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Abstract
The covalent attachment of lysine 63-linked polyubiquitin to the zinc finger domain of IKBKG/
NEMO (also known as IKKγ) is necessary for full activation of NF-κB. Impairments of this
biochemical mechanism explain the deleterious effects of hypomorphic NEMO mutations on NF-
κB signaling function in humans suffering from X-linked ectodermal dysplasia and
immunodeficiency. Nevertheless, the biological function of the NEMO zinc finger domain in the
regulation of mitogen-activated protein kinase (MAPK) activity is poorly understood. Here we
show that dendritic cells from patients with EDI caused by a C-terminal E391X deletion of the
zinc finger of NEMO exhibit impaired MAPK activation in response to lipopolysaccharide (LPS)
stimulation. Interestingly, DCs from patients with a C417R missense mutation within the zinc
finger domain of NEMO in which ubiquitination of NEMO is preserved are also defective in JNK
and ERK activity following LPS stimulation. Our findings indicate that the structural integrity of
the NEMO ZF domain is more important than its polyubiquitination for full activation of the
MAPK. Furthermore, phosphorylation and polyubiquitination of upstream TAK1 were
significantly reduced in the E391X zinc finger deleted patients, indicating that the NEMO zinc
finger may play an important role in assembling the proximal signaling complex for MAPK
activation.
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Introduction
Hypohidrotic ectodermal dysplasia combining immune deficiency (EDI or HED-ID) is a X-
linked disorder characterized by abnormalities in hair, teeth, and skin, as well as impaired
immune responses and increased susceptibility to microbial pathogen infection [Orange, et
al., 2004]. EDI is caused by hypomorphic mutations of IKBKG/NEMO (MIM# 300248, also
called IKKγ), a crucial regulatory subunit of the IκB kinase (IKK) complex [Doffinger, et
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al., 2001; Jain, et al., 2001; Zonana, et al., 2000]. Approximately 50% of patients with the
EDI phenotype have missense or deletion mutations in the C-terminal zinc finger (ZF)
domain of NEMO [Hanson, et al., 2008]. The ZF domain is believed to interact with specific
factors and recruit IKK to the upstream signaling complex, thus regulating IKK activity
[Brummelkamp, et al., 2003; Saito, et al., 2004]. Mutations and/or deletions in the ZF motif
block NF-κB activation downstream of pathways activated by genotoxic stress [Huang, et
al., 2002], CD40 [Jain, et al., 2001; Jain, et al., 2004], T-cell receptor (TCR) [Zhou, et al.,
2004], and TNFα [Makris, et al., 2002], suggesting that an intact ZF is required for full NF-
κB induction.

Mitogen activated protein kinase (MAPK) plays an essential role in inducing expression of
genes that regulate innate and adaptive immunity. The host defense against microbial
pathogens is mediated by Toll-like receptor (TLR), and signaling through TLR induces both
the NF-κB and MAPK intracellular signaling pathways. Upon stimulation, MAPKs such as
c-Jun N-terminal kinase (JNK), p38, and extracellular signal-regulated kinase (ERK) are
rapidly phosphorylated by activated upstream mitogen activated protein kinase kinase
(MAP2K) and mitogen activated protein kinase kinase kinase (MAP3K). Activation of these
MAPK cascades ultimately leads to activation of transcription factor AP-1. Overexpression
of NEMO has been shown to activate the AP-1 pathway [Shifera, et al., 2008] and NEMO-
deficient mouse embryonic fibroblasts and B-cell lines exhibit reduced phospho-JNK and
phospho-P38 activities following stimulation by IL-1 and a TLR9 antagonist, CpG
[Yamamoto, et al., 2006]. However, the role of NEMO and its specific domains in the
regulation of MAPK in human primary cells and in related diseases is not established.

