin (Figure 5A, lane 6). Further
analyses indicated that NZF domain is required and sufficient
for the association between TAB2 and linear polyubiquitin
(Figure 5B and C).
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To examine whether TAB2 forms a complex with linear
ubiquitinated NEMO in cells upon DNA damage, we treated
HEK293 cells with etoposide and analysed the immunocom-
plex associated with TAB2. We were able to detect a signifi-
cant increase of NEMO linear polyubiquitination, but not
K63-linked polyubiquitination, in TAB2-associated protein
complex, suggesting that linear ubiquitinated NEMO may
also provide a platform for TAK1 activation in response to
genotoxic stimulation (Figure 5D).

DNA damage-induced ELKS ubiquitination enhances
linear ubiquitination of NEMO

We recently found that ELKS is polyubiquitinated with
K63-linked chain upon DNA damage, which is essential for
genotoxic NF-xB activation (Wu et al, 2010). It has been
shown that K63-linked and linear polyubiquitin collaborate to
achieve effective NF-kB activation by TNFa (Haas et al,
2009). We considered the possibility of cross-talking between
ELKS K63 ubiquitination and NEMO linear ubiquitination in
genotoxic NF-kB signalling. Interestingly, Etop-induced
NEMO polyubiquitination was blocked in ELKS-deficient
MEFs (Figure 6A), suggesting ELKS has an important role
in promoting NEMO linear ubiquitination. Moreover, NEMO
linear ubiquitination was diminished in XIAP-depleted
HEK293 cells (Figure 6B) and XIAP-deficient MEFs
(Figure 6C) upon genotoxic stimulation. As ELKS polyubi-
quitination upon DNA damage depends on XIAP (Wu et al,
2010), it is plausible that ELKS K63-linked ubiquitination is
critical for NEMO linear ubiquitination. LUBAC, especially
HOIP, has been found to interact with K63-linked polyubi-
quitin tethered on cIAPs within TNFR1-signalling complex,
which may facilitate NEMO linear ubiquitination in response
to TNFa treatment (Haas et al, 2009). Furthermore, NEMO
ubiquitin-binding domain appeared to be critical for its linear
ubiquitination (Supplementary Figure S4C), and DNA da-
mage-induced association between NEMO and LUBAC was
abolished in ELKS-deficient cells (Figure 6D; Supplementary
Figure S4D). All this body of evidence suggests that
K63-linked polyubiquitin of ELKS may provide a platform
for recruiting both LUBAC and NEMO, leading to NEMO
linear ubiquitination.

To further investigate the role of ELKS K63 ubiquitination
in mediating NEMO linear ubiquitination, we transfected
HEK293 cells with either wild-type deubiquitinating enzyme
CYLD or its catalytic-inactive mutant (C601S), and examined
linear ubiquitination of NEMO by DNA damage. Etoposide-
induced NEMO linear ubiquitination was significantly inhib-
ited in cells expressing wild-type CYLD, but not CYLD-C601S
mutant (Figure 6E). As CYLD is believed to specifically target
K63-linked polyubiquitin (Komander et al, 2008; Sun, 2008),
it is possible that deconjugation of K63 polyubiquitin from
ELKS had an important role in inhibiting NEMO linear
ubiquitination. However, we found expression of CYLD
inhibited not only DNA damage-induced NF-kB activation,
but also that by overexpression of LUBAC (Figure 6F, lane 3).
In addition, CYLD was found to disassemble polyubiquitin
with linear linkage in vitro (Komander et al, 2009), and our
data further suggest that CYLD may also function as a
deubiquitinating enzyme directly targeting linear polyubiqui-
tin in cells exposed to genotoxic stress. Considering the
emerging and expanding role of linear ubiquitination in
regulating NF-kB signalling, further investigation will be

The EMBO Journal VOL 30 | NO 18] 2011

3747



3748 The EMBO Journal

NEMO linear ubiquitination upon genotoxic stress
Niu et a/

A K63-linked Linear
o & & & O
AN &S P
IR
& [N C SO O O O NS
Ub - |l
« fE =&
a| ® i Ub,
2| Uby e e Ub,
Ub; | s -
Ub, [ Ub,
1 2 3 4 Ub.
==
: Ub,
GST-TAB2— = — = — |ub,
m (GST-NEMO, p—
o - wt— - Ub,
GST || S W
«= Ub,
5 6 7 8
c _ D
Linear Etop-treated HEK293
Input GST NZF ¢
Ub, — 72 /
Ub S 56 stp. o
Ube E S 1t IP: 0-TAB2
Ub, (e s34 -
s Ub, ] - 26 1% SDS boil
: VR,
nd .
Ub, [ . 17 ) 2" |P: ¢-NEMO
2"% Input
IB: a-Linear Ub
Ponceau S
_—— IB: 0-K63 Ub
1 2 3

