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ABSTRACT
The tyrosine kinase c-Src and transcription factor NF-kB are considered crucial components required for normal osteoclastogenesis. Genetic

ablation of either pathway leads to detrimental osteopetrotic phenotypes in mice. Similarly, obstruction of either pathway halts

osteoclastogenesis and lessens various forms of bone loss. It has been shown previously that mice expressing a kinase domain-truncated

c-Src, termed Src251, develop severe osteopetrosis owing to increased osteoclast apoptosis. It was further suggested that this phenomenon is

associated with reduced Akt kinase activity. However, the precise mechanism underlying the osteoclast inhibitory effect of Src251 remains

obscure. C-Src associates with TRAF6-p62 interacting with receptor activator of NF-kB (RANK) distal region and the complex facilitate

activation of RANK down stream signal transduction cascades including NF-kB. Given this proximity between c-Src and NF-kB signaling in

osteoclasts, we surmised that inhibition of osteoclastogenesis by Src251 may be achieved through inhibition of NF-kB signaling. We have

demonstrated recently that NEMO, the regulatory subunit of the IKK complex, is crucial for osteoclastogenesis and interacts with c-Src in

osteoclast progenitors. Transfection studies, in which we employed various forms of c-Src and NEMO, revealed that the dominant negative

form of c-Src, namely Src251, mediates degradation of NEMO thus halting NF-kB signaling. Furthermore, degradation of NEMO requires

its intact zinc finger domain which is located at the ubiquitination domain. This process also requires appropriate cellular localization

of Src251, since deletion of its myristoylation domain ablates its degradation capacity. Buttressing these findings, the expression of

NEMO and NF-kB signaling were significantly reduced in monocytes collected from Src251 transgenic mice. J. Cell. Biochem. 112: 2463–

2470, 2011. � 2011 Wiley-Liss, Inc.
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B one homeostasis is achieved by intricate balance between

bone formation by osteoblasts and bone resorption by

osteoclasts. Reduced activity of osteoblasts and/or increased activity

of osteoclasts lead to thinning of the bone and to increased bone

fracture risk. On the other hand, decreased or absent activity

of osteoclasts results with osteopetrosis featured by dense less

remodeled bones and compromised bone quality [Teitelbaum and

Ross, 2003; Teitelbaum, 2007].

Monocytes differentiate in response to receptor activator of

NF-kB (RANK) ligand and macrophage-colony stimulating factor

(M-CSF) into osteoclasts which are multi-nucleated cells that

specialize in bone resorption and remodeling. Activation of RANK-

mediated signaling entails mobilization and recruitment of a large

number of adaptor proteins and kinases that facilitate proper

activation of the osteoclast transcriptional machinery [Abu-Amer,

2005]. Specifically, upon RANK stimulation, TNF receptor asso-

ciated factors primarily TNF receptor associated factor-6 (TRAF6),

the tyrosine kinase c-Src, p62 (SQSTM1), TGF-activated kinase-1

(TAK1), and TAB proteins are recruited to the distal region of RANK

and establish a signaling cluster. As a result, several distinct

signaling cascades ensue including NF-kB pathways (classical and

alternative), MAP kinase pathways (JNK, Erk, and p38), and Src/

PI3K pathway [Abu-Amer, 2005, 2009]. The contribution of these

pathways to osteoclast differentiation and activity has been well

established.

A large number of genes have been implicated as crucial for

osteoclast differentiation and function. At the precursor and pre-

osteoclast stages the transcription factors PU.1, c-fms, and c-fos

are absolutely required for myeloid lineage determination and

commitment to the pre-osteoclast stage [Teitelbaum and Ross, 2003;
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Teitelbaum, 2007]. Likewise, deletion of RANK/RANKL and p50/p52

NF-kB arrest osteoclast differentiation [Iotsova et al., 1997; Hsu

et al., 1999; Li et al., 2000]. However, deletion of several other genes

including c-Src, beta3 integrin, TRAP, cathepsin-K, Cln7 (chloride

channel), and proton ATPase subunits hindered osteoclast activity

[Sly et al., 1983; Soriano et al., 1991; Schwartzberg et al., 1996;

Saftig et al., 1998; Gowen et al., 1999].

