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TRAF6 is an E3 ubiquitin ligase that mediates signaling

from members of the tumor necrosis factor and Toll-like

receptor superfamilies, including the p75 neurotrophin

receptor. Recently, TRAF6 was shown to bind to another

p75 cytoplasmic interactor, NRIF, and promote its nuclear

localization. Here, we demonstrate that NRIF is a substrate

for TRAF6-mediated K63 polyubiquitination and that this

modification is necessary for its nuclear translocation.

Activation of p75 resulted in NRIF polyubiquitination,

association with TRAF6 and nuclear localization. NRIF

was polyubiquitinated by TRAF6 in vitro and in cultured

cells, and this was abrogated by mutation of K19 in the

amino-terminus of NRIF. The K19R mutant NRIF displayed

reduced TRAF6 association and neurotrophin-dependent

nuclear localization. In neurons from traf6�/� mice, NRIF

failed to enter the nucleus in response to p75 activation,

and polyubiquitination and nuclear localization were

attenuated in traf6�/� brain. Finally, unlike wild-type

NRIF, the K19R NRIF failed to reconstitute p75-mediated

apoptosis in nrif�/� neurons. These results reveal a

unique mechanism of p75 signaling and a novel role for

K63-linked ubiquitin chains.
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Introduction

Members of the tumor necrosis factor (TNF) receptor and

Toll-like receptor superfamilies mediate their effects primarily

through the recruitment of signaling molecules in the TNF

Receptor-Associated Factor (TRAF) family (Bradley and

Pober, 2001). In mammals there are seven TRAFs known,

based primarily on a region of homology in their carboxy-

terminus, referred to as the TRAF/MATH domain, which is

required for interaction with receptors, cytoplasmic inter-

actors, and for TRAF homo- and heteromeric oligomerization

(Dempsey et al, 2003). In addition, all but TRAF1 have RING

and zinc-finger domains at their amino-terminus and, like

many proteins containing a RING-finger domain, TRAF2 and

6 have been shown to function as E3 ubiquitin ligases (Sun

and Chen, 2004). However, unlike the classical ubiquitin

chain, which is polymerized by addition of ubiquitin moieties

onto lysine 48 of ubiquitin and targets proteins to the

proteasome, TRAF2 and 6 catalyze the formation of a unique

chain linked through lysine 63, and, instead of degradation,

the K63 polymer has been shown to mediate the activation of

a protein kinase (Deng et al, 2000), facilitate DNA repair

(Spence et al, 1995; Hofmann and Pickart, 1999) and regulate

intracellular protein trafficking (Galan and Haguenauer-

Tsapis, 1997). TRAF6 polyubiquitinates itself, resulting in

the activation of transforming growth factor b-activated

kinase (TAK1) through an unknown mechanism (Wang

et al, 2001). TAK1 will then phosphorylate and stimulate

the IkB kinase (IKK) complex, which subsequently activates

the transcription factor NF-kB. TAK1 also phosphorylates

MKK6 and 7, resulting in the activation of c-Jun N-terminal

kinase (JNK) and p38 (Deng et al, 2000). In addition, TRAF6

can bind p62, a scaffolding protein containing an ubiquitin-

associated (UBA) domain (Geetha and Wooten, 2002). P62

was originally identified by its interaction with atypical

Protein Kinase C (aPKC) z (Puls et al, 1997), which also

activates the IKK complex (Lallena et al, 1999), thereby

providing another link from TRAF6 to NF-kB.

Recently, TRAF6 was shown to interact with another

receptor-binding protein, the neurotrophin receptor interact-

ing factor (NRIF) (Gentry et al, 2004), which was isolated

based on its ability to bind the p75 neurotrophin receptor

(Casademunt et al, 1999). The p75 receptor mediates a

variety of biological effects, including the regulation of neur-

ite outgrowth, myelination and cellular viability (Huang and

Reichardt, 2003). In many cells, selective activation of the

receptor leads to apoptosis, both in vitro and in vivo (Roux

and Barker, 2002). For example, BDNF or the proform of NGF

binding to p75 results in the death of perinatal sympathetic

neurons (Bamji et al, 1998; Lee et al, 2001; Palmada et al,

2002), and deletion of the receptor in mice disrupts the

naturally occurring neuronal loss during development

(Bamji et al, 1998; Brennan et al, 1999; Frade and Barde,

1999).

Like many members of the TNF receptor superfamily, p75

can activate NF-kB and JNK and these signals are mediated

by TRAF6 (Khursigara et al, 1999, 2001; Yeiser et al, 2004).