B
1 693
FL [cue] TAB2 NZF
ANZF [ cuE | TAB2 | 665
ACUE 52| TAB2 | nzr |
P NZF 646 [
3 < _ GST-TAB2
m 2 FL ANZFACue
3 - 72
$ er | S z = |- 56
G -
Ubg = - 43
g Ub, — - - |- 34
T - 26
i~ S| Uby -- -
=
«Q
T
g - 17
o Ub, —
L Ep——
1 2 3 4
IP: a-NEMO
Etop: - + - + - + - +
170
a 130
2 951 3 2 g
4 ] =] ]
2 © 7
£ 72 X S Z
3 5 s
S 564
a3 b o
-

a-HOIP 5 5
PR—

IB: 0-Ub —» IB: a-NEMO

Figure 5 TAB2 associates with linear polyubiquitin through its NZF domain. (A) GST, GST-TAB2, and GST-NEMO recombinant proteins were
incubated with Ub,_, mixture with either K63 or linear linkage. In vitro pull-down of ubiquitin chains was visualized by immunoblotting using
anti-ubiquitin antibody, and recombinant proteins were stained with Coomassie blue (CBB). Input lanes of K63-linked or linear chain represent
1% or 5% of Ub,_; mixture, respectively. (B, C) Similar pull-down assay was performed as in (A) using linear Ub,_, mixture for association
with TAB2 full-length/deletion mutants (B) or GST/GST-NZF (C) as illustrated. Input represents 5% of Ub,_, mixture. (D) HEK293 cells were
treated with etoposide (10 uM, 2h) or left untreated. Whole cell lysates were subjected to immunoprecipitation with anti-TAB2 antibody.
Immobilized immunocomplexes were boiled in the presence of 1% SDS, and re-immunoprecipitated with anti-NEMO antibody followed with
immunoblotting using antibodies as shown. First input represents 1% of whole cell lysates and second input represents 2% TAB2

immunoprecipitates.

necessary to advance our knowledge into how CYLD
regulates NF-kB activation by various stimuli.

NEMO linear ubiquitination-dependent genotoxic NF-xB
activation promotes cell survival in response to DNA
damage

In our previous studies, we fused an SUMO or ubiquitin
moiety to NEMO mutants in order to bypass the deficiency of
NEMO sumoylation or ubiquitination caused by mutation
(Huang et al, 2003; Wu et al, 2006). Following the same
strategy, we fused an ubiquitin molecule at the N-terminal of
NEMO-K285/309R mutant and examined whether the ubi-
quitin fusion could restore genotoxic NF-kB activation
(Figure 7A). Indeed, both etoposide and Dox induced robust
NF-xB activation in cells expressing Ub-NEMO-K285/309R,
whereas this activation was absent in NEMO-K285/309R
cells (Figure 7B). We also found Ub-NEMO-K285/309R mu-
tant primarily localized in cytoplasmic compartment, while
NEMO-WT or NEMO-K285/309R showed both nuclear
and cytoplasmic distribution in transiently transfected
cells (Supplementary Figure S5C). In addition, the inhibition
of genotoxic NF-xB activation by overexpressing the

VOL 30 | NO 18 2011

dominant-negative mutant of LUBAC was rescued, at least
in part, by co-transfecting the Ub-NEMO-K285/309R mutant
in HEK293 cells (Figure 7C). These results indicate that the
K285 and K309 lysine residues are required mainly for NEMO
ubiquitination in cytoplasm to transduce genotoxic NF-kB
signalling. On the contrary, neither SUMO nor ubiquitin
fusion alone to NEMO-K277/309R reconstituted DNA
damage-induced NF-«B activation, which can only be reca-
pitulated in cells expressing NEMO-K277/309R tethered with
both SUMO and ubiquitin moieties, supporting the dual
requirement of these two lysine residues for both sumoyla-
tion and mono-ubiquitination (Supplementary Figure SSA
and B).