Protein modification by ubiquitination has emerged as an important proximal regulatory
mechanism for immune signaling. Macrophages from mice deficient in Ubc13, a K63-linked
E2 ubiquitin conjugation enzyme, exhibit impaired MAPK activation following stimulation
with various TLR agonists, indicating that K63-linked ubiquitination is important for MAPK
activation [Wang, et al., 2001; Yamamoto, et al., 2006]. In addition, activation of TGF®-
activated kinase 1 (TAK1), which is crucial for MAPK activation [Sato, et al., 2005; Wang,
et al., 2001], is initiated by polyubiquitination followed by auto-phosphorylation and is
dependent on the binding of ubiquitin acceptors to ubiquitinated TRAF6 [Kishimoto, et al.,
2000; Reiley, et al., 2007; Wang, et al., 2001]. Several studies showed that the lysine 399
residue [Zhou, et al., 2004] in the ZF domain of NEMO is the site of K63-linked
polyubiquitination in various pathways of NF-κB induction such as those induced by TCR
[Zhou, et al., 2004], TLR [Ni, et al., 2008], TNFα [Tang, et al., 2003], and CD40
[Temmerman, et al., 2006]. Previous studies also suggest that NEMO polyubiquitination
may play a role in TLR-induced MAPK activation in a murine pre-B cell line [Yamamoto,
et al., 2006]. Overexpression of the human equivalent of K399, the ubiquitination-defective
K392R (p.Lys392Arg) NEMO mutant, in a murine pre-B-cell line decreased JNK activity
following stimulation with TLR9 agonist [Yamamoto, et al., 2006]. However, a later study
of knock-in NEMO K392R mice showed no effect on MAPK activation in LPS stimulated
bone marrow derived macrophages [Ni, et al., 2008].

We examined MAPK activities in cells of patients with two different EDI mutations, E391X
(p.Glu391X) and C417R (p.Cys417Arg), that affect the NEMO ZF domain (Fig 1). The
E391X mutation results in a C-terminal truncation and deletion of the entire ZF domain,
whereas the C417R mutation is a missense mutation within the ZF domain. We showed that
although PMA/Ionomycin-induced polyubiquitination of NEMO was defective in E391X T-
cells, MAPK activation was largely unaffected. In contrast, both TLR4-induced MAPK
activation and NEMO polyubiquitination were impaired in E391X dendritic cells (DCs).
Interestingly, DCs of the C417R patient, in which the K399 residue in the ZF and
polyubiquitination are preserved, also demonstrated a reduction in MAPK activity. Our
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results indicate that NEMO polyubiquitination is not sufficient; instead, the structural
integrity of NEMO ZF domain is essential for full activation of the MAPK in LPS-treated
dendritic cells. Furthermore, polyubiquitination and phosphorylation of TAK1 were
defective in LPS-activated E391X DCs. Our findings indicate that an intact NEMO ZF
domain is required for modification of upstream TAK1 by ubiquitin ligases and its
subsequent activation to induce MAPK.

Materials and Methods
Patients, mutations, and protocols

Patients were studied at the Clinical Center, NIAID, NIH (protocol 89-1-0158). The
diagnosis of EDI was established by medical and family history, and confirmed by
sequencing the IKBKG/NEMO gene as described previously [Jain, et al., 2001]. Unaffected
family members or unrelated immunologically healthy volunteers served as controls. The
Institutional Review Board of NIAID approved the open protocol and informed consent was
obtained from all patients or their parents before enrollment in the study. A nonsense
mutation at codon 391 glutamic acid (p.Glu391X, E391X) in two siblings [Cheng, et al.,
2009] and a cysteine to arginine (p.Cys417Arg, C417R) mutation in a separate patient have
been previously reported (GenBank reference sequence NP_003630.1) [Jain, et al., 2001;
Jain, et al., 2004; Orange, et al., 2004]. The E391X mutation produces a truncated NEMO
protein with complete deletion of the ZF including the K399 polyubiquitination site, while
the C417R mutation partially disrupts the CCHC type ZF structure [Cordier, et al., 2008] by
replacing the last key cysteine with arginine, but retains K399 (Fig 1). All three patients
presented with life-threatening infections from infancy, hypohidrosis, and abnormal
dentition. The symptoms of the E391X patients are much more severe than those of the
C417R patient, requiring frequent hospitalization for bacterial infections, in particular
Streptococcus pneumoniae infection.