The activation of JNK is known to be required for the receptor

to induce cell death (Casaccia-Bonnefil et al, 1996; Yoon et al,

1998; Harrington et al, 2002); however, NRIF is also involved

in this cell death signal, since the nrif�/� neurons are

resistant to p75-induced apoptosis (Linggi et al, 2005).

Moreover, ectopic expression of NRIF in sympathetic neurons

causes cell death (Linggi et al, 2005). It is thought that NRIF
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affects neuronal survival by regulating gene transcription,

since its amino-acid sequence includes five Kruppel-type

zinc fingers, which are typically DNA-binding domains, and

a sequence with homology to Kruppel-associated boxes,

which are known to act as transcription repression domains

(Margolin et al, 1994). Moreover, NRIF can localize to the

nucleus (Gentry et al, 2004) and recombinant NRIF has been

shown to bind DNA (Williams et al, 2004). The molecular

mechanism by which NRIF translocates to the nucleus is not

known; however, coexpression with TRAF6 in fibroblasts

significantly increased its nuclear localization (Gentry et al,

2004), leading us to speculate that TRAF6 may control

nuclear shuttling through ubiquitination. Here, we demon-

strate that in response to p75 activation NRIF undergoes K63

polyubiquitination, associates with TRAF6 and p62, and

translocates to the nucleus. In addition, NRIF is shown to

be a target for TRAF6-mediated polyubiquitination based on

in vitro and cell culture assays, and the polyubiquitination

and nuclear translocation of NRIF is greatly reduced in

neurons from traf6�/� mice. Finally, our data suggest that

polyubiquitination of NRIF is required for p75 receptor-

mediated apoptosis in sympathetic neurons.

Results

NRIF is ubiquitinated following ligand binding

to the p75 receptor

Since NRIF and TRAF6 interact with each other (Gentry et al,

2004) as well as with p75 (Casademunt et al, 1999;

Khursigara et al, 1999), and as TRAF6 is an ubiquitin ligase,

we hypothesized that ligand binding to the receptor would

promote the ubiquitination of NRIF. This was tested in PC12

cells using the NGF mutant D9/13 or BDNF, which can bind

to p75 but not TrkA, thereby activating only the p75 signaling

pathway (Hughes et al, 2001). The cells were treated with D9/

13 NGF (50 ng/ml) or BDNF (100 ng/ml) for different times,

lysed with SDS lysis buffer, NRIF immunoprecipitated and

ubiquitination detected by Western blotting (Figure 1). NRIF

was ubiquitinated shortly after addition of D9/13 NGF or

BDNF, with maximal ubiquitination occurring within 10 min

(Figures 1A and B). NGF did not induce ubiquitination of

NRIF in PC12 cells (Figure 1C), thus indicating that NRIF is

ubiquitinated in response to selective activation of the p75

receptor. Previous studies have shown that p75 interacts with

TRAF6 (Khursigara et al, 1999), which in turn may bind to

p62 (Sanz et al, 2000; Wooten et al, 2001). NRIF also

associates with TRAF6 functionally to mediate p75 signaling

(Gentry et al, 2004). Thus, we sought to investigate whether

D9/13 NGF would drive the interaction of p62 and TRAF6

with NRIF. PC12 cells were stimulated with D9/13 NGF for 0,

5 and 15 min, followed by immunoprecipitation (IP) of NRIF,

p62 or TRAF6 from lysates and Western blotting with anti-

body to NRIF, p62 and TRAF6. We observed that D9/13 NGF

activation of p75 for 5 min resulted in a substantial increase

in the interaction of both p62 and TRAF6 with NRIF

(Figure 2), which is in concordance with the time for max-

imum ubiquitination of NRIF.