Following the discovery that combined deletion of p50/p52 NF-

kB impedes osteoclastogenesis and leads to osteopetrosis in mice,

the role of NF-kB signaling in osteoclastogenesis has been

extensively studied. NF-kB family includes the upstream IkB kinase

complex which includes IKKa/IKK1, IKKb/IKK2, and IKKg/NF-kB

essential modulator (NEMO). This family also includes IkBa

(inhibitory kB), IkBb, IkBe, p50, p52, p65/RelA, Rel-B, and c-rel

[Siebenlist and Franzoso, 2001; Ghosh and Karin, 2002; Ting and

Endy, 2002; Karin et al., 2004; Abu-Amer and Faccio, 2006]. In

general, signaling by NF-kB has been classified into two principal

pathways; classical and alternative pathways. In the former,

upstream signals prompt formation of the IKK complex with

emphasis on NEMO/IKK2 followed by phosphorylation and

degradation of IkB. Subsequently, p65 and p50 subunits translocate

to the nucleus, bind to DNA, and activate transcription [Hayden and

Ghosh, 2008]. On the other hand, alternative activation of NF-kB

entails activation of IKK1 by NF-kB inducing kinase (NIK) which in

turn leads to activation of transcription by p52/Rel-B dimers [Sun,

2011]. Despite this signaling distinction, the functional separation

between these two pathways remains elusive. Notwithstanding,

genetic and biochemical studies have established that classical

activation of NF-kB at the level of NEMO and IKK2 is crucial for

osteoclastogenesis. Specifically, genetic ablation of IKK2 in myeloid

cells, as well as knockdown of NEMO or blocking interaction of

NEMO with IKK2 hindered osteoclastogenesis [Dai et al., 2004;

Ruocco et al., 2005; Otero et al., 2008; Darwech et al., 2009]. These

findings and many others have identified various regulatory

elements in the NF-kB proteins as targets for regulating NF-kB

signaling as it pertains to osteoclastogenesis and osteolysis. In this

regard, NEMO which is considered as a key scaffold protein,

encompasses unique structural and functional domains that

facilitate IKK complex assembly and signal transduction. These

include an amino terminal coiled-coil domain of NEMO which is

essential for binding with IKKs; coiled-coil2 and leucine zipper

domain required for NEMO trimerization; a conserved sequence

located between coiled-coil2 and leucine zipper called UBAN

owing to its ability to bind poly-ubiquitinated chains; and carboxyl-

terminal zinc finger domain with unique stimulus-specific

ubiquitin-binding activity [Rushe et al., 2008; Cordier et al.,

2009]. The zinc finger has been also implicated as essential for down

stream NF-kB signaling. Specifically, it recognizes upstream poly-

ubiquitinated signal mediators such as TRAF6, TAK1/TAB,

and facilitates protein–protein interactions required for cellular

signaling.

C-Src is comprised of a short amino terminal myristoylation

domain that signals for association with cytoplasmic and plasma

membranes, SH2 and SH3 domains that regulate structure and

binding to other proteins, a carboxyl tyrosine kinase domain that is

required for c-Src kinase activity, and a short regulatory domain at

the carboxyl terminus [Varmus et al., 1989; Summy et al., 2003].

Regulation of osteoclastogenesis by tyrosine kinases, chiefly c-Src,

has been described [Soriano et al., 1991; Boyce et al., 1992; Horne

et al., 1992]. In fact, c-Src is crucial for the activity of osteoclasts

since deletion of this tyrosine kinase leads to osteopetrosis owing to

dysfunctional osteoclasts [Soriano et al., 1991; Boyce et al., 1992;

Horne et al., 1992]. However, the role of the kinase activity of c-Src

in this phenomenon remained debatable until the generation of

transgenic mice expressing c-Src devoid of its kinase domain,

termed Src251. Transgenic expression of Src251 exacerbated the

severity of osteopetrosis observed in c-Src-null mice owing to

increased apoptosis of osteoclasts [Schwartzberg et al., 1996, 1997;

Xing et al., 2001]. Further studies have described Src251 as a

dominant-negative protein [Luxenburg et al., 2006]. Although

decreased AKT kinase activity by Src251 was described as the

underlying cause of osteoclast apoptosis, the role of the transcrip-

tion factor NF-kB, which is considered the principal anti-apoptotic

factor and crucial for osteoclastogenesis, was not entertained.

