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NFkB signaling plays a significant role in human disease, including breast and ovarian carcinoma, insulin resistance,
embryonic lethality and liver degeneration, rheumatoid arthritis, aging and Multiple Myeloma (MM). Inhibitor of kB (IxB)
kinase B (IKKB) regulates canonical Nuclear Factor kB (NFkB) signaling in response to inflammation and cellular
stresses. NFkB activation requires Lys63-linked (K63-linked) ubiquitination of upstream proteins such as NEMO or TAK1,
forming molecular complexes with membrane-bound receptors. We demonstrate that IKKB itself undergoes K63-linked
ubiquitination. Mutations in IKKB at Lys171, identified in Multiple Myeloma and other cancers, lead to a dramatic
increase in kinase activation and K63-linked ubiquitination. These mutations also result in persistent activation of STAT3
signaling. Liquid chromatography (LC)-high mass accuracy tandem mass spectrometry (MS/MS) analysis identified
Lys147, Lys418, Lys555 and Lys703 as predominant ubiquitination sites in IKKRB. Specific inhibition of the UBC13-UEV1A
complex responsible for K63-linked ubiquitination establishes Lys147 as the predominant site of K63-ubiquitin
conjugation and responsible for STAT3 activation. Thus, IKKB activation leads to ubiquitination within the kinase
domain and assemblage of a K63-ubiquitin conjugated signaling platform. These results are discussed with respect to

the importance of upregulated NF«B signaling known to occur frequently in MM and other cancers.

NF«B signaling has been implicated in breast and ovarian car-
. 1,2 - . . 4 . . .
cinoma,? insulin resistance,’ embryonic lethality and liver

degeneration,” rheumatoid arthritis,”” aging,® and Multiple
Myeloma.”'® The initiation of the inflammatory response is
dependent upon the ubiquitination cascade of proteins upstream
of the Inhibitor of kB (IkB) kinase B (IKKP), which plays a
direct role in phosphorylating and targeting IkB proteins for deg-
radation, releasing NFkB for nuclear translocation. Upon stimu-
lation of cells with TNFa and LPS, K63-linked polyubiquitin
modifications occur in proteins such as TRAFs (tumor necrosis
factor receptor-associated factors), RIP1 (receptor interacting
protein-1), IRAKs (IL-1 receptor-associated kinases), and TAK1
(TGFB-activated kinase 1)."""" Moreover, the NFkB Essential
Modulator (NEMO, or IKKy) is ubiquitinated recruiting
TAB1/2 and TAKI proteins assembled on this platform, which
leads to activation of the IKK complex, composed of IKKa,
IKKB, and NEMO.'>1°

Ubiquitin, a highly conserved 76-amino acid protein, is post-
translationally conjugated to a wide variety of substrates. Ubiqui-
tination is essential in myriad biological functions, including

DNA damage repair, cell growth, apoptosis and immune
responses.'”""? Ubiquitin has 7 lysine residues that can be conju-
gated to the C-terminal Gly of a subsequent ubiquitin to form
polyubiquitin chains with specific linkages and topologies. The
most studied polyubiquitinations are Lys48-linked (K48-linked),
which serves as a signal for proteasome-mediated degradation of
substrates, and K63-linked, which serves as a stabilizing signal for
protein function and scaffolding interactions.'"'® K63-linked
ubiquitination is a proteasomal-independent modification that
plays an extensive role in NFkB activation by contributing to the
stability and scaffolding functions of proteins such as IRAK-1,
RIP1, NEMO, and TAK1.">?%?* Polyubiquitination of NEMO
recruits TAK]1 for activation of the IKK complex whereas the
recruitment of the A20 zinc finger protein onto the ubiquitin
platform limits IKK activation.'®

Mutations in the IKBKB gene resulting in Lys171Glu
(K171E) and Lys171Arg (K171R) have been identified in Multi-
ple Myeloma (MM), Spleen Marginal Zone Lymphoma (SMZL)
and Mantle Cell Lymphoma (MCL).>>?” We used these muta-
tions as a starting point to investigate the mechanism of IKKf
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activation and downstream effects on cellular signaling. This
work reveals that IKKP is conjugated to both K48- and K63-
linked ubiquitin that regulate the wild-type (WT) protein. How-
ever, mutation of Lys171 to either Glu or Arg leads to constitu-
tive  phosphorylation  activity = and  also  increased
polyubiquitination of IKKf, both K48- and K63-linked. Sur-
prisingly, mutations at Lys171 also resulted in STAT3 activation.
Thus, mutations at Lys171 of IKK differ from typical activation
mediated by the S177/S181 phosphorylation sites, resulting in
hyperactivation of kinase activity as well as increased ubiquitina-
tion and, specifically, K63-linked ubiquitin scaffolding that indu-
ces STAT3 signaling.