TRAF6 attaches a lysine 63-linked polyubiquitin chain

to NRIF

Since TRAF6 functions as an E3 ubiquitin ligase (Deng et al,

2000), we sought to determine whether it can polyubiquiti-

nate NRIF. Therefore, Human embryonic kidney (HEK) 293

cells were transfected with NRIF, TRAF6 and ubiquitin con-

structs, and NRIF immunoprecipitated and Western blotted
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Figure 1 Activation of the p75 receptor induces the polyubiquitina-
tion of NRIF. PC12 cells were treated with 50 ng/ml of D9/13 mutant
NGF (A), 100 ng/ml of BDNF (B) or 20 ng/ml NGF (C) for the
indicated times; the cells were then lysed in SDS lysis buffer and the
ubiquitination of NRIF was determined by IP of NRIF followed by
immunoblotting with antiubiquitin (upper panels). The IP of NRIF
on the same blot was verified by probing the blot with NRIF
antibody (lower panels).
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Figure 2 Activation of the p75 receptor increases NRIF association
with TRAF6 and p62. PC12 cells were treated with 50 ng/ml of D9/
13 mutant NGF for 0, 5, and 15 min, the cells were then lysed using
Triton lysis buffer. NRIF (A), p62 (B) and TRAF6 (C) were immuno-
precipitated and the precipitates were Western blotted for NRIF, p62
or TRAF6. (D) The same cell lysates (50 mg) were also immuno-
blotted for NRIF, p62 and TRAF6 to confirm expression.
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for ubiquitin. The coexpression of TRAF6 and NRIF resulted in

NRIF polyubiquitination (Figure 3). A role for TRAF6 in mod-

ifying NRIF was further demonstrated by employing traf6

knockout (KO) mice. Wild-type (WT) and traf6 null mouse

brain homogenates were immunoprecipitated with anti-NRIF

and the ubiquitination status of NRIF examined by Western

blotting. In contrast to lysates from traf6þ /þ mice, in those

from traf6�/� mice no ubiquitination of NRIF was detectable

(Figure 4A). In addition to reducing NRIF ubiquitination, the

absence of TRAF6 also diminished its interaction of p62

(Figure 4B). Altogether, these results suggest that TRAF6 med-

iates NRIF ubiquitination, which promotes the binding to p62.

TRAF6 has been shown to ubiquitinate substrates through

noncanonical lysine 63 chains (Deng et al, 2000); therefore, we

proposed that such a polymer should be added to NRIF if

TRAF6 was mediating this reaction. To test this hypothesis,

HEK 293 cells were transfected with Flag-NRIF along with

mutants of ubiquitin, where individual lysines had been

changed to arginine: K29R, K48R and K63R, the cells were

then lysed, NRIF immunoprecipitated and the covalent linkage

of ubiquitin was examined by Western blotting with antibody

to Flag. All ubiquitin constructs were expressed at similar

levels (Figure 5A). Only the K63R ubiquitin mutant blocked

the polyubiquitination of NRIF, whereas, in the presence of the

K29R and K48R mutants, NRIF was polyubiquitinated to a

degree comparable to that seen with WT ubiquitin. To further

demonstrate that NRIF is K63 polyubiquitinated, we trans-

fected PC12 cells with HA-tagged ubiquitin constructs, fol-

lowed by treatment with D9/13 NGF. Therein, mutation of

K63R blocked polyubiquitination of endogenous NRIF

(Figure 5B) similar to results obtained in HEK cells (Figure 5A).

To directly demonstrate that TRAF6 was able to mediate

polyubiquitination of NRIF, an in vitro ubiquitination reaction

was conducted. When the reaction was conducted with K63

ubiquitin, in which K63 is the only site that could be used for

ubiquitin chain polymerization, we observed in vitro poly-

ubiquitination of NRIF comparable to WT, but an absence of

NRIF polyubiquitination was noted in reactions conducted

with K63R mutant ubiquitin (Figure 5C).

p62 binds to polyubiquitinated NRIF through its UBA

domain

In order to evaluate the role of ubiquitin in facilitating

the interaction of NRIF with p62, an aliquot of the in vitro

polyubiquitinated NRIF was allowed to interact with GST-

UBA domain of p62. Only NRIF with the polyubiquitin

modification coimmunoprecipitated with the UBA construct

(Figure 5C). Similarly, in HEK 293 cells transfected with NRIF

and p62 mutants, where the N-terminus had been deleted
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Figure 3 NRIF is polyubiquitinated by the E3 ubiquitin ligase
TRAF6. HEK 293 cells were cotransfected with Flag-NRIF, Flag-
TRAF6 or HA-ubiquitin, then lysed in SDS lysis buffer and the
lysates were immunoprecipitated with anti-NRIF, followed by
immunoblotting with an antibody to HA epitope to detect ubiquitin
conjugates (upper panel), or an antibody to NRIF to verify the IP of
NRIF (middle panel). The same cell lysates (50mg) were immuno-
blotted with anti-NRIF and anti-TRAF6 to validate the expression of
NRIF and TRAF6 (lower panels).
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NRIF polyubiquitination and nuclear translocation
T Geetha et al

The EMBO Journal VOL 24 | NO 22 | 2005 &2005 European Molecular Biology Organization3862



(amino acids 1–229) or where the C-terminal UBA domain

was deleted (amino acids 384–440), only the constructs

containing the UBA domain coimmunoprecipitated with

NRIF (Figure 5D). In addition, the interaction between NRIF

and p62 was TRAF6 dependent; no association was detected

in the absence of TRAF6 (Figure 5D). These results suggest

that the UBA domain of p62 can interact with NRIF only when

NRIF is K63 polyubiquitinated by TRAF6.