Thus, we surmised that Src251 may inhibit osteoclastogenesis by

interfering with NF-kB signaling. Indeed, we find that NF-kB

activation is reduced in RANKL-treated macrophages derived from

Src251 transgenic mice compared to wild-type cells. More

importantly, we provide conclusive evidence that Src251, but not

wild-type c-Src, induces degradation of IKKg/NEMO in a proteo-

some-dependent mechanism. This activity of Src251 was indepen-

dent of its kinase activity and its SH2 or SH3 domains, yet dependent

on its myristoylation. Lastly, our findings implicate the zinc finger

of NEMO as crucial for Src251-mediated degradation of NEMO,

since deletion of this domain prevented its degradation.

MATERIALS AND METHODS

REAGENTS

All cytokines were purchased from R&D Systems (Minneapolis, MN).

All antibodies were purchased from Santa Cruz Biotech (Santa Cruz,

CA) and Cell Signaling Technologies, Inc. (Danvers, MA). All other

chemicals are from Sigma (St. Louis, MO) unless otherwise indicated.

DNA CONSTRUCTS

c-Src and NEMO deletion mutants were generated using standard

molecular biology techniques. The sequences and expression of all

constructs were positively tested.

CELL TRANSFECTION

HEK293 cells were plated at 2 million cells/p100mm plate in 10ml

DMEMþ 10% heat-inactivated FBS overnight. Cells were then

transfected with 2mg DNA mixed with 250ml Opti-MEM medium

and 20ml lipofectamine per plate. After 8 h fresh medium in the

absence or presence of 10mM MG132 (EMD, Gibbstown, NJ) was

added and cells were incubated for an additional 24 h at which time

cells were lysed and protein expression was analyzed. Transfection

efficiency using GFP constructs as a marker exceeded 95%.

CELL ISOLATION AND PURIFICATION

Osteoclast precursors (OCPs) in the form of marrow macrophages

were isolated from whole bone marrow of 4- to 6-week mice and
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incubated in tissue culture plates, at 378C in 5% CO2, in the presence

of 10 ng/ml M-CSF. After 24 h in culture, the nonadherent cells are

collected and layered on a Ficoll–Hypaque gradient. Cells at the

gradient interface are collected and plated in alpha-MEM,

supplemented with 10% heat-inactivated fetal bovine serum, at

378C in 5% CO2 in the presence of 10 ng/ml M-CSF, and plated

according to each experimental conditions.

KINASE ASSAYS

Extracts prepared from the various cells under use were suspended

in lysis buffer containing 40mM Tris–HCl, pH 8.0, 500mM NaCl,

0.1% Nonidet P-40, 6mM EDTA, 6mM EGTA, 5mM b-glyceropho-

sphate, 5mM NaF, 1mM NaVO4, pH 10.0, and protease inhibitor

(Roche Molecular Biochemicals). The cellular lysates (500mg) were

subjected to immunoprecipitation with the relevant antibody and

gamma-bind sepharose (25ml). After washing of the immunopre-

cipitates, kinase assays were performed at 308C for 30min with

buffer containing 50mM Tris–HCl, pH 8.0, 100mM NaCl, 10mM

MgCl2, 1mM dithiothreitol, 10mM ATP, 5mM b-glycerophosphate,

5mM NaF, 1mM Na3VO4, pH 10.0, 5mCi of [g-32P]ATP, 5mg of the

GST-IkBa (aa 1–54). The kinase reaction mixtures were then

resolved by SDS–polyacrylamide gel electrophoresis (PAGE), and

phosphorylation of IkBa was detected by autoradiography.

WESTERN BLOT ASSAY

Total cell lysates were boiled in the presence of an equal volume of

2� SDS sample buffer consisting of (0.5M Tris–HCl, pH 6.8, 10% (w/

v) SDS, 10% glycerol, 0.05% (w/v) bromophenol blue, 3% b-

mercaptoethanol, and distilled water) for 5min and subjected to

electrophoresis on 8–10% SDS–PAGE. The proteins were transferred

to nitrocellulose membranes using a semi-dry blotter (Bio-Rad,

Hercules, CA) and incubated in blocking solution (10% skim milk

prepared in phosphate-buffered saline containing 0.05% Tween-20)

to reduce nonspecific binding. The membranes were washed with

phosphate-buffered saline/Tween buffer and exposed to primary

antibodies (16 h at 48C), washed again four times, and incubated

with the respective secondary horseradish peroxidase-conjugated

antibodies (1 h at room temperature). The membranes were washed

extensively (4� 15min), and an ECL detection assay was performed

following the manufacturer’s directions.