To further delineate the function of LUBAC in regulating
cellular response to genotoxic stimulation, we depleted HOIP
with siRNAs and examined the expression of a number of
NF-kB target genes in cells treated with etoposide. RT-PCR
analysis indicated that a cohort of anti-apoptotic genes whose
upregulation upon DNA damage was inhibited in HOIP
knockdown cells (Figure 7D). In accordance with these
data, significant increase of apoptosis upon genotoxic treat-
ment was observed in HOIP-depleted HT1080 cells compared

©2011 European Molecular Biology Organization
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Figure 6 ELKS polyubiquitination facilitates NEMO linear ubiquitination upon genotoxic stress. (A) Etoposide-induced NEMO polyubiquitina-
tion was examined in ELKS wild-type (*/*) and deficient (~/~) MEF cells. (B) HEK293 cells were transfected with LUBAC with or without
siRNA targeting XIAP, and treated with etoposide (10uM, 2h) as indicated. Whole cell lysates were subjected to NEMO IP and linear
ubiquitination was visualized by immunoblotting with indicated antibodies. (C) Similar experiments were carried out as in (A) using wild-type
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(E) HEK293 cells were transfected with Flag-CYLD wild type (WT) or catalytic-inactive mutant (CS) along with LUBAC as indicated. Etoposide-
induced NEMO linear ubiquitination was detected as in (B). (F) HEK293 cells were transfected with CYLD and LUBAC constructs as indicated.
Cells were treated with etoposide (10uM, 2h) or left untreated, and whole cell lysates were analysed with EMSA and immunoblotting
as shown. Fold induction of NF-«B activation was quantified with phosphoimager.

with the cells maintaining functional LUBAC (Figure 7E).
Similar phenotypes in anti-apoptotic gene expression and
chemodrug-induced cell death were also observed in cells
expressing NEMO-K285/309R mutant, but not in wild-type or
Ub-NEMO-K285/309R cells (Supplementary Figure S5D
and E).

Discussion

We have shown NEMO is sequentially modified by SUMO-1,
phosphate, and ubiquitin in response to genotoxic stimula-
tion, which is essential for transducing the nuclear DNA
damage signal to the cytoplasm, leading to activation of the
IKK complex. The mono-ubiquitination of NEMO on K277/
309 is essential for NEMO nuclear exportation (Wu et al,
2006). In this study, we introduced another form of NEMO
post-translational modification, linear ubiquitination, into
this complex genotoxic NF-xB signalling cascade, which
may in part elucidate the mechanisms involved in IKK
activation regulated by nuclear-exported NEMO and ATM.
We found LUBAC could facilitate NEMO linear polyubiquiti-
nation on K285/309 in response to genotoxic stress, which
appeared to be downstream of NEMO nuclear exportation.
In cytoplasm, XIAP-mediated ELKS K63 ubiquitination
promoted the association between NEMO and LUBAC to

©2011 European Molecular Biology Organization

facilitate NEMO linear ubiquitination. NEMO was shown to
bind to linear polyubiquitin with a higher affinity compared
with K63-linked polyubiquitin (Lo et al, 2009; Rahighi et al,
2009), it is plausible that the NEMO-attached linear polyubi-
quitin may serve as binding platform for further recruitment
of cytoplasmic NEMO-associated IKK complexes. Previous
studies demonstrated that TAB2 preferentially binds to K63-
linked polyubiquitin (Kulathu et al, 2009), and we found
TAB2 may also interact with linear ubiquitin chain.
Therefore, TAK1/TAB2 complex may primarily associate
with the K63 polyubiquitin chains on ELKS, and with
NEMO linear polyubiquitin to a lesser extent, upon genotoxic
stress. The intertwined association could promote IKKP/
NEMO, TAK1/TAB2, K63 polyubiquitin and linear polyubi-
quitin to form a stabilized framework for optimal activation
of both kinases, leading to efficient NF-xB activation upon
genotoxic stimulation (Figure 7F).

The functions of the ubiquitin system involved in regulat-
ing NF-kB activation have been studied extensively (Skaug
et al, 2009). The degradative role of K48-linked polyubiquitin
and the scaffolding role of K63-linked polyubiquitin in multi-
ple NF-kB signalling pathways have been well documented
(Skaug et al, 2009; Wertz and Dixit, 2009). However, the role
of linear ubiquitin chains in NF-kB signalling is just emer-
ging. The first evidence that linear ubiquitin chain is involved
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treated with Etop (10 uM) or left untreated for 4 h. Total RNA was isolated and the mRNA of specific genes was analysed by semi-quantitative
RT-PCR. PCR products were visualized by electrophoresis on 1.5% agarose gel. (E) HT1080 cells were transfected with control or HOIP-specific
siRNAs and treated with Etop (10 uM, 16 h). Treated cells were stained with propidium iodide (PI) and Annexin V-FITC, and analysed by flow
cytometry to detect the percentage of apoptotic cells (PI—/Annexin V+). Histogram bars represent the mean of three independent
experiments. Total cell extracts were immunoblotted with indicated antibodies. (F) A model depicting the role of LUBAC-mediated NEMO
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in regulating NF-xB activation came from the study on Recent in vitro studies on the structure of NEMO ubiquitin-