Results

Mutations at Lys171 activate IKK(3

Lys171 is located within a highly conserved region in the acti-
vation loop of the kinase domain of IKKB, close to the major
activating phosphorylation sites Ser177 and Ser181 (Fig. 1A).*®
Lys171 also lies near Tyr169, recently shown to undergo tyrosine
phosphorylation in the presence of FGFR2, resulting in IKK
activation.”” In addition, Lys171 contributes to the stability of
the activated protein via ionic interactions with phosphorylated
Ser181.%° Hence, this residue plays a critical regulatory role in
the activated structure.
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Figure 1. Phosphorylation of IKKB Induced by Mutations at Lys171. (A) Schematic of IKKB with the activation loop within the N-terminal kinase domain
expanded to show amino acids critical for phosphorylation and signaling. The ubiqutin-like domain (ULD), the scaffold/dimerization domain (SDD) which
contains the leucine zipper (LZ) and helix-looop-helix (HLH) regions, and NEMO binding domain (NBD) are indicated. (B) IKKB mutant proteins were
expressed in HEK293 cells and the IKK complex was immunoprecipitated with IKKy antisera and assayed for in vitro phosphorylation. Samples were sepa-
rated by SDS-PAGE and detected by autoradiography. IKKB expression is shown by immunoblotting for IKKB (middle panel). Assays were quantitated rel-
ative to *?P incorporation of the IKKB $177E/S181E mutant, +/— sem. (bottom) (C) HEK293T cells expressing IKKB mutants were analyzed for activation
loop serine phosphorylation using Phospho-IKKa/B antisera (top). The membrane was reprobed for IKK3 (middle panel). Serine 177/181 phosphorylation
was quantitated relative to the K171T mutant, +/— sem. (bottom panel). (D) HEK293T cells expressing IKKB WT or K171E were treated with 50 pg/ml
cycloheximide (CHX) for 2, 5, 7, 12 and 24 h. Lysates were examined for IKKB serine phosphorylation and total IKKB as in (C) (top 2 panels). The mem-
brane was reprobed for B-tubulin (third panel). Serine 177/181 phosphorylation was quantitated relative to K171E at time zero, +/— sem. (bottom).
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Using site-directed mutagenesis, we constructed the mutant
K171E observed in the human cancers MM and SMZL.>>%° We
also constructed all other mutants at this position resulting from
single base changes, thus creating the mutants K171R, M, N, Q
and T, recognizing that some of these mutations might be identi-
fied in future patient cancers. Indeed, while this work was in
progress, the mutation K171R was identified in a case of Mantle
Cell Lymphoma.?” TKKB constructs were expressed in HEK293
cells: WT, K171-mutated, the positive control S177E/S181E
(constitutively activated “EE”), and the negative control S177A/
S181A (non-activatable “AA”). IKK complexes were recovered
using antisera against NEMO and assayed by in vitro kinase assay
using [**P]-ATP. The results show that all the mutations at
Lys171 exhibited increased phosphorylation of IKKp relative to
the activated “EE” mutant, with the K171E exhibiting approxi-
mately 5-fold greater activity (Fig. 1B).

The increase in phosphorylation was confirmed to be occur-
ring on the activation loop residues S177/5181 by phospho-spe-
cific immunoblotting (Fig. 1C). Whereas the activated “EE”
mutant is unrecognizable by the antiserum, each of the mutants
at Lys171 showed strong activation in the order: R > T > Q >
M > E > N. We also examined the stability of S177/5181 phos-
phorylation in the K171E mutant versus WT in a cycloheximide
(CHX) time course over 24 h, with K171E exhibiting higher ini-
tial phosphorylation and slower decay (t1/2 ~20 h for K171E,
t1/2 ~7 h for WT) (Fig. 1D). Together, the data presented in
Fig. 1 suggest that the important feature for mutational activa-
tion at Lysl71 is not the introduction of a phosphomimic
(K171E), nor retention of a basic charge (K171R), but rather the
specific loss of the Lys residue.

IKKB is conjugated to K63-linked ubiquitin polymers

To examine IKKP for potential K63-linked ubiquitination,
IKKB immune complexes were collected from cells expressing
IKKB (WT, K171-mutated, EE, AA), HA-Ub and HA-NEMO.
Immunoprecipitation and immunoblotting revealed the presence
of K63-linked ubiquitin conjugates which were significantly
increased by each of the mutations examined at Lysl171
(Fig. 2A). As the K171E mutation was initially identified in
human lymphomas,”*° we examined a time course of TNF«
stimulation from 0-24 h (Fig. 2B). The time course reveals that
although WT never exhibited a significant increase, the activated
control “EE” mutant displayed a significant K63-linked signal
visible out to 12 h, but absent in the 24 h sample. In contrast,
the mutant K171E exhibits a very robust K63-linked signal at
intermediate time points (2, 5, 8, 12 h) and, significantly, this
signal persists even at the 24 h time point. A similar pattern holds
true for the total ubiquitination signal, demonstrating the persis-
tence of the signal in the K171E mutant even at 24 h (Fig. 2B,
3rd Panel). A similar time course from 0-24 h carried out in the
presence of CHX also revealed that under these conditions the
K171E mutation leads to a significant increase in the strength
and persistence of the K63-linked signal in comparison with the
WT protein (Fig. 2C). Clearly, the K171E mutation potentiates
and stabilizes the total as well as the specific K63-linked
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ubiquitination of IKKB during prolonged stimulation of cells
with TNFa.

IKKP was previously shown to be degraded by the 26S pro-
teasome pathway via KEAP1-mediated ubiquitination.”” There-
fore, we looked into the effects of simultaneous treatment of cells
with TNFa to activate inflammatory signaling plus MG132 to
inhibit proteasomal degradation (Fig. 2D). For the WT protein,
for both K48-linked and K63-linked ubiquitination, treatment
with MG132 significantly increased ubiquitination (Lanes 5 vs
8). In contrast, the K48-linked and K63-linked ubiquitination of
the “EE” and K171E proteins was largely unaffected by TNFa
treatment alone or in the presence of MG132 (Lanes 6, 7, 9, 10).
Perhaps the most striking observation from Fig. 2D is the
strength of the K171E signal which, under all conditions, exceeds
the maximal signal from either the WT or “EE” protein. These
results show that the K171E mutant, and to a lesser extent the
activated “EE” control, exhibit constitutive K48-linked and K63-
linked ubiquitination of IKKf.