RESULTS

NF-KB ACTIVATION IS DIMINISHED IN MACROPHAGES

EXPRESSING SRC251-TG

Given the fact that NF-kB activation is considered one of the crucial

elements for osteoclastogenesis and cell survival, we reasoned that

Src251-tg inhibition of osteoclastogenesis maybe the result of

negative targeting of the NF-kB pathway by the transgene. To

address this assumption, we examined expression levels and activity

of IKK2 in normal and Src251-tg-bearing osteoclast progenitors.

Cells were stimulated with RANKL to enable activation of NF-kB

pathway. The data depicted in Figure 1a show that expression levels

of IKK2 protein are similar in both cell types. In contrast, whereas

IKK2 activity in wild-type cells is increased following treatment

with RANKL as evident by exogenous phosphorylation of GST-IkB

substrate, this activity was negligible in Src251-tg cells, suggesting

that Src251-tg inhibits IKK2 activation. To address the specificity of

this observation, we examined expression and activation of RANKL-

inducible JNK MAP kinase which appears to be unaffected by the

transgene (Fig. 1b).

EXPRESSION LEVELS OF NEMO ARE DIMINISHED IN SRC251-TG

MACROPHAGES

Having demonstrated defective activation of IKK2, we turned to

examine proximal culprits that may contribute to this phenomenon.

In this regard, it has been well documented that NEMO, which lacks

catalytic activity, acts as a scaffold protein to facilitate formation of

the IKK complex and distal NF-kB activation through steps of self-

oligomerization and docking with IKK2 [Li et al., 2001; Ravid and

Hochstrasser, 2004]. Hence, it is imperative to determine whether

reduced IKK2 activity in this model is a consequence of negative

regulation of NEMO by Src251-tg. First, we show that NEMO

expression in RANKL-treated osteoclast progenitors is vastly

increased in the pre-osteoclast phase (4 h, 1 day) and remains

elevated at the early stages of osteoclast commitment (Fig. 2b). More

importantly, expression levels of NEMO were significantly reduced

Fig. 1. IKK2 activity is reduced in Src251-expressing cells. Osteoclast pro-

genitors from the marrow of wild-type and Src251-tg mice were allowed to

adhere on tissue culture dishes then treated with RANKL as indicated. Cell

lysates were immunoprecipitated with anti-IKK2 (a) or anti-JNK (b) antibodies

and in vitro kinase assay was performed using GST-IkB or GST-cJun as

substrates, respectively. Positive controls (PC) representing the activities of

recombinant IKK2 or JNK are shown on the right. The levels of IKK2 and JNK

proteins are included as input controls.
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in Src251-expressing osteoclast progenitors compared with wild-

type cells (Fig. 2b). Furthermore, whereas RANKL and lipopoly-

saccharide (LPS) induced expression of NEMO in wild-type cells, no

such induction was detected in Src251-tg cells, suggesting that

Src251-tg may destabilize NEMO.

SRC251-TG INDUCES DEGRADATION OF NEMO

To further clarify the mechanistic details of this phenomenon, we

tested the effect of various c-Src constructs on NEMO expression

directly. Specifically, we generated Src251, src251SH2N (in which

amino terminal SH2 domain has been deleted), Src251SH3 (lacking

SH3 domain), kinase-dead c-Src (point mutation K295M) (Fig. 3a),

and other forms of wild-type c-Src and Src251 in which the

myristoylation sites are deleted. pcDNA and p65 constructs were

used as controls. These constructs were co-transfected with NEMO

in HEK293 cells and the expression of NEMO controlled by beta-

actin was monitored. Consistent with the reduced NEMO expression

in cells expressing endogenous Src251-tg (Fig. 2b), we demonstrate

a dramatic loss of NEMO expression when co-transfected with

Src251 (Fig. 3b). Deletion of the SH3 or the amino-terminal SH2

domains did not restore NEMO expression, suggesting that these

domains are not required for this function of the transgene. On the

other hand, similar to p65 and pcDNA, wild-type c-Src appears

to not affect the expression of NEMO negatively. Surprisingly,

however, deleting the myristoylation domain completely abolished

the effect of Src251-tg and did not affect NEMO expression (Fig. 3b).