LUBAC function in canonical NF-kB signalling (Iwai and
Tokunaga, 2009). It was found that LUBAC bound to NEMO
and conjugated linear polyubiquitin chains onto its Lys285
and Lys309 residues. Abrogation of LUBAC-mediated NEMO
linear ubiquitination suppressed NF-xB activation by pro-
inflammatory cytokines such as TNFa and IL-18 (Tokunaga
et al, 2009). Nevertheless, the mechanism of how NEMO
linear ubiquitination regulates canonical NF-xB signalling
was not well understood.

3750 The EMBO Journal VOL 30 | NO 18] 2011

binding domain (NOA/UBAN/NUB) shed some light on
potential mechanisms of how linear polyubiquitin promotes
NF-«B signalling (Lo et al, 2009; Rahighi et al, 2009). It was
found that the NEMO NOA domain bound to linear poly-
ubiquitin in vitro with higher affinity than to K63-linked
polyubiquitin, suggesting a potential scaffolding role of the
linear polyubiquitin similar to that of K63 polyubiquitin
in mediating IKK activation. However, the role of linear
polyubiquitination in regulating NF-«B signalling cascade

©2011 European Molecular Biology Organization



in vivo remains to be fully elucidated. It was shown that the
zinc finger domain (ZF) of NEMO also binds to polyubiquitin
(Laplantine et al, 2009). While neither NOA nor ZF shows
any preference for K63-linked chains, they form a bipartite
ubiquitin-binding domain with high affinity to K63-linked
polyubiquitin. It is plausible that both K63-linked and linear
polyubiquitin chains are intertwined through association
with various ubiquitin-binding domains of members of a
signalosome, which renders a stabilized environment for
optimal IKK activation. This hypothesis is supported by the
evidence that LUBAC was found in TNFR-super complex and
LUBAC-facilitated NEMO linear ubiquitination enhanced its
interaction with the TNFR-super complex, leading to effective
IKK and NF-xB activation (Haas et al, 2009). HOIP was also
identified as a component of CD40 activating complex which
is required for CD40 ligation-induced NF-kB activation, sug-
gesting a similar role LUBAC may play in mediating alter-
native NF-«B signalling pathway (Hostager et al, 2010). Our
recent investigation indicated ELKS is ubiquitinated with
K63-linked chain upon genotoxic stress, which is required
for IKK activation (Wu et al, 2010). Here, we showed that
ELKS K63 ubiquitination promoted NEMO linear polyubiqui-
tin in cytoplasm, which is also indispensable for effective
IKK activation in cells exposed to genotoxic agents. It is likely
that both K63 polyubiquitination of ELKS and linear poly-
ubiquitination of NEMO are critical for optimized IKK activa-
tion upon DNA damage. Further studies on the interaction
between polyubiquitin with different linkages and the respon-
sible ubiquitin-binding domain in members of this signalling
complex are needed to delineate the underlying mechanisms.

The K285 of NEMO was recently found to be modified,
presumably, with mono-ubiquitin after NEMO exportation
from nucleus in response to genotoxic stimulation (Hinz
et al, 2010). It is interesting to note that the mono-ubiquitina-
tion of K285 requires the intact ubiquitin-binding domain of
NEMO, which is consistent with our finding that NEMO
association with polyubiquitin chain on ELKS is critical for
linear ubiquitination of NEMO on K285/309. Since the mono-
ubiquitination on NEMO-K285 appeared to take place earlier
than linear ubiquitination of NEMO in genotoxic signalling,
it is possible the single ubiquitin molecule attached to NEMO-
K285 may serve as a cornerstone for further extension with
linear chain in genotoxic NF-xB signalling. Moreover, the
mono-ubiquitin may also promote LUBAC-dependent NEMO
linear ubiquitination on additional site, such as K309, by
facilitating NEMO:LUBAC association. This model is in part
supported by a recent publication showing that mono-
ubiquitination of TRIM25 makes it susceptible for LUBAC-
dependent polyubiquitination (Inn et al, 2011). Additional
investigation will be needed to further delineate the under-
lying mechanisms.