IKKB K171E constitutively activates STAT3 signaling
independently of NFxB

Interleukin-6 (IL-6) is deregulated in various carcinomas
resulting in abnormal cellular proliferation, drug-resistance, cell
cycle progression and migration.”® IL-6 signaling activates STAT
proteins which have been implicated in cellular transformation
and oncogenesis in MM, endometrial, lung, colorectal and breast
carcinomas, and other human diseases.*>** In addition, STAT3
activation has been linked to inflammation-induced tumorigene-

35-38

sis initiated by malignant cells, including persistent activa-

tion of NFkB signaling, establishing a positive tumorigenic
feedback loop.**!

We investigated the effects of IL-6 stimulation on K171E-
expressing cells (Fig. 3A). When HEK293T cells expressing WT,
K171E, “EE” and “AA” IKK proteins were stimulated with IL-
6, activation of endogenous STAT3 was observed by immuno-
blotting for phospho-Y705 (Lanes 11-15). In contrast, TNFa
treatment showed little or no observable STAT3 activation in all
samples except for K171E (Lanes 6-10). Surprisingly, IKK3
K171E expression leads to activation of STAT3 in the absence of
IL-6 (Lanes 3, 8).

We further examined the effects of TNFa stimulation over a
1 h time course, comparing cells expressing WT, K171E and
“EE” mutants (Fig. 3B). The K171E mutant induced robust
constitutive STAT3 activation that increased following TNFa
and peaked at 150% at 15 min. Although the WT and “EE”
mutant proteins exhibited TNFa-responsiveness, the magnitude
of STAT3 phosphorylation was always significantly less than for
K171E. The phosphorylation of $32/S36 of IkBa provides
another downstream effect of NFkB signaling stimulated by
TNFa. In contrast to the P-STAT3 signal, the appearance of
IkBa P-S32/S36 was rapid, peaking at 5 min and then decaying,
similar to WT, K171E or “EE” mutants (Fig. 3B, 3rd Panel,
Lanes 5-7).

When treating cells with TNFa and the proteasome inhibitor
MG132 for a period of 12 h, the K171E mutant activation of P-
STAT3 was largely TNFa-independent, although it did increase
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were reprobed for IKKB (2nd and 4th panels).

Figure 2. IKKB Ubiquitination Regulated by Lys171. (A) HEK293T cells expressing IKKB WT or Lys171 mutants, HA-Ub and HA-NEMO, were lysed and
immunoprecipitated with IKKB antisera. Samples were immunoblotted for K63-linkage specific polyubiquitin (top panel). The membrane was reprobed
for IKKB (bottom panel). (B) Cells as in Panel A were treated with 10 ng/ml of TNFa for 2, 5, 8, 12 and 24 h. Samples were immunoprecipitated and blot-
ted as decribed in (A) (top 2 panels). Duplicate samples were immunoprecipitated with HA-probe antisera and immunoblotted for IKKB (third panel).
The membrane was reprobed for K63-linkage specific polyubiquitin (bottom). (C) Cells as in Panel A were treated with 50 pwg/ml CHX for 2, 5, 7, 12 and
24 h. IKKB immunoprecipitates were blotted as in (A). (D) Cells as in Panel A were treated with +/— 10ng/ml TNFa and +/— 10 .M MG132 for 12 h.
IKKB immunoprecipitates were blotted for K63-linkage specific polyubiquitin (top panel) or K48-linkage specific polyubiquitin (third panel). Membranes

modestly in response to MG132 (Fig. 3C, Lanes 3, 6, 9). TNFa-
stimulation resulted in detectable phosphorylation of IkBa 32/
S36 for both the WT and “EE” mutant proteins, which increased
massively when combined with MG132 treatment, demonstrat-
ing that these proteins are typically subject to proteasomal degra-
dation (Fig. 3C, 3rd Panel, Lanes 8, 10). In addition, the various
mutations at Lys171 induced significant activation of STAT3
(Fig. 3D). Thus, although KI171E significantly activated P-
STATS3, the other substitutions (M, N, Q, R, T) at this position
were more robust.

The observations presented in Figure 3 demonstrate that
mutational activation of IKK at Lys171 is significantly different
than the phospho-mimic S177E/S181E “EE” mutant. Mutations
at Lys171 lead to constitutive activation of STAT3 that is
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independent of TNFa or IL-6 stimulation, and only marginally
regulated by proteasomal degradation.

LC-MS/MS analysis identifies ubiquitination sites in IKKf

Samples from HEK293T cells expressing either IKKB WT or
K171E proteins were analyzed by LC-MS/MS to identify signifi-
cant posttranslational modifications. Proteins to be analyzed
were recovered in immune complexes with antisera against IKKf
or the HA-tag of HA-Ub and HA-NEMO. Lys147, Lys418,
Lys555 and Lys703 were identified as predominant ubiquitina-
tion sites on tryptic peptides based on the additional mass of 114
Da arising from the C-terminal di-Gly residues of Ub bonded by
an isopeptide linkage to the modified Lys residue in IKKB
(Table 1). Lys301 was also identified as a minor site. A
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Figure 3. IKKB Lys171 Activation of STAT3. (A) HEK293T cells expressing IKKB derivatives were treated with 10 ng/ml TNFa or 10 ng/ml IL-6 for 10 min.
Lysates were immunoblotted for Phospho-STAT3 (Tyr705) (top), STAT3 (middle panel) and IKKB (bottom). (B) HEK293T cells expressing IKKB mutants
were treated with 10 ng/ml of TNFa for 5, 15, 45 and 60 min. Lysates were immunoblotted for Phospho-STAT3 (Tyr705) (top), STAT3 (2nd panel), Phos-
pho-IkBa (Ser32/36) (3rd panel), IkBa (4th panel), and IKKB (bottom). Phosphorylation of STAT3 was quantitated relative to the K171E mutant at time
zero, +/— sem. (bottom panel). (C) HEK293T cells expressing IKKB WT, K171E and S177E/S181E were treated with +/— 10 ng/ml TNFa and +/— 10 pM
MG132 for 12 h. Lysates were immunoblotted as in (B). (D) Lysates from HEK293T cells expressing IKKB derivatives were immunoblotted as in (A). STAT3
phosphorylation was quantitated relative to the Lys171Thr mutant, +/— sem. (bottom).