Another interesting observation pertains to c-Src in which a

putative NEMO-binding domain (NBM) has been deleted and to

kinase-defective c-Src in which a point mutation has been

introduced. These two constructs only partially mediated reduced

NEMO expression, suggesting that c-Src kinase activity and c-Src

binding to NEMO insufficient but maybe required for optimal

degradation of NEMO. To provide further support for the

biochemical findings, we determined NF-kB activity in HEK293

cells transfected with NEMO and wild-type c-Src or Src251 forms.

Consistent with our previous observations, we demonstrate that

TNF-induced activation of NF-kB reporter is hindered in the

presence of Src251 (Fig. 3c). In another approach, we generated and

expressed GFP-fused NEMO in HEK293 cells in the presence of

pcDNA (negative control), wild-type c-Src, or Src251 constructs.

The findings of this exercise confirm that whereas the control

plasmid pcDNA did not affect overall cellular distribution of GFP-

NEMO, wild-type c-Src induce cellular compartmentalization of

NEMO in a punctate form. More importantly, expression levels

of GFP-NEMO were vastly decreased in the presence of Src251,

consistent with its proposed degradation (Fig. 3c).

To further examine the mechanism underlying Src251-tg-

mediated degradation of NEMO, we examined if this process is

proteosome-dependent event. Indeed, pre-incubation of cells with

the proteosome inhibitor MG132 entirely prevented degradation of

NEMO by Src251-tg forms (Fig. 4a). Further insights into the

mechanism underlying this event, such as lysosomal or ubiquitin-

mediated degradation, are the focus of future studies.

We and others have shown recently that NEMO oligomerization is

a crucial step required for stabilizing NEMO complexes and required

for IKK complex assembly and ensuing signaling [Agou et al.,

2004a; Fontan et al., 2007; Darwech et al., 2009]. Noticeably,

obstructing NEMO oligomerization using NEMO-derived decoy

peptides led to rapid degradation of NEMO, inhibition of NF-kB

signaling, and blockade of osteoclastogenesis [Darwech et al., 2009].

In this study, we observed that Src251-tg, whether lacking its SH2 or

its SH3 domains, impedes NEMO trimer formation leading to its

instability and degradation (Fig. 4a,b). On the other hand,

myristoylation-deficient Src251-tg was significantly less effective

in blocking NEMO trimerization. Surprisingly, inclusion of wild-

type form of c-Src greatly enhanced the formation and stability of

NEMO trimers, suggesting a positive role of wild-type c-Src in

stabilizing NEMO and augmenting NF-kB signal transduction.

NEMO ZINC FINGER IS REQUIRED FOR SRC251-TG-MEDIATED

DEGRADATION OF NEMO

NEMO encompasses several structural motifs such as coil-coiled

(CC2), leucine zipper (LZ), and zinc finger (ZF) domains which are

essential for its stability and function [Huang et al., 2002; Yang

et al., 2004]. To determine if Src251 targets a specific motif within

NEMO, we generated deletion mutants of NEMO in which CC2, LZ, or

ZF were deleted. These deletion mutants along side full length NEMO

were co-transfected with Src251-tg. The results show that NEMO

levels were decreased by �82% in the presence of Src251 as

expected, and levels of CC2 and LZ mutants of NEMO were entirely

abolished (Fig. 5). Note that basal level expression of NEMOmutants

was already reduced (in the absence of Src251) consistent with

Fig. 2. Src251 diminishes expression of NEMO. a: Wild-type osteoclast

progenitors were treated with RANKL for the time points indicated and

expression levels of NEMO were assessed by Western blot. Expression of

osteoclast differentiation markers corresponds with this time frame as we

have published previously [Otero et al., 2010]. b: Osteoclast progenitors

derived from wild-type and Src251-tg mice were treated with RANKL and

LPS as shown. Expression of NEMO and beta-actin proteins was measured in

cell lysates using appropriate antibodies.
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previous findings from our and other groups that these two motifs

are essential for NEMO stability and trimer formation [Agou et al.,

2004a,b; Fontan et al., 2007; Darwech et al., 2009]. Remarkably,

deletion of the zinc finger, which is known as major target for

ubiquitination events and facilitates protein–protein interactions,

protects NEMO, and halts Src251-induced degradation of this

protein. Moreover, it appears that basal level expression of

ZF-mutated NEMO is elevated compared with wild-type NEMO,

suggesting that overall degradation of NEMO is considerably

halted.