TRAF6 ubiquitinates NRIF at lysine 19

The ubiquitination of proteins is often not restricted to a

specific lysine; however, NRIF contains a lysine residue with-

in a TRAF6 consensus-binding motif (PXEXXAr/Ac, where

Ar is any aromatic residue and Ac is an acidic one (Ye et al,

2002)). The interaction between NRIF and TRAF6 was

mapped to the N-terminal 161 amino acids on NRIF and

within that region there is the sequence 14PHESEKF, which

fits the consensus sequence except for a lysine insertion.

Therefore, to test the possibility that this lysine is the ubiqui-

tin acceptor site, we created a K19R mutant. When NRIF K19R

was coexpressed with TRAF6 in HEK 293 cells, the ubiquiti-

nation of NRIF was significantly diminished, although not

completely absent, suggesting that this is the primary lysine

targeted by TRAF6 (Figure 6A). Mutating K19 also disrupted

the interaction between NRIF and TRAF6 (Figure 6B).

Nuclear translocation of NRIF requires TRAF6-mediated

polyubiquitination

We next considered what the physiological significance of

TRAF6-mediated NRIF polyubiquitination might be.

Previously, we observed that coexpression of TRAF6 en-

hanced the nuclear localization of NRIF in HEK 293 cells

(Gentry et al, 2004); therefore, we hypothesized that the

ubiquitination of NRIF was involved in targeting it to the

nucleus. To test this possibility, HEK 293 cells were trans-

fected with p75 along with WT NRIF or the K19R mutant

NRIF, which prevented ubiquitination (Figure 6A). To avoid

excess ubiquitination of NRIF induced by overexpression of

TRAF6, we relied on the endogenous, albeit low, levels of this

E3 ligase to ubiquitinate NRIF. Cytoplasmic and nuclear

fractions were isolated and the localization of NRIF was

determined by Western blotting. WT NRIF was localized to

the nucleus in response to p75 receptor activation, whereas

no K19R NRIF was detected in the nuclear fraction

(Figure 6C). These results demonstrate that p75-induced

nuclear localization of NRIF requires lysine 19, which is the

site of ubiquitination.

To more directly address the need for the formation of the

K63-linked chain of ubiquitin in this mobilization, we used

the K63R ubiquitin mutant, which prevented polyubiquitina-

tion of NRIF (Figure 5). Expression of this mutant ubiquitin,

along with p75 and NRIF, in 293 cells prevented NRIF nuclear

localization in response to receptor activation (Figure 7A).

Moreover, the K63R ubiquitin acted as a dominant negative in

PC12 cells, preventing the shuttling of NRIF to the nucleus

following D9/13 NGF treatment (Figure 7B).

Finally, to further link ubiquitination of NRIF with nuclear

translocation in vivo, brains were isolated from traf6þ /þ
and �/� mice, fractionated and the amount of NRIF in the

nuclear extract was determined. Although the expression of

NRIF in total brain lysate from traf6þ /þ and �/� mice was

similar, its nuclear localization was significantly decreased in

the tissue lacking TRAF6 relative to WT (Figure 8). We also

observed that NRIF mobilization to the nucleus in response

to p75 activation was abrogated in the absence of TRAF6.

In sympathetic neurons from WT superior cervical ganglia,

NRIF was observed in the nucleus after treatment with

proNGF, which binds specifically to p75 (Lee et al, 2001);

however, in the neurons from traf6�/� animals, NRIF re-

mained cytoplasmic (Figure 9). Given that the ubiquitination
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mutant K19R along with Flag-TRAF6 and HA-tagged ubiquitin. The
cells were then lysed with SDS lysis buffer and the extent of
ubiquitination was determined by immunoprecipitating the lysate
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of NRIF is dramatically reduced in traf6 null brain (Figure 4),

these results suggest that polyubiquitination of NRIF by

TRAF6 is required for its nuclear localization.