representative spectrum is presented identifying each of the
diGly-tagged residues Lys147, Lys418, Lys555 and Lys703
(Fig. 4A). The frequency which different sites are detected with,
termed spectral counting, is a widely accepted method of label-
free quantification.””*>*> While spectral counts of different pep-
tides are not strictly comparable, large differences correlate with
relative abundance for the same peptide despite limitations aris-
ing from differing ionization efficiencies comparing different
peptides. For each of the predominant sites of ubiquitination,
Lys147, Lys418, Lys555 and Lys703, spectral counts in Table 1
suggest that ubiquitination at each of these sites was increased
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modestly in cells expressing K171E vs. WT IKKf, except for
Lys147 which exhibited a ~5-fold increase in K171E samples.
To assess the importance of individual IKK ubiquitination
sites, each was mutated to Arg, either alone or in combination
with the activating mutation K171E. When assayed for K63-
linked ubiquitination, each single mutant resembled the WT
protein except for K147R, which exhibited little or no detectable
K63-linked ubiquitin (Fig. 4B, Lane 3). When combined with
the activating K171E mutation, all but one double mutant pro-
tein exhibited K63-linked ubiquitination similar to the K171E
mutant alone (Lanes 8, 10-13). The notable exception was the
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Table 1. Ubiquitination IKKB peptides identified by LC-MS/MS. In addition to the peptide sequences identified, also shown here are TPP adjusted minimum
probabilities, charge states, Xcorr values, initial and combined spectral count of each identified ubiquitinated peptides

Precursor Adjusted Partial Spectral Total Spectral
Residue IKKB Prep# lon Charge Peptide Sequence Probability Instances  Xcorr Count Count
K147 WT #6628 3 DLK[242]PENIVLQQGEQR 0.9998 2 3.55-3.71 2 13
K171E #6629 2 DLK[242]PENIVLQQGEQR 0.9998 5 3.28-4.50 11
#6629 3 DLK[242]PENIVLQQGEQR 0.9998 4 2.29-4.54
#6645 3 DLK[242]PENIVLQQGEQR 0.9984 1 292
#6629 2 LK[242]PENIVLQQGEQR 0.8414 1 2.84
K301 K171E #6629 3 GTDPTYGPNGCFK[242]ALDDILNLK 0.2656 2 3.30-3.75 2 2
K418 WT #6628 3 PQPESVSCILQEPK[242]R 0.237 3 3.37-4.15 15 32
#6644 3 PQPESVSCILQEPK[242]R 0.2112 12 3.34-3.88
K171E #6629 2 PQPESVSCILQEPK[242]R 03313 4 3.75-4.33 17
#6629 3 PQPESVSCILQEPK[242]R 0.3117 7 3.50-4.53
#6645 3 PQPESVSCILQEPK[242]R 0.304 6 3.28-4.38
K555 WT #6628 3 K[242]QGGTLDDLEEQAR 0.9998 7 3.53-4.46 9 22
#6644 3 K[242]QGGTLDDLEEQAR 0.9997 2 2.83-3.94
K171E #6629 2 K[242]QGGTLDDLEEQAR 0.9998 7 3.63-4.64 13
#6629 3 K[242]QGGTLDDLEEQAR 0.9998 5 3.63-4.49
#6645 3 K[242]QGGTLDDLEEQAR 0.9835 1 3.58
K703 WT #6628 3 LSQPGQLMSQPSTASNSLPEPAK[242]K 0.9815 4 2.68-3.42 4 10
K171E #6629 3 LSQPGQLMSQPSTASNSLPEPAK[242]K 0.9613 6 2.84-3.63 6

double mutant K171E/K147R (Lane 9), which exhibited little or
no detectable K63-linked ubiquitination. These results are con-
sistent with a preliminary identification of Lys147 as the princi-
pal site of K63-linked ubiquitination in IKKf.

Next, we examined phosphorylation of the single and double
mutants of IKK@ (Fig. 4C). Each of the single mutations resulted
in significantly increased phosphorylation (Lanes 4-7), with the
exception of K147R (Lane 3). The single ubiquitination site
mutations in combination with K171E did not result in any fur-
ther increase in phosphorylation (Lanes 10-13). The unique
exception was again provided by the double mutant K171E/
K147R which exhibited only slight phosphorylation, as best seen
in the long exposure (2nd Panel, Lane 9). Thus, each Lys identi-
fied in our MS/MS analysis contributes to the regulatory func-
tion of IKKP, including those distant from the kinase domain.

K63-linked ubiquitination is required for STAT3 activation

The identification of residues Lys147, Lys418, Lys555 and
Lys703 as predominant ubiquitination sites does not reveal
whether each site is K48-linked versus K63-linked nor its role in
STAT3 activation. Because K63-linked ubiquitination is prefer-
entially involved in cellular signaling rather than proteasomal
degradation, we hypothesized that STAT3 activation by IKK(
K171E may be dependent upon its increased K63-linked ubiqui-
tination. Therefore, we used the small molecule inhibitor
NSC697923 to inhibit the E2 ubiquitin-conjugating enzyme
UBC13-UEV1A complex, selectively inhibiting K63-linked
ubiquitination.**

HEK293T cells expressing WT or K171E were treated with
the inhibitor NSC697923 and examined for IKKB S177/S181
phosphorylation. Although some increased phosphorylation was
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observed for WT IKKR, the activation of IKKB kinase in the
K171E mutant protein was largely independent of K63-linked
ubiquitination (Fig. 5A). We also examined the effect of the
K63-linked inhibitor NSC697923 on STAT3 activation in
IKKB WT- and K171E-expressing cells (Fig. 5B). The activation
of STAT3 by the IKKB mutant K171E (Lane 5) was blocked by
treatment with NSC697923 (Lanes 6, 7).