DISCUSSION

Osteoclast differentiation and survival are crucial for homeostasis of

bone metabolism. Over the last two decades, seminal discoveries

identified several molecules essential for osteoclastogenesis. The

discovery that c-Src is pivotal for osteoclast activity [Soriano et al.,

1991], began a new chapter focusing on the role of tyrosine kinases

in osteoclastogenesis and bone metabolism. Indeed, follow-up

studies have shown that inhibition of tyrosine kinase activity,

especially c-Src, attenuates bone loss [Yoneda et al., 1993].

Furthermore, a flurry of studies have assigned c-Src as a component

of the IKK complex and tyrosine phosphorylation of elements of the

IKK complex as essential for modulating NF-kB activity [Abu-Amer

et al., 2001; Huang et al., 2003; Funakoshi-Tago et al., 2005;

Darwech et al., 2010]. However, the mechanisms underlying the

action of c-Src were not fully elucidated and at times controversial.

For example, the role of kinase activity of c-Src in osteoclastogen-

esis remains debatable [Schwartzberg et al., 1996, 1997; Miyazaki

et al., 2004]. However, using mouse genetic models, Xing et al.

[2001] provided an elegant evidence that deletion of the entire

Fig. 3. Src251-tg induces degradation of NEMO. a: c-Src deletion mutants were generated using traditional PCR methods and cloned in pcDNA plasmid bearing amino

terminal Myc tag. Constructs were expressed in HEK293 cells and detected by Western blots. b: HEK293 cells were co-transfected with NEMO and various forms of c-Src as

shown. pcDNA and p65 were included as controls. Immunoblots for NEMO and beta-actin were carried out using relevant antibodies. c: HEK293 cells were transfected with

pcDNA, NEMO, wild-type c-Src, Src251, or combinations as indicated. Luciferase assay to measure NF-kB activity was previously described [Otero et al., 2010]. d: HEK293 cells

were transfected with GFP-fused NEMO and c-Src or Src251 as indicated. GFP-NEMO expression images were recorded using fluorescent microscope (at 10� magnification).

Boundaries of cells in lower panel are marked.
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kinase domain of c-Src (referred to as Src251) rather than

inactivating point mutation of c-Src (kinase-dead), inhibits

osteoclast survival likely through reduction of AKT signaling.

Consistently, tyrosine kinase inhibitors efficaciously inhibited

osteoclastogenesis and bone resorption [Yoneda et al., 1993;

Missbach et al., 2000]. Although prior evidence implicate AKT

and ERK in osteoclast survival [Madge and Pober, 2000; Miyazaki

et al., 2000; Lee et al., 2001], the transcription factor NF-kB is

considered the principal survival, proliferation, and anti-apoptotic

signal in the vast majority of cell types including osteoclasts and

their myeloid progenitors [Jimi et al., 1998; Lacey et al., 2000; Papa

et al., 2004; Karin, 2006]. In this regard, we and others have shown

that inhibition of NF-kB signaling using dominant-negative forms

of IkB halts osteoclast differentiation and survival [Abbas and Abu-

Amer, 2003; Clohisy et al., 2003, 2004; Abu-Amer, 2005]. More

importantly, we provided the first evidence that c-Src regulates the

NF-kB pathway through tyrosine phosphorylation of IkB [Abu-

Amer et al., 1998] and have recently provided novel evidence that

tyrosine phosphorylation of IKK2 is a major regulator of NF-kB

activation and osteoclastogenesis [Darwech et al., 2010]. Based on

this information, it is conceivable to envision regulation of NF-kB

by Src251. Armed with this information, we set out to examine this

possibility as the mechanism underlying Src251 inhibition of

osteoclastogenesis. Clearly, our observation that NF-kB activity

is reduced in Src251 transgenic cells provides a strong support

for this proposition.

The most intriguing observation is the novel finding that Src251

prompts degradation of NEMO. This function appears to be

independent of its kinase activity as evident by stable NEMO

expression in the presence of kinase-dead (K295M) c-Src.