Cell preparation and stimulation
IL-12 and TNFα production in peripheral blood mononuclear cell (PBMCs) from patients or
healthy donors was measured as described previously [Jain, et al., 2001]. TNFα and
IL-12p70 levels were measured by ELISA (R&D) from PBMCs treated with
lipopolysaccharide (LPS) (1 μg/ml, Sigma-Aldrich) and 50 ng/ml IFN-γ (Peprotech) for 36
hours. Immature DCs were generated by stimulating elutriated or CD14 positive monocytes
separated from PBMCs with IL-4 (R&D Systems, Minneapolis, MN) and granulocyte-
macrophage colony-stimulating factor (GM-CSF, Berlex Laboratories) for 8 days
[Temmerman, et al., 2006]. DCs (2 × 106/ml) derived from patients or healthy donors were
stimulated with 2 μg/ml LPS (Sigma, St Louis, MO) for the indicated time. T-cells were
blasted by plating PBMCs on anti-CD3 (OKT3) coated plates with anti-CD28 (2 μg/ml, BD
Pharmingen) overnight, and transferred to IL-2 containing medium (100 U/ml) for 5 days.
Dead cells were removed using the Dead Cell Removal Kit (Miltenyi Biotech). Cells were
rested in serum-free medium supplemented with Nutridoma-SP (Roche Diagnostics)
overnight prior to stimulation with PMA (20 ng/ml) and ionomycin (1 μM).

Electrophoresis mobility shift assay (EMSA), immunoprecipitation, and western blotting
EMSA was performed as previously described [Jain, et al., 2004]. To study protein
ubiquitination, DCs were lysed in IP buffer containing 50 mM Tris-Cl (pH 7.5), 150 mM
NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 10 mM N-ethylaleimide (Sigma-Aldrich), 1
mM DTT, 10% glycerol, and protease inhibitor cocktail with EDTA (Roche Diagnostics).
After addition of SDS to 1%, lysates were denatured by boiling, diluted 10-fold in IP buffer,
immunoprecipitated by rabbit specific antibodies (Santa Cruz Biotech) and analyzed by
western blotting as previously described [Temmerman, et al., 2006]. Polyubiquitinated
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proteins were probed using anti-ubiquitin antibodies (Santa Cruz Biotech and Imgenex).
TAK1 polyubiquitination and phosphorylation assays were performed in the presence of 2.5
nM calyculin A (Cell Signaling Technology) for 10 minutes before LPS stimulation.
Phospho-specific antibodies (Cell Signaling Technology) were used for western blot
analyses of MAPK and TAK1 activities.

Results
Cytokine production, NEMO protein expression, and NF-κB binding activity in dendritic
cells with deleted (E391X) or partially destabilized (C417R) NEMO zinc finger domain

The major defects of the NEMO E391X and C417R EDI patients appear to be in B cells and
antigen presenting cells such as dendritic cells and macrophages [Jain, et al., 2004;
Temmerman, et al., 2006]. B cells from these EDI patients were naïve with invariable
expression of surface IgD and IgM, and failed to undergo immunoglobulin class switch
recombination in response to CD40L plus IL-4 in vitro [Jain, et al., 2001; Jain, et al., 2004].
As in previous reports on the C417R mutant [Jain, et al., 2001], monocytes separated from
PBMCs of E391X patients produced reduced levels of TNFα (Fig 2a) and failed to produce
any IL-12 (Fig 2b) in response to LPS + IFNγ, Pam3Cys + IFNγ (data not shown), or
CD40L + IFNγ (data not shown), indicating an essential role of the zinc finger of NEMO in
regulating normal B cell and APC functions.

Since it has been suggested that mutations in the ZF domain of NEMO affect protein
stability [Doffinger, et al., 2001], we examined NEMO protein expression in PBMCs of
C417R and E391X patients. As expected, a truncated form of NEMO protein was detected
in E391X patients with an expression level comparable to that of normal control (Fig 2c).
We also observed normal expression levels of C417R protein (Fig 2c), suggesting that
mutations in NEMO ZF did not affect protein stability in PBMCs. NF-κB binding activity
assessed by EMSA after LPS stimulation (Fig 2d) was comparable in DCs from normal
controls and C417R patients as previously reported [Temmerman, et al., 2006], but was
reduced in E391X DCs (Fig 2d). Consistent with these findings, the increased susceptibility
of E391X patients to systemic inflammation and intestinal pathology [Cheng, et al., 2009]
was likely caused by the TNF-mediated response in epithelial cells as a result of severely
impaired NF-κB activity [Nenci, et al., 2007; Pasparakis, et al., 2002]. Since both C417R
and E391X EDI patients are extremely vulnerable to diseases caused by pyogenic bacteria
and mycobacteria, it is reasonable to conclude that there are defects in other intracellular
signaling pathways induced by the TLR agonist LPS, such as MAPK cascades. This is
supported by our observation that LPS-stimulated C417R DCs exhibit normal NF-κB DNA-
binding, but impaired production of IL-12 (Fig 2b and Fig 2d) [Temmerman, et al., 2006].
Moreover, although DCs of E391X patients retain more than 50% NF-κB binding activity
compared with controls (Fig 2d), IL-12 production in these cells is completely abolished
(Fig 2b). Promoter analysis of the IL-12p40 gene reveals that both AP-1 and NF-κB binding
sites are required for IL-12 production in LPS-stimulated human monocytes [Ma, et al.,
2004], strengthening our proposal that MAPK pathways may also be defective in EDI
patients.