Following IL-6 treatment, both mock and K171E-expressing
cells exhibited STAT3 activation (Fig. 5C, Lanes 5, 6). When
cells were pretreated with the inhibitor NSC697923, the P-
STAT3 signal was largely ablated (Lanes 7, 8). These results
show that STAT3 activation, whether in response to IL-6 stimu-
lation or IKKB KI171E expression, is dependent upon K63-
linked ubiquitination. Lastly, among the IKKf ubiquitination
sites identified, the activation of STAT3 was dependent upon
Lys147 as shown by the ability of K147R to block the K171E-
induced STAT3 phosphorylation (Fig. 5D, Lane 9).

Taken together, the results presented in Figure 5 demonstrate
that STAT3 activation in response to the IKKB K171E mutation
is dependent on the presence of the ubiquitination site Lys147,
and that ubiquitination at this site is K63-linked as shown by its
sensitivity to the selective inhibitor NSC697923.

Discussion

This is the first report to show that IKK@ is modified by the
addition of K63-linked ubiquitination. We demonstrate that the
mutation K171E leads to constitutive activation of the intrinsic
kinase activity of IKKf, suggesting a role of the normal Lys171
side chain in stabilizing an inactive kinase in addition to its
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Figure 4. |dentification and Biological Function of IKKB ubiquitination Sites. (A) Representative spectrum of peptides showing the relative intensity of
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expressing IKKB Lys to Arg mutants were immunoprecipitated and immunoblotted as in Figure 2A. (C) Lysates from HEK293T cells expressing IKKB Lys

Other
mutations at this position also result in constitutive activation of
IKK, demonstrated by 77 vitro kinase assay and phosphoryla-
tion of the activation loop residues S177/S181. Such mutations
also result in significant activation of STAT3 signaling, which is
independent of TNFa or IL-6 stimulation.

Other members of the NFkB pathway also undergo K63-
linked regulatory ubiquitination. The K63-linked ubiquitination
of NEMO has been reported as critical for the activation of T-
cell receptor signaling; specifically, overexpression of Bcll0
recruits MALT-1 which induces K63-linked ubiquitination of
Lys399 in NEMO that activates NFkB in lymphocytes.® In

. . . 0
documented importance in the activated structure.’
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addition, misregulation of K63-ubiquitination at Lys285 in
NEMO occurs in Crohn’s Disease via Nod2.%® In breast cancer
cells, IKKe was shown to undergo K63-linked ubiquitination at
Lys30 and Lys401. K63-linked ubiquitination is essential for the
oncogenic activity of IKKe that contributes to the hyperactiva-
tion of NFkB.*

Previous reports, examining IKK ubiquitination, showed by
site-directed mutagenesis and immunoblotting that IKKP is
mono-ubiquitinated at Lys163 in Tax-transfected HEK293T
cells.*® The mono-ubiquitination of IKK was attributed to the
E3 ligase RING-finger Ro52, which then leads to autophagy-
mediated degradation of the and

protein subsequent

Volume 13 Issue 24



downregulation of NFkB signaling.’ Y49 Furthermore, the
K171R mutation was shown to cause constitutive phosphoryla-
tion of IKKB during a screen of kinase domain Lys residues.*®
Another report illustrated that IKKB is polyubiquitinated at
Lys555 by the E3 ligase KEAP1 in TNFa-stimulated HEK293T

-
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cells, resulting in a downregulation of NFkB signaling due to
26S-proteasomal degradation of the protein.”

Using LC-MS/MS, we identified 4 predominant ubiquitina-
tion sites in IKK, Lys147, Lys418, Lys555 and Lys703. Spectral
counts suggest the extent of ubiquitination at each of these sites
was increased modestly in cells expressing K171E vs. WT IKK.
Lys147 was the only major site to show a significant increase in
K171E samples, exhibiting a 5-fold increase. This is significant
because Lys147 was also the only ubiquitination site required for
STAT3 activation and the primary site of K63-linked ubiquitina-
tion. Ubiquitination at a different Lys residue, Lys163, suggested
by site-directed mutagenesis and immunoblotting in an earlier
study, was not observed in our work, possibly reflecting the inclu-
sion of Tax expression in this prior work.*® Although the ubiqui-
tination sites identified here were all initially identified in a study
of the human cellular ubiquitinome,51 we have determined here
that each site contributes to the regulation of IKK@ kinase
function.

Lys147 in IKKP lies within the highly conserved sequence
DLKPEN between the betaG and beta7 regions of the kinase.”® A
comparison of other species shows this region to be highly con-
served among IKKf orthologs (Table 2A). Even more surprising
is the very strict conservation of this region, including the Lys
corresponding to Lys147 of IKKf, in a very large number of
human kinase paralogs (Table 2B). This raises the possibility
that many kinases exhibiting a Lys at the corresponding position
may undergo K63-linked ubiquitination as a regulatory modifi-
cation. This has already been demonstrated for the corresponding
Lys158 of TAK]I, required for the subsequent phosphorylation of
MKKG which activates the JNK-p38 kinase pathway.”® Lys158
residue in TAK1 has also been suggested as a site of K63-linked
ubiquitination involved in the activation of TAK1 in Helicobacter
pilori infections,” and in genotoxic stress-induced NFkB activa-
tion.”* Notably, the kinase activity of TAK1 is abrogated when
Lys158 is mutated to Arg, as is the case for the K147R mutation
in IKKP. Another clinically important example is provided by
the K63-linked ubiquitination at the corresponding Lys578 resi-
due of BRAF, required for BRAF-mediated signaling.”> The
unequivocal mass spectrometry evidence presented here that
Lys147 of IKKB undergoes ubiquitination, together with the
biochemical evidence that this is the major site of K63-linked
ubiquitination in IKK, will likely be relevant to TAK1 and
other related protein kinases.