Surprisingly, deletion of the N-terminal SH2 or the SH3 domains

did not alter significantly the effect of Src251 on NEMO stability

suggesting that SH2 and SH3 do not play major roles in this

phenomenon. We have attempted to clarify certain mechanistic

aspects of Src251-induced degradation of NEMO. First, we provide

clear evidence that this process is proteosome-dependent, suggest-

ing that Src251 prompts K48-linked ubiquitination of NEMO

leading to its proteosomal degradation. This proposition awaits

further clarification in future studies. Second, we provide evidence

that while wild-type c-Src supports NEMO trimer formation and

stability, Src251 impedes formation of such trimer, a process that

ultimately leads to NEMO instability and degradation. This finding

is supported by our recent findings in which we show that

administration of decoy small molecules that interfere with

NEMO oligomerization destabilizes it [Darwech et al., 2009]. Thus,

it remains possible that Src251, ���by a yet to be identified

mechanism, obstructs NEMO trimer formation rendering the protein

instable.

Interestingly, it appears that myristoylation of Src251 is crucial

for its destructive activity toward NEMO evident by restoration of

NEMO expression in the presence of Src251 lacking its myristoyla-

tion motif. N-myristoylation, a post-translational modification of

proteins, is necessary for anchoring proteins to membranes. It has

been shown that myristoylated proteins in cells regulate the

signal transduction between membranes and cytoplasmic fractions.

More importantly, a recent study have shown that N(alpha)-

Fig. 4. Src251 facilitates proteosome-mediated degradation of NEMO. a:

HEK293 cells were co-transfected with the constructed indicated and cells

cultured in the absence or presence of 10mMMG132 for 8 h. Expression levels

of NEMO were measured by immunoblots after 24 h. b: Primary osteoclast

progenitors were infected with various c-Src retroviruses as indicated.

Endogenous oligomers of NEMO were detected under nonreducing conditions.

Actin expression is shown as loading control.

Fig. 5. The zinc finger of NEMO is required for Src251-mediated degradation

of NEMO. HEK293 cells were co-transfected with various mutants and wild-

type forms of NEMO in the absence or presence of Src251-tg as indicated.

Cells were cultured for 24 h then lysed and expression levels of NEMO and actin

were measured by immunoblots.

2468 c-Src REGULATES NF-kB SIGNALING JOURNAL OF CELLULAR BIOCHEMISTRY



myristoylation of several brain proteins regulates certain protein–

protein interactions that may affect signaling pathways in brain

[Sharma, 2004; Hayashi and Titani, 2010]. This property is not

restricted to brain proteins but has been widely described in other

tissues. More importantly, myristoylated c-Src is anchored to

membrane fractions and mediates signal transduction. Our finding

that deletion of the N-myristoylation motif of Src251 restores NEMO

stability, suggests that membrane localization of Src251 is crucial

for signaling its degradative activity.

NEMO is a scaffold protein essential for formation of the IKK

complex and crucial for staging NF-kB signal transduction.We have

shown recently that NEMO is pivotal for RANKL and inflammatory

signal induction in osteoclasts and their progenitors. For example,

inhibition of NEMO binding to IKK2, interruption of NEMO

oligomerization, and knockdown of NEMO in macrophages/

osteoclast progenitors inhibit osteoclastogenesis in vitro and

inflammatory bone loss, in vivo [Dai et al., 2004; Clohisy et al.,

2006; Abu-Amer et al., 2007; Darwech et al., 2009]. Of special

mention, we have documented recently that blocking oligomeriza-

tion of NEMO, a step required for its assembly and stabilization, led

to its rapid degradation [Darwech et al., 2009]. Our finding that

deletion of the coil-coiled and leucine zipper domains did not

prevent Src251-induced degradation of NEMO is consistent with this

notion. Remarkably, we find that deletion of the zinc finger of NEMO

blunts Src251-mediated degradation of NEMO. Given the fact that

this domain is essential for NF-kB activation and is required to

recognize upstream signals, our observation suggests that NEMO

zinc finger domain is required for recognition of Src251-mediated

destructive action. Our study does not, however, identify if poly-

ubiquitination events mediate the action of Src251. Further studies

are essential to clarify the precise mechanism.
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