Mutations in NEMO zinc finger impair JNK and ERK activities in LPS stimulated dendritic
cells

We next measured MAPK activation following TLR4 stimulation in DCs prepared from
patients and normal controls. Modest impairments in phosphorylation of JNK1/2 and
ERK1/2, but not p38, were observed in LPS-stimulated C417R DCs (Fig 3a). Despite some
individual variations in p38 activity, the defects in phosphorylation of both JNK1/2 and
ERK1/2 were much more prominent in E391X DCs (Fig 3b) than in C417R DCs (Fig 3a).
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These findings indicated that an intact NEMO ZF is required for full activation of MAPK
following TLR4 stimulation.

Defective JNK and ERK activations despite normal NEMO polyubiquitination in LPS-
treated dendritic cells

We assessed NEMO polyubiquitination in cells of EDI patients with the NEMO E391X and
C417R mutations in an attempt to find a correlation between NEMO polyubiquitination and
MAPK activation. High molecular weight polyubiquitin conjugates of NEMO were present
in lysates from controls but not in lysates prepared from NEMO ZF-deleted E391X DCs
after LPS treatment (Fig 3c). While it is possible that the decreased MAPK activity in
E391X DCs is due to deletion of the polyubiquitination site K399, C417R DCs were also
defective in MAPK activation (Fig 3a) but exhibited normal levels of NEMO
polyubiquitination (Fig 3d). We therefore concluded that the NEMO polyubiquitination is
not sufficient; instead, the structural integrity of the NEMO ZF domain is more important
for full induction of MAPK in human monocyte-derived dendritic cells upon TLR
engagement. Consistent with our result, the murine K392R knock-in mutation, though
devoid of NEMO polyubiquitination, has previously been reported exhibiting normal JNK
and p38 activations upon LPS treatment [Ni, et al., 2008].

MAPK activation is largely unaffected in T cells of EDI patients with NEMO ZF deletion
after PMA/ionomycin treatment

Although MAPK activation is impaired in LPS-stimulated DCs from EDI patients, the
MAPK activities in E391X ZF-deleted T cells appear to be largely unaffected except for a
mild decrease in ERK1 phosphorylation after PMA/Ionomycin stimulation (Fig 4a), despite
the fact that polyubiquitination of NEMO is impaired (Fig 4b). We conclude that unlike
LPS-stimulated DCs, in primary T cells activated through PMA/Ionomycin MAPK
activation is much less dependent on the ZF of NEMO and the polyubiquitination of NEMO
is not essential for MAPK induction. This observation is consistent with the finding that
MAPK induction was normal in PMA/ionomycin stimulated thymocytes of a K392R knock-
in mouse [Ni, et al., 2008]. Taken together, these results suggest that NEMO regulation of
MAPK is cell type- and pathway-specific and could influence specific MAPK signaling
pathways in different cell lineages.

The NEMO ZF domain is important for upstream TAK1 activity
TAK1 has been shown to be the crucial MAP3K in the MAPK signaling cascade of the TLR
pathway [Sato, et al., 2005; Wang, et al., 2001]. Numerous reports have demonstrated that,
proximal to the NEMO/IKK complex in TLR signaling, polyubiquitinated constituents such
as IRAK1 and TRAF6 can recruit TAK1 molecule to the ubiquitination machinery and
activate TAK1 polyubiquitination and subsequent auto-phosphorylation. However, the role
of NEMO in the assembly of the upstream MAP3K complex is unclear. We therefore
investigated TAK1 activity in NEMO ZF mutant cells by performing TAK1
polyubiquitination and phosphorylation assays on LPS-stimulated E391X DCs. After TLR4
engagement, both TAK1 polyubiquitination (Fig 5a) and phosphorylation (Fig 5b) were
reduced in E391X ZF-deleted cells compared with the normal controls. The remaining low
level of phospho-TAK1 in the ZF-deleted E391X cells in Fig 5b could account for the
residual phospho-JNK activity observed in Fig 3b. These results suggested that, besides its
essential role in IKK activation, the ZF domain of NEMO has an additional role in
regulation of proximal TAK1 activity in the TLR pathway.
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Discussion
NEMO hypomorphic mutations exhibit various clinical phenotypes. It has been
hypothesized that mutations affecting different domains of NEMO can lead to defects in
specific pathways that result in distinct disease states. NEMO has emerged as a nexus of
assembly of multiple pathways and may play a role in regulating crosstalk between different
pathways, such as those induced by NF-kB, MAPK, apoptosis, and genotoxic stress.
Understanding how NEMO integrates into these pathways might be an important
contribution to the development of therapeutic drugs for immunodeficiency and cancer.