Figure 5. Inhibition of K63-linked ubiquitination Blocks IKKB Lys171 Sig-
naling. (A) Lysates from HEK293T cells expressing IKKB WT and K171E
were treated with 2 wM and 5 pM NSC697923 for 2 h and immunoblot-
ted for Phospho-IKKa/B (top), IKKB (middle panel) and B-tubulin (bot-
tom). (B) Duplicate samples from (A) were immunoblotted for Phospho-
STAT3 (Tyr705) (top) and STAT3 (bottom). (C) Lysates from HEK293T cells
expressing IKKB K171E treated with +/— 5 uM NSC697923 for 2 h and
+/— 10 ng/ml IL-6 for 10 min were immunoblotted as in (B). (D) Lysates
from HEK293T cells expressing IKKB Lys to Arg mutants were immuno-
blotted as in (B).
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Table 2. Conservation of IKKB Lys171 in orthologous and paralogous proteins. Amino acids shown are the residue corresponding to Lys171 (bold), identical
(black), and non-identical residues (gray).

Identity
with
Common IKKp
Species Name Kinase Sequence aligning with AA #139-192 of IKKp Residues Identifier
Homo sapiens Human 100% NRIIHRDLEKPENIVLOQGED-RLIHKI IDLGYAK - ELDQGSLOTSFVGTLOYLAPE 139-192 014920
Pan troglodytes Chimp 98% NRIIHRDLKPENIVLQQGED-RLIHKIIDLGYAK- ELDQGSLOTSFVGTLOYLAPE 139-192 XP_001142461.2
Felis catus Cat 98% NRIIHRDLKPENIVLOQGEQ-RLIHKIIDLGYAK-ELDQGSLOTSFVGTLOYLAPE 139-192 ENSFCAPOOD00D012705
Loxodonta africana e:::;::t 96% NRIIHRDLEPENIVLOQGEQ-RLIHKIIDLGYAK-ELDRESLCTSFVETLOYLAPE 139-192 ENSLAFGO0000004558
Canis lupus Dog 95% NRIIHRDLKPENIVLQQGEQ-RLIHKIIDLGYAK-ELDQGSLCTSFVGTLOYLAPE 139-192 XP_539954.2
Anas platyrhynchos Duck 94% NRIIHRDLKPENIVLQQGEQ-RLIHKIIDLGYAK - ELDRGSLCTSFVGTLQYLAPE 73-126 ENSAPLGO0O000006379
Mus musculus Mouse 93% NRITHRDLEPENIVLQQGE! - RLIHKI IDLGYAK-ELDQGSLCTSFVGTLQYLAPE 139-192 NP_001153246.1
Ficedula albicollis Flycatcher 93% NRIIHRDLKPENIVLQQGEQ-RLIHKIIDLGYAK- ELDRGSLCTSFVGTLOYLAPE 75-128 ENSFALPOODOD00GETS
Columba livia Daove 91% NRITIHRDLKPENIVLOQGEQ-RLIHKIIDLGYAK-ELDRGSLCTSFVGTLOYLAPE 125-178 XP_005510959.1
Tursiops truncatus Dolphin 90% NRITHRDLEPENIVLQQGEQ-RLIHKIIDLGYAK-ELDQGSLCTSFVGTLOYLAPE 139-192 ENSTTRPOO000002143
Monodelphis domestica Opossum 89% NRIIHRDLKPENIVLOQGE! - RLIHKIIDLGYAK-ELDRGSLCTSFVGTLOYLAPE 139-192 ENSMODP000D0012792
g;:ggﬂ;hy”d’”s Platypus 89% NRITHRDLKPENIVLQQGCQ-RLIHKI IDLGYAK- ELDQSSLCTSFVGTLOYLAPE 139-192 FGZESS
Sarcophilus harrisii Tasg;i'i’lia" 88% NRITHRDLKPENIVLOQGEK - RLIHKI IDLGYAK- ELDQGSLCTSFVGTLOYLAPE 139-192  ENSSHAPOOD00D20986
Astyanax mexicanus Cave fish 80% RITHRDLKPENIVLQQGEN - RLTHKI IDLGYAK-ELDQ:SLCTSFVGTLOYLAPE 44-97 ENSAMXG00000013072
Xenopus tropicalis d:t::gi:;g 73% NRIIHRDLKPENIVLQFGEQ-RLIHKIIDLGYAK-ELDOGSLCTSFVGTLOYLAPE 150-203 F7AZB9_XENTR
Danio rerio Zebrafish 62% RIIHRDLKFENIVLQQGE! -RLVHKIIDLGYAK-ELDQ-SLOTSFVGTLQYLAPE 139-192 NP_001116737.1
Tetraodon nigroviridis Pufferfish 61% RIIHRDLKPENIVLOOGEY - RLIHKI IDLGYAK- L LDHESLOVSFVGTLQYLAPE 142-195 ENSTNIPOO000019003
i:;?g;gaﬂer Fruit fly 34% ICHRDLKPONIVIQHG KIYKLTDFGLA DQ- TMVISUVGTAHY YAPE 178-232 Q9VEZS
Table 2B: IKKp Paralogs
Name Alternate Name E-Value Sequence aligning with AA #139-192 of IKKp Residues Identifier
IKBKB IKK2 0 NRIIHRDLKPENIVLOQGEQR------ LIHKIIDLGYAKELDOGSLCTSFVGTLOYLAPE 139-192 014920
CHUK IKBKA; IKK1 3.0E-129 NEITHRDLEPENIVLQDVGGK------ IHKIIDLGYAKDVDQGSLCTSFVGTLQYLAPE 138-191 015111
ULK2 UNC51.2 3.0E-35 ;I THRDLKPONILL KIADFGFARYL 'GEPMYMAPE 125-184 Q8IYTS
IKBKE IKKE; KIAAD151 3.0E-34 NGIVHRDIKPGNIMELVGEEG----- IYKLTDFGARRELDI SVYGTEEYLHP! 129-183 Q14164
ULK1 UNC51.1 3.0E-32 ITHRDLKPONILLE! KIADFGEAR YL GEPMYMAPE 132-191 075385
PNCK CAMK1B; KCC1B 6.0E-32 IVHRDLEPENLLYATEFED- ===~ DFGLEK G GTPCYVAPE 130-182 Q6P2M8
TBK1 NAK; T2K 9.0E-31 NGIVHRDIKPCNT GEDG----- KLTDFGAAREL SLYGTEEYLHP! 129-183 Q9UHD2
CAMK1D KCC1D 2.0E-30 IVHRDLEPENLLY Y S0DEE- ==~ ISDFGLEK c] GTPCYVAPE 138-191 Q8Iuss
CAMK1LA KCC1A 3.0E-29 IVHRDLEPENLLYYSLOED----~-- ISDFGLSKMEDEGS GTPCYVAPE 135-188 Q14012
ULK3 UNC51.3 3.0E-28 ISHLDLEPONILLSSLEKP----~- KLADFGEA YMAPE 131-183 Q6PHR2
MARK3 STK10; CTAK1 2.0E-27 RIVHRDLKAENLLL- - -DAD--~~--- 1 KIADFEFSNEFTVEE! FUGSPPYARPE 172-222 P27448
CHEK2 CHK2; RADS3 3.0E-27 NGIIHRDLKPENVLLSSOEED------ LIKITDFGHSKILGETSL GTPTYLAPE 341-394 096017
MARK1 PAR1; KIAA1477 3.0E-27 IVHRDLEAENTLL-DGDMN I = = = = - KIADFGFSNEFTVGNE FOGSPPYAAPE 176-226 QorPOL2
DAPK2 DRP1 3.0E-27 I HDLEPENIVL -----HIKLIDFGLAHEIEDG aT APE 143-197 QYUIK4
STK36 FUSED; KIAA1278 4.,0E-27 RILHRDMKPONILLAKGGGT ===~~~ TSTXGTPLYMSPE 119-270 QINRP7
DAPK3 DLK; ZIPK 1.0E-26 RIAHFDLKPENIMLLI |P- -~ -RIKLIDFGIAHKIEAG FGTI APE 133-187 043293
MARK4 PAR1D; KIAA1860 3.0E-26 ITVHRDLKAENT LL- DAEANT - =~~~ KIADFGFENEFTLGS! YAAPE 175-225 Q96L34
NIM1 NIM1K 3.0E-26 NOITHRDLEAEN KVGDFG “YARPE 190-240 Q8IY84
PRKACG KAPCG 5.0E-26 IHRDLEPENLLI---DQQ----~- DFGFAK T GTPEYLAPE 161-209 P22612
CAMK1G CKLIK3; KCC1G 6.0E-26 NGIVHRDLEFPEN EEN---=--- ITDFGLSK Q GTPCYVAPE 137-189 Q96NX5
RPS6KAZ KS6A2; RSK3 7.0E-26 ITVRDLEPENILLDE-EGHTI----- SFCGTIEYMAPE 178-229 Q15349
NUAK2 SNARK; OMPHK2 7.0E-26 NRVVHRDLEKLENILLDANGNI------ KIADFG QG TFCGSFLYASPE 169-219 Q9HO093