We found genotoxic stress-induced TAK1 activation was
affected by inhibiting NEMO linear ubiquitination (Figure 4).
The mechanism of TAK1 activation remained ambiguous
until a recent study showed that TAK1 can be activated by
intermolecular autophosphorylation depending on TAK1 as-
sociation with K63-linked polyubiquitin chains through its
binding partner TAB2/3 (Xia et al, 2009). Structural analysis
has revealed that both K63-linked and linear ubiquitin dimers
adopted equivalent open conformation with a high flexibility,
and the ubiquitin-binding domains of TRABID and cIAP1 can
interact with either linkage formed ubiquitin polymers
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(Komander et al, 2009). However, in vitro analyses suggested
that the ubiquitin-binding domain of TAB2 (NZF, similar
to that of TRABID) pertain significantly higher affinity for
di- and tetra-ubiquitin with K63 linkage than those with
linear linkage (Komander et al, 2009; Sato et al, 2009). This
may be partially explained by that TAB2-NZF binds adjacent
K63-linked ubiquitin moieties with two distinct binding sur-
faces which may not be adopted by linear linkage (Kulathu
et al, 2009). Nevertheless, while the NZF domain of TAB2 is
sufficient to interact with polyubiquitin in vitro, the other
region of TAB2 may also contribute to the affinity and
stability of interaction between TAB2 and polyubiquitin
chains in vivo. Moreover, TAB2 was found to pull down
long linear polyubiquitin chain (approximately Ub;) in vitro
(Tokunaga et al, 2009). We also found TAB2 can interact with
a mixture of ubiquitin polymer (Ub,-Ub;), preferentially the
longer polyubiquitin, through its NZF domain (Figure 5).
Since only long polyubiquitin chains activates TAK1 and IKK
(Xia et al, 2009), it is possible that TAB2 may be able to bind
to long linear polyubiquitin chain which participates in TAK1
activation upon DNA damage. In accordance, we found TAB2
associated with linear ubiquitinated NEMO in cells exposed
to genotoxic drug (Figure 5D), and DNA damage-induced
TAK1 activation was attenuated in cells defective in NEMO
linear ubiquitination (Figure 4). However, long linear poly-
ubiquitin chain alone was insufficient for activation of TAK1
and IKK in vitro (Xia et al, 2009), which suggests that linear
polyubiquitin chain may collaborate with K63-linked
polyubiquitin to achieve optimal activation of TAKI.
Nevertheless, the significance of such collaboration in reg-
ulating TAK1 activation may vary depending on stimuli used.
We did not observe significant inhibition of TAK1 activation
by TNFa in LUBAC-deficient cells. It may be explained by that
TNFa treatment induces quick and robust ubiquitination
of TRAF2 (Li et al, 2009) and RIP1 with multiple forms of
linkage including K63, K11, and linear linkages (Dynek et al,
2010; Gerlach et al, 2011), which may be sufficient for TAK1
activation. The functional significance of the interaction
between TAB2 and NEMO linear ubiquitin chain may be
more prominent in cells treated with genotoxic agents,
which induce relatively weak NF-xB activation with a de-
layed signalling kinetics. Additional genetic, biochemical,
and structural studies will be required to elucidate underlying
mechanisms.

We found either mutation on NEMO-K285/309 or disrupt-
ing LUBAC diminished genotoxic NF-kB activation, which in
turn attenuated upregulation of several key anti-apoptotic
genes upon genotoxic stimulation, resulting in increased
apoptosis in response to genotoxic drug treatment.
Although the changes were consistent, we observed much
stronger phenotypes in NEMO-K285/309R mutant cells than
in HOIP-depleted cells, indicating the mutation on K285/309
may not only abrogated NEMO linear ubiquitination but also
interfered additional functions of these critical residues such
as sumoylation and mono-ubiquitination upon genotoxic
stress. Altogether, these data indicate an important role of
NEMO linear ubiquitination in facilitating the pro-survival
function of genotoxic NF-«B activation. As many cancer cells,
either epithelial or haematopoietic, can achieve resistance to
genotoxic anticancer drugs, radiation and death cytokines by
activating NF-xB (Baldwin, 2001), our study suggests that
LUBAC may serve as a novel target for pharmacological
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intervention to improve the efficacy of conventional cancer
therapeutic regimes.