Although it has been shown that NEMO deficiency leads to impairment of TLR9 and CD40-
induced MAPK signaling in a murine pre-B-cell line [Matsuzawa, et al., 2008; Yamamoto,
et al., 2006], evidence of NEMO participation in MAPK regulation in human primary cells
is lacking. In this study we describe two different EDI NEMO mutations (C417R and
E391X) that affect the ZF structure differently. The C417R mutation only partially disrupts
ZF stability [Cordier, et al., 2008] due to a missense mutation of one of the four zinc
coordinating molecules (Fig 1), whereas the E391X mutation causes a complete deletion of
the ZF. Our data demonstrate that the severity of the defect in TLR4-induced MAPK
activation is in accordance with the degree of structural impairment of the ZF domain.
Interestingly, the MAPK signaling pathway has been shown to be important for host defense
against Streptococcus pneumoniae, the susceptible phenotype also observed in the case of
MAPK activation deficiency [Lim, et al., 2007]. Mice deficient in plasminogen activator
inhibitor-1, which is a target gene of JNK and MAPK [Arndt, et al., 2005], are also
susceptible to severe S. pneumoniae infection [Lim, et al., 2007]. The marked impairment in
signal-induced JNK activity in patients with the E391X NEMO ZF deletion mutation may
therefore account for their predisposition to S. pneumoniae infection of deep-seated organs
such as bone and liver. The disease state is also consistent with differences in the degree of
the mutation between the full ZF deletion of E391X and the less defective C417R mutation.

Regulation of cross talk between NF-κB and MAPK pathways is not clearly understood.
PMA/ionomycin mediated activation of T cells mimics T cell receptor signaling that has
been shown to activate MAPK through PKCθ/vav, a NEMO-independent mechanism
[Villalba, et al., 2000]. This could explain the minimal defects in MAPK induction in the T
cells of E391X ZF deletion patients following PMA/ionomycin stimulation, and suggest that
NEMO’s role in MAPK regulation is restricted to certain cell lineages.

We also observed distinct influences of the NEMO ZF on the induction of different MAPKs.
It has been proposed that ERK is activated by an upstream kinase Tpl2 [Dumitru, et al.,
2000] via a pathway mediated by a NF-κB member p105, in which IKK/NEMO participates
in the phosphorylation and degradation of the inhibitor p105 to release active Tpl2
[Waterfield, et al., 2004]. This could explain why we observed reduced ERK activities in
both LPS-treated DCs from NEMO EDI patients.

Because JNK activation is impaired in the C417R patient despite the fact that NEMO
polyubiquitination is unaffected, we therefore proposed that polyubiquitination of NEMO is
not important for full induction of JNK. To strengthen the hypothesis, we stimulated bone
marrow derived macrophages from the K392R knock-in mouse [Ni, et al., 2008] with LPS
and observed only a slight decrease in ERK activation, whereas JNK and p38 activities are
intact (unpublished data). The murine K392R mutation has been shown previously to be
defective in NEMO polyubiquitination upon LPS treatment although the JNK and p38
activities were preserved [Ni, et al., 2008]. This provided evidence that the
polyubiquitination of NEMO is not essential for activation of JNK and p38. Consistent with
our finding, the defect in ERK activation is likely due to the impact of the K392R mutation
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on IKK activity via Tpl2 [Ni, et al., 2008; Waterfield, et al., 2004]. These results indicate
that the structure of the ZF domain rather than its polyubiquitination is important for full
induction of MAPK.