Mutation of lysine 19 in NRIF prevents p75 receptor-

mediated neuronal apoptosis

We recently demonstrated that nrif�/� sympathetic neurons

are resistant to p75-induced apoptosis (Linggi et al, 2005).

Given that NRIF is a DNA-binding protein, we hypothesized

that its nuclear localization in response to receptor activation

was necessary for the subsequent apoptosis. Since our results

demonstrate that mutation of lysine 19 on NRIF prevented its

ubiquitination and nuclear translocation, we used this mutant

to test our hypothesis. WT NRIF or K19R mutant NRIF was

transfected into nrif�/� sympathetic neurons and, 48 h later,

p75 was activated by BDNF. As expected, expression of NRIF

in the neurons induced some cell death under control condi-

tions; however, the K19R mutant did not increase apoptosis

above background. Most important, while the WT NRIF

restored p75-mediated apoptosis in nrif�/� sympathetic

neurons, the K19R mutant NRIF did not (Figure 10), suggest-

ing that polyubiquitination and nuclear translocation of NRIF

is required for p75 receptor-mediated neuronal apoptosis.

Discussion

The p75 neurotrophin receptor is a multi-faceted signaling

protein that regulates several key functions in the developing

and injured mammalian nervous system, including neurite

outgrowth and cellular survival (reviewed by Barker, 2004).

One of the best characterized effects of p75 activation is the

induction of apoptosis, which has been shown to require the

intracellular associating proteins NRIF (Casademunt et al,

1999; Linggi et al, 2005) and TRAF6 (Yeiser et al, 2004).

These two proteins are also required for the receptor to

activate the stress kinase JNK, which is necessary for p75-

mediated cell death. However, the ectopic expression of NRIF

alone can induce apoptosis and this is independent of JNK

activation, suggesting that this protein has a function in-

dependent of the kinase. Moreover, NRIF is a DNA-binding

protein that can mobilize to the nucleus (Williams et al,

2004), thus raising the question as to how it would translo-

cate from binding to a cell surface receptor into the nucleus.

In this report, we demonstrate that ligand binding to p75

receptor stimulates NRIF polyubiquitination by the E3 ligase

TRAF6 and this modification is necessary for the nuclear

translocation of NRIF. Taken together, these results reveal a
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Figure 7 K63 polyubiquitinated NRIF is transported to the nucleus. (A) HEK 293 cells were transfected with Flag-NRIF, myc-tagged p75 along
with HA-K48R or K63R ubiquitin mutants. The cells were then treated with 50 ng/ml NGF for 5 min, the cytosolic and nuclear fractions were
immunoprecipitated with NRIF antibody and Western blotted using an NRIF antibody. The cytosolic and nuclear fractions were also
immunoblotted for CRM1 and actin to validate the purity of the fractions (left panels). The total lysates were Western blotted using anti-
NRIF, p75 or HA to confirm the expression of NRIF, p75 and ubiquitin constructs (right panels). (B) PC12 cells were transfected with the HA-
tagged K48R or K63R ubiquitin mutant, then stimulated with D9/13 NGF (50 ng/ml) for 5 min, and cytosolic and nuclear fractions were
isolated. NRIF was immunoprecipitated from these fractions and immunoblotted with anti-NRIF. The cytosolic and nuclear fractions were also
immunoblotted for CRM1 and actin to validate the purity of the fractions (left panels). The expression of the NRIF and HA-tagged ubiquitin
mutants was verified by Western blot with anti-NRIF and anti-HA (right panels).
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novel mechanism for regulating the nuclear shuttling of a

transcription factor in response to an extracellular signal.