As previously mentioned, the K171E mutation was inidally
identified via genetic sequencing of MM and SMZL.>>?¢ As this
work was in progress, the K171R mutation was identified in
MCL? and shown in the data above to be even more strongly
activating than K171E. A survey of mutations in IKK that
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occur in human cancer is presented in Table 3, some of which
may be without effect whereas others, such as the Lys171 muta-
tions we have characterized, have significant biochemical ramifi-
cations. Previously, in a receptor tyrosine kinase of importance
both in development and in human cancer, we demonstrated
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Table 3. Genetic changes identified in IKKB in human cancer

Mutation Cancer Effect Reported Biological Effect Ref
E81Q Breast Cancer Disease causing (—) 61
K171E Multiple Myeloma Activating IKKB activation; STAT3 activation; Lys63-Ub 2
K171E Spleen Marginal Zone Lymphoma Damaging 26
K171R Mantle Cell Lymphoma (=) Z
A360S Breast Cancer Disease causing (=) 61-64
Amplification Ovarian Cancer (-) (=) o5
R144Q Colorectal Cancer Benign (=) 66
R446W Probably damaging

1598S Probably damaging

E707* (=)

G667C Lung Adenocarcinoma (=) (=) 7
D484y Esophageal Adenocarcinoma (=) (=) o8
R53W Spinal Cord Ependynoma (=) (=) 69
R47R Transitional Cell Carcinoma (Bladder Cancer) (=) (=) 70
Q175*

1314M

L679_fs Clear-Cell Renal Carcinoma (-) (=) &
R288S Chondrosarcoma (=) (=) 72
A212T Colorectal Cancer (-) (=) 73
A357S

S474Y

M454]

K603R Small-Cell Lung Carcinoma (-) (=) &
N667D Gastric Cancer Benign (=) 75

profound FGFR3 kinase activation due to the K650E mutation
as responsible for the lethal developmental disorder Thanato-
phoric Dysplasia type 11 (TDID).>® A comparison of other amino
acid substitutions at Lys650 of FGFR3 also identified K650M as
strongly activating, which was identified several years later in
individuals with the rare developmental syndrome Severe Achon-
droplasia with Delayed Development and Acanthosis Nigricans
(SADDAN).”” In the case of IKKB, as genetic sequencing of
additional cancers becomes widely available, our results predict
that other substitutions at this position which are accessible by
single nucleotide changes in addition to K and R will be
observed, such as M, N, Q and T.