Our findings indicate that an alteration of the NEMO ZF adversely affects both JNK and p38
phosphorylation following TLR4 stimulation, although the degree of impairment in p38
activity is less prominent. TAK1 polyubiquitination has been shown to be important for
distal MAPK signaling [Fan, et al., 2010; Reiley, et al., 2007]. While a direct association
between NEMO and TAK1 has not been demonstrated, we have found that NEMO and
TAK1 are components of the TLR4 signaling complex (unpublished observation) and our
results suggest that an alteration in the NEMO zinc finger adversely affect TAK1
polyubiquitination. In addition, our findings indicate that JNK activity is more associated
with TAK1 polyubiquitination than p38 activity. TAK1 activity is dependant on the E2
enzyme Ubc13 [Wang, et al., 2001] and similar observations were noted in mice lacking
Ubc13 [Yamamoto, et al., 2006]. B cells deficient in Ubc13 exhibited severe impairment of
JNK activity following LPS or bacterial lipoproteins (BLP) stimulation, whereas p38
induction was less affected [Yamamoto, et al., 2006]. While the precise mechanism by
which the zinc finger domain affects TAK1 polyubiquitination awaits further study, we
propose that the NEMO ZF may serve as a nexus of assembly that allows TAK1 recruitment
to the membrane receptor and subsequent modification by ubiquitin ligases such as Ubc13.
In support of this model, CD40-induction of phospho-TAK1 was abolished in a NEMO-
deficient pre-B-cell line [Matsuzawa, et al., 2008]. The NEMO ZF has been shown to play
an important role in the non- covalent binding of K63-linked polyubiquitin chains to the
NEMO ubiquitin-binding (NUB/UBAN/NOA) motif [Laplantine, et al., 2009]. The NEMO
NUB domain facilitates recruitment of the IKK complex to the upstream signaling
molecules modified by polyubiquitin. Thus it will be interesting to determine whether
NEMO hypomorphs with mutations in the NEMO NUB domain also manifest defects in
MAPK and MAP3K activities following TLR4 signaling.
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Fig 1. NEMO mutations and zinc finger structure in EDI patients
Left: domains of NEMO: αH, alpha-helix; C-C, coiled-coil; LZ, leucine zipper; ZF, zinc
finger. The conserved CCHC residues coordinating zinc are in bold. The E391X mutation
leads to ZF truncation. The C417R mutation destabilizes the ZF structure [Cordier, et al.,
2008] but retains the polyubiquitination site K399 in the ZF domain. Right: proposed ZF
secondary structure.
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Fig 2. Cytokine production, NEMO protein expression, and NF-κB binding activity in dendritic
cells with deleted or mutated zinc finger domain
(A) TNFα and (B) IL-12 production in patient monocytes after LPS/IFN-γ treatment. Open
bar, normal; closed and hatched bars, two E391X siblings and two experiments on the same
C417R patient. (C) Western analysis of NEMO protein in PBMCs. (D) EMSA analysis of
NF-κB binding activity in DCs of two E391X siblings and C417R patient after LPS
treatment. Fold inductions were quantitated using ImageJ software normalized by Sp1.
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Fig 3. An intact NEMO ZF domain is more important than its polyubiquitination for full
activation of MAPK in LPS-treated dendritic cells
Western blot analysis of MAPK activities in DCs from patients with the C417 missense
mutation (A) and the E391X ZF deletion (B) after LPS treatment. Polyubiquitination of
NEMO in E391X ZF deleted (C) and C417R missense (D) patients after LPS stimulation.
(E) Bone marrow derived macrophages from NEMO K392R mice were stimulated with LPS
and MAPK activities were analyzed by western blot.
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Fig 4. Deletion of the ZF significantly impairs NEMO polyubiquitination but has a minimal
effect on MAPK activities in PMA/ionomycin stimulated T-cells
(A) Western blot analysis of MAPK activities in EDI E391X T-cells after PMA/ionomycin
treatment. (B) Polyubiquitination of NEMO in T-cells from E391X patient after PMA/
ionomycin stimulation.
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Fig 5. Deletion of NEMO ZF affects proximal TAK1 activity
(A) Polyubiquitination of TAK1 in E391X DCs after LPS treatment. (B) Phosphorylation of
TAK1 in E391X DCs after LPS treatment. The film was scanned and signals were measured
using ImageJ software; the numbers depict fold induction calculated based on the intensity
of the corresponding zero time point.
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