The addition of ubiquitin to proteins occurs through an

enzymatic cascade; first an activating enzyme, E1, is charged

with ubiquitin in an ATP-dependent process, then the ubiqui-

tin is transferred to an E2-conjugating enzyme and, finally, it

is attached to a substrate by an E3 ligase, which determines

the target specificity (Pickart, 2001). Although protein ubi-

quitination has been best characterized as a mechanism

for targeting proteins to the proteasome for degradation

(Ciechanover and Ben-Saadon, 2004), recently it has become

clear that this modification can also serve many other func-

tions, largely by serving as a protein–protein interaction

motif, similar to phosphorylation. Several cell plasma mem-

brane proteins have been shown to internalize through

a mechanism involving the attachment of monoubiquitin

(Marmor and Yarden, 2004), which then recruits components

of the internalization machinery such as Eps15 (de Melker

et al, 2004). Ubiquitination can also modulate the activity of

transcription factors, by recruiting coactivators or corepres-

sors or by serving as a trigger for nuclear export (Muratani

and Tansey, 2003; Shcherbik and Haines, 2004). In contrast,

there are currently only a couple of examples of ubiquitin

serving as a nuclear import signal. The nuclear translocation

of the transcription factor NF-kB is indirectly controlled by

ubiquitination. In response to various stimuli, ubiquitin is

added to the endogenous inhibitor, IkB, which targets it for

degradation, thereby revealing the hidden nuclear localiza-

tion signal on NF-kB (Ghosh and Karin, 2002). A direct role

for ubiquitin-targeting proteins to the nucleus has been

shown for the E2-conjugating enzymes UbcM2, UbcH6 and

UBE2E2; attachment of ubiquitin promotes their binding

to importin-11, thereby facilitating nuclear translocation

(Plafker et al, 2004). Similarly, ubiquitination causes the

Saccharomyces cerevisiae transcription factors Mga2p and

Spt23p to move to the nucleus, although the role of importins

has not been determined in this case (Shcherbik and Haines,

2004). Our results demonstrate for the first time that ubiqui-

tination of a mammalian transcription factor, NRIF, can

directly induce its nuclear translocation.

Recently, ubiquitination has also been shown to promote

the activation of a kinase, TAK1 (Wang et al, 2001). This

kinase is activated by the E3 ligase TRAF6, but TAK1 is not the

ubiquitination target, rather it is TRAF6 itself. This E3 poly-

ubiquitinates itself by forming a chain linked through K63 on

ubiquitin. This modification of TRAF6 results in the stimula-

tion of the kinase through an unknown mechanism, ulti-

mately resulting in the activation of NF-kB and JNK. Indeed,

TRAF6 has been shown to mediate the activation of both

pathways by p75 (Yeiser et al, 2004). TRAF6 also activates NF-

kB by interacting with aPKC (Sanz et al, 2000), and this occurs

through the scaffolding protein p62 (Wooten et al, 2001).

The K63 linkage of ubiquitin is different from the typical

K48 polymer, which targets proteins for degradation through

the proteasome. Recently, the solution structure of the K63

chain was shown to be substantially different from a K48

polymer (Varadan et al, 2004). The K63 chain, unlike K48,

exists in a more open conformation that allows exposure of

hydrophobic surfaces that could serve as an interface for

binding to other proteins. Indeed, to date, the function of the

K63-linked chain is proposed to mediate protein–protein

interaction. Similar to polyubiquitination of TRAF6 facilitat-

ing the binding of TAK1, the proliferating cell nuclear antigen

(PCNA) was shown to recruit specific DNA polymerases,

required for error-free DNA repair, through the formation of

a K63-linked polyubiquitin chain by the E3 ligase Rad5

(Hoege et al, 2002). Whether the polyubiquitin chain on

NRIF promotes nuclear translocation through enhancing the

binding of other proteins, such as importin-11, is not known.

Interestingly, one of the proteins that associated with NRIF

in response to its ubiquitination was p62. While this protein

was first identified by its interaction with aPKC, it has also

been shown to activate transcription of an SV40 enhancer

linked to a reporter gene, although it was unable to directly

bind DNA, suggesting that it served as a coactivator

(Rachubinski et al, 1999). We predict that NRIF functions

as a transcription repressor since it contains KRAB domains,

which typically function as repression domains able to recruit

corepressors such as the NuRD complex (Schultz et al, 2001).

Whether p62 would prevent repression and promote activa-

tion in the context of NRIF is unclear, but it is likely to

modulate NRIF’s transcriptional activity.