Future work is necessary to identify the interacting
proteins that associate with a Ko63-ubiquitination scaffold
assembled by IKK, which we show is responsible for IL-6-
dependent STAT3 activation and for the unusual STAT3 sig-
naling demonstrated by the K171E mutation. The activation
of additional signaling pathways such as STAT3 may be
expected to confer significant proliferative or antiapoptotic
properties to human cancer cells expressing IKKP mutant
proteins. In addition, the identification of K63-linked
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ubiquitination potentially provides a novel selective chemo-
therapeutic target.

Methods

Cell culture

HEK293 and HEK293T cells were grown in DMEM with
10% FBS and 1% Pen/Strep and maintained in 10% CO, at
37°C. Cells were transfected with plasmid DNA using calcium
phosphate precipitation at 3% CO»,, as previously described.*”

Plasmid constructs

IKKB wild-type (WT) has been described previously,”® which
was not epitope-tagged. Mutations in IKKB were created by
Quikchange site-directed mutagenesis and confirmed by DNA
sequencing. The haemagglutinin (HA)-tagged ubiquitin (HA-
Ubs) expression plasmid was a gift from Dr. Tony Hunter and
Dr. Andrea Carrano (Salk Institute, La Jolla CA).>> The expres-
sion plasmid containing murine NEMO (HA-NEMO) was a gift
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from Dr. Mark Hannink (University of Missouri, Columbia
MO).

Antibodies, immunoprecipitation and immunoblot

Antibodies were obtained from the following sources: IKKy
(FL-419), IKKB (H-4), IKKB (G-8), B-tubulin (H-235), HA-
probe (E-7), STAT3 (C-20), IkBa (C-21) from Santa Cruz Bio-
technology; Phospho-IKKa/ (Ser176/180) (16A6), K63-link-
age Specific Polyubiquitin (D7A11), K48-linkage Specific
Polyubiquitin (D9D5), Phospho-STAT3 (Tyr705) (D3A7),
Phospho-IkBa (Ser32/36) (5A5) from Cell Signaling Technol-
ogy; horseradish peroxidase (HRP) anti-mouse, HPR anti-rabbit
from GE Healthcare. Enhanced chemiluminence (ECL) reagents
were from GE Healthcare. TNFa and MG132 were obtained
from Bio-techne; recombinant human Interleukin-6 (IL-6)
from Life Technologies; and NSC697923 from Santa Cruz
Biotechnology.

HEK293 and HEK293T cells were transfected, starved and
collected in RIPA Buffer.”” Immunoprecipitation and immuno-
blotting experiments were performed as described.””*° 5 mM
N-Ethylmaleimide (NEM) was added to RIPA buffer when
lysates were examined for ubiquitination by immunoblotting.

Mass spectrometry analysis

HEK293T cells were plated one day prior to transfection at
3.0 x 10° cells per 15 cm tissue culture plate. 10 plates per sam-
ple were transfected with IKKB WT or IKKB K171E, HA-Ub;
and HA-NEMO. Cells were treated with 10 pM MG132 for
approximately 5 h prior to lysis. Lysates were collected and
immunoprecipitated as described.”” Analysis of tryptic peptides
by the Sanford-Burnham Medical Research Institute Proteomics
Facility was carried out by high-resolution, high-accuracy 1D
LC-MS/MS, consisting of a Michrom HPLC, a 15-cm Michrom
Magic C18 column, a low-flow ADVANCED Michrom MS
source, and LTQ-Orbitrap XL and Velos Pro with ETD
(Thermo Fisher Scientific). MS/MS spectra were submitted to
Sorcerer Enterprise v.3.5 release (Sage-N Research Inc..) with
SEQUEST algorithm as the search program for peptide/protein
identification. Search results were further analyzed using Peptide/
Protein prophet v.4.5.2 (ISB). Spectra annotated with fragment
ions were captured using the Javascript MS/MS spectrum viewer
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Lorikeet, and annotated using Adobe Illustrator to show selected
b and y ions.

Presented in Table 1, Samples #6628 and #6629, from IKKf
WT and K171E expressing cells, respectively, were collected as
IKKB immune complexes. Samples #6644 and #6645, from
IKKB WT and K171E expressing cells, respectively, were col-
lected as HA (hemagglutinin) immune complexes. Tryptic pep-
tide coverage of IKKB in the 4 samples was: #6628, 69%;
#6629, 70%; #6644, 56%; #6645, 55%. Total IKKB spectra
analyzed in the 4 samples was: #6628, 2473 spectra; #6629,
2249 spectra; #6644, 2521 spectra; #6645, 1990 spectra.

In vitro kinase assays

HEK293 cells were transfected and starved overnight prior to
lysing in Cytoplasmic Extract Buffer as described.* Lysates were
immunoprecipitated with IKKy anitsera, collected on Protein A-
Sepharose, washed with Cytoplasmic Extract Buffer and Wash
Buffer and subjected to in witro phosphorylation kinase assay.
Kinase reactions containing 10 pCi of [y->*P]- with 20 uM
ATP were incubated at 30°C for 30 min, and separated by
12.5% SDS-PAGE. Gels were stained, destained, dried and
exposed to film.
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