Materials and methods

Plasmids and reagents

The lysine-substituted NEMO mutants, K309R, K285R, and K285/
309R, were generated by quick change PCR. The expression
constructs of HA-HOIL™T, Myc-HOIP"7, and Myc-HOIPS, as well
as antibodies against HOIL-1, HOIP, and linear polyubiquitin were
generously provided by Dr K Iwai (Kirisako et al, 2006; Tokunaga
et al, 2009). Antibodies against NEMO (FL419), ubiquitin (P4D1),
Myc (9E10), TAK1 (M579), TAB2 (H300), IKKa/B (H470), and HA
(Y11) were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Antibody against IKKB was from Cell Signaling Technology
(Danvers, MA). Antibodies against SUMO-1 (21C7) and Tubulin
(DM1A) were purchased from Invitrogen (Carlsbad, CA) and
Calbiochem (Gibbstown, NJ), respectively. Smartpool siRNAs
targeting HOIP/RNF31 were obtained from Dharmacom (Lafayette,
CO). Ub,_, protein mixtures with K63 or linear linkage were
purchased from Biomol (Plymouth Meeting, PA).

Immunoprecipitation and immunoblotting

Cell lysates were resolved by SDS-PAGE and immunoblotted with
the appropriate antibodies. For immunoprecipitation experiments,
cells were harvested and lysed in immunoprecipitation lysis buffer.
20mM Tris [pH 7.0], 250 mM NaCl, 3 mM EDTA, 3 mM EGTA, 0.5%
NP-40, 2mM DTT, 0.5 mM PMSF, 20 mM beta-glycerol phosphate,
1mM sodium orthovanadate, 1pg of leupeptin/ml, 1pg of
aprotinin/ml, 10mM p-nitrophenyl phosphate [PNPP], 10 mM
sodium fluoride. To detect ubiquitinated or sumoylated form of
NEMO, cells were lysed with 1% SDS in immunoprecipitation lysis
buffer mentioned above, incubated at 95 °C for 30 min, and then
diluted to 0.1% SDS with immunoprecipitation lysis buffer. NEMO
was immunoprecipitated from diluted lysates using antibodies
against NEMO or Myc-tag at 4 °C for 1h, followed by incubation
with protein G-conjugated beads for 3 h. Immunoprecipitates were
resolved on SDS-PAGE and transferred onto nitrocellulose blot. The
transferred blot was further boiled in water for ~30min, then
probed with antibodies against ubiquitin, linear chain-specific
ubiquitin or SUMO-1.

In vitro kinase assay

For TAK1 and IKK kinase assays, treated cells were lysed in
immunoprecipitation lysis buffer. Cell lysates were immunopreci-
pitated using anti-TAB2 antibody or anti-NEMO antibody, respec-
tively, and immobilized on protein G-conjugated beads. Kinase
reactions were carried out in kinase buffer containing **P-ATP for
45min at 30 °C. Recombinant GST-IKKp (166-197) and GST-IxBa
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and phosphorylated proteins were quantitated using Cyclone
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In vitro pull-down assay

In vitro pull-down assay of NEMO/TAB2 with various ubiquitin
chains was carried out as reported (Komander et al, 2009). Briefly,
GST-tagged NEMO/TAB2/TAB2 deletion mutants or GSTs (10pug)
were incubated with 20pl glutathione sepharose 4B (GE
Lifescience) for 30 min in 450 ul pull-down buffer (150 mM NacCl,
50mM Tris (pH 7.5), SmM DTT, and 0.1% NP-40). Then, 1.5 pg of
Ub,_, protein mixture with K63 or linear linkage was subsequently
added to each sample and further incubation was carried out
for overnight at 4°C. The beads were washed with pull-down
buffer, boiled with 2 x SDS loading buffer and resolved on 12.5%
SDS-PAGE. Western blotting was performed with anti-ubiquitin
antibody (Santa Cruz).

Flow cytometry

Cells were harvested and then washed with PBS once. To quantitate
the percentage of cells that are actively undergoing apoptosis, cells
were stained with FITC conjugated Annexin V and propidium iodide
(PI) following the manufacturer’s instruction, then measured with
Flow Cytometer (C6, Accuri Cytometers). For cell-cycle analysis,
cells were fixed in cold 75% ethanol at 4°C overnight, then
pelleted by centrifugation and stained with PI (50 ug/ml, Sigma).
The percentage of cells in different cell-cycle phases was analysed
by flow cytometer (LSR II, BD BioSciences).
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