In summary, the data presented here demonstrate that

TRAF6 polyubiquitinates NRIF and this modification is neces-

sary for the translocation of NRIF into the nucleus. Although

NRIF is the first example of ubiquitination directing a mam-

malian transcription factor to the nucleus, it is notable that the

Toll-like receptors TLR7 and 9 induce interferon gene expres-

sion through the formation of a protein complex that includes

TRAF6 and the transcription factor IRF-7 (Honda et al, 2004),

suggesting that this mechanism may have broader applicabil-

ity. We also found that NRIF ubiquitination and its nuclear

mobilization occur in response to ligand binding to the p75

receptor. Given that TRAF6 and NRIF are required for p75-

mediated apoptosis (Yeiser et al, 2004; Linggi et al, 2005),

these results, taken together, suggest that activating the recep-
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Figure 8 TRAF6 is necessary for NRIF nuclear localization in vivo.
Whole brains were isolated from postnatal day 2 traf6 WT and KO
mice, homogenized in RIPA buffer, then NRIF immunoprecipitated
and the precipitates immunoblotted with NRIF antibody (upper
panel). Nuclei were isolated from these tissues and NRIF immuno-
precipitated. The precipitates were then subjected to Western blot-
ting using an NRIF antibody (middle panel). Note the reduced
presence of NRIF in traf6�/� nuclei relative to the WT. Nuclear
extract (NE) and post nuclear supernatant (PNS) from WT and KO
mouse brain were subjected to HDAC1 Western blot analysis to
confirm the isolation of the nuclei, as well as serving as a loading
control for the nuclear extracts (lower panel).
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tor causes NRIF to enter the nucleus and regulate the expres-

sion of genes that regulate neuronal survival/apoptosis. Future

experiments will focus on identifying the target genes of NRIF.

Materials and methods

Cell culture
HEK 293 cells were maintained in high-glucose Dulbecco’s modified
Eagle’s medium containing 10% fetal calf serum. PC12 cells were
grown on plates coated with rat-tail collagen in DMEM containing
10% horse serum and 5% calf serum and antibiotics (50 U/ml
penicillin and 50mg/ml streptomycin). Sympathetic neurons from
traf6þ /þ and �/� mice at postnatal day 3–4 were isolated from
the super cervical ganglia (SCG) as described by Palmada et al
(2002). In brief, the neurons were dissociated with 0.25% trypsin
and 0.3% collagenase for 30 min at 371C, then plated on poly-L-
ornithine- and laminin-coated four-well slides (Nalge Nunc Inter-
national) containing 4.6 mM imidazole (used to elute pro- or mature
NGF off the Ni beads), 5 ng/ml of pro-NGF or 20 ng/ml of NGF in
Ultraculture medium (BioWhittaker) supplemented with 3% fetal
calf serum (Gibco), 2 mM L-glutamine (Gibco).

HEK 293 cells were transfected employing the calcium phosphate
method using a Mammalian Cell Transfection Kit (Specialty Media).
The cells were lysed with Triton X-100 lysis buffer to detect protein–

protein interactions (50 mM Tris–HCl, pH 7.5, 150 mM NaCl, 10 mM
NaF, 0.5% Triton X-100, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl
fluoride, 2mg/ml leupeptin and aprotinin) or SDS lysis buffer to
detect covalent interaction of ubiquitin and NRIF (Triton lysis buffer
containing 1% SDS). Protein was estimated using bovine serum
albumin (BSA) as a standard by Bradford procedure (Bio-Rad) for
all samples except those containing SDS, which were estimated
employing the DC assay (Bio-Rad).

Construction of NRIF and p62 mutants
The K19R-NRIF mutant was generated by site-directed mutagenesis
using standard PCR methods. The primer 50-CCCCATGAGTCTGT
GAGGTTTGAAGATGTTTCT was used to amplify pcDNA3-NRIF,
resulting in lysine 19 conversion to arginine. The complete
sequence of the resulting mutant was confirmed. The p62 deletion
mutants p62DN-term (lacking the amino-terminal 229 residues)
and p62DUBA (lacking the carboxy-terminal 54 residues) were
described previously (Seibenhener et al, 2004).

IP and Western blot analysis
A total of 1 mg of whole-cell lysate diluted in lysis buffer was
incubated with 4mg of primary antibody at 41C for 3 h. The
immunoprecipitates were collected with agarose-coupled secondary
antibody for two more hours at 41C and then washed three times
with lysis buffer. Samples were boiled in SDS–PAGE sample buffer
and resolved on 7.5 or 12% SDS–PAGE, transferred onto nitrocellu-

NRIF Nucleus Overlay

+/+

+/+

–/–

–/–

Mature NGF

Mature NGF

Pro-NGF

Pro-NGF

Figure 9 p75-mediated nuclear translocation of NRIF requires TRAF6. Sympathetic neurons from traf6þ /þ and �/� mice were cultured
directly in mature NGF (20 ng/ml) or proNGF (5 ng/ml) for 20 h, then the neurons were fixed and NRIF detected using an affinity-purified NRIF
antibody revealed by Alexa 488-coupled secondary antibody (green). Nuclei were labeled with propidium iodide (red). The neurons were then
imaged by confocal microscopy. Note the overlap of NRIF and nuclear staining in the presence of proNGF in traf6þ /þ neurons (orange) but
not in traf6 �/� neurons. The insets depict individual neurons enlarged. Scale bar 50mm.
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lose membranes and analyzed by Western blotting with the
appropriate antibodies.

For NRIF IP from brain, whole brain from traf6þ /þ and �/�
was isolated from postnatal day 4 mouse pups, lysed in RIPA lysis
buffer (50 mM Tris–HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40,
0.5% deoxycholate, 0.1% SDS, 0.1 mM phenylmethylsulfonyl
fluoride, 10mg/ml leupeptin, 2mg/ml aprotinin) or SDS lysis buffer
for detecting ubiquitin. Equal amounts of protein were immuno-
precipitated with affinity-purified NRIF antibody (5ml/0.5 ml) and
protein A sepharose, separated by 10% SDS–PAGE and transferred to
a nitrocellulose membrane and probed with NRIF antibody (1:2000
dilution) or anti-ubiquitin (1:500 dilution, SC-8017, Santa Cruz).

In vitro ubiquitination and GST-UBA-binding assay
HEK cells were transfected with Flag-tagged NRIF construct by the
calcium phosphate method. The cells were lysed with SDS lysis
buffer and 750mg of the lysate was immunoprecipitated with
antibody to NRIF and collected with agarose-coupled secondary
antibody. The agarose beads containing the immunoprecipitated
NRIF were ubiquitinated by the addition of 50ml of reaction buffer
(50 mM Tris, pH 7.5, 2.5 mM MgCl2, 2 mM DTT, 2 mM ATP)
containing 100 ng E1, 200 ng UbcH7 (E2), along with 100 ng of
TRAF6 (E3) and 5mg of ubiquitin. Control samples without
ubiquitin or TRAF6 were also included. Reactions were carried
out by continuous shaking at 371C for 2 h and then washed thrice
with reaction buffer. The proteins were released by boiling for 2 min
in SDS–PAGE sample buffer, electrophoresed on 7.5% SDS–PAGE
and Western blotted with antiubiquitin and anti-NRIF. For the GST-
UBA binding, the ubiquitinated NRIF captured on the agarose
beads was incubated with 5mg of p62 GST-UBA in binding buffer
(20 mM Tris–HCl, pH 7.6, 50 mM NaCl, 0.1% Nonidet P-40,
0.5 M dithiothreitol and 1 mM phenylmethylsulfonyl fluoride) and
allowed to interact at 371C for 1 h. The agarose beads were washed
three times with binding buffer and were boiled in sample buffer,
resolved by 10% SDS–PAGE and Western blotted with antibody
against ubiquitin or GST.

Cell fractionation
HEK cells were cotransfected with myc-tagged p75 and Flag-NRIF or
K19R NRIF and, in some experiments, HA-K63R- or HA-K48R-
ubiquitin, and, 24 h later, were stimulated with 50 ng/ml NGF for
5 min. PC12 cells were transfected with HA-K63R- or HA-K48R-
ubiquitin using LipofectAMINE 2000 (Invitrogen) and, 24 h later,
were treated with or without D9/13NGF. The cells were lysed in
buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM
EGTA, 0.4% Nonidet P-40, 1 mM dithiothreitol, 0.1 mM phenyl-
methylsulfonyl fluoride and 10mg/ml aprotinin with 1 mM Na3VO4).
The cell suspension was incubated on ice for 10 min, then the nuclei
were pelleted at 750 g for 5 min. The supernatant was saved as the
cytosol fraction. The nuclear pellet was further lysed in TLB (20 mM
Tris, pH 7.5, 137 mM NaCl, 2 mM EDTA, 1% Triton X-100, 25 mM
b-glycerophosphate, 1 mM phenylmethylsulfonyl fluoride, and
10mg/ml aprotinin and 1mM Na3VO4), sonicated and centrifuged. This
was then followed by IP of NRIF in both cytosol and nuclear fractions
and Western blotting for NRIF to detect changes in its localization.

Isolation of nuclear extract from brain
Whole brains from traf6þ /þ and �/� were isolated from
postnatal day 2 mouse pups and nuclear extract prepared as
described by Dignam et al (1983). In brief, the tissue was
homogenized in buffer A (10 mM HEPES, pH 7.9, 1.5 mM MgCl2,
10 mM KCl, 0.5 mM phenylmethylsulfonyl fluoride, 10mg/ml
aprotinin, and leupeptin), centrifuged at 1000 g for 10 min to pellet
nuclei, and the nuclear pellet was resuspended in buffer C (20 mM
HEPES, pH 7.9, 0.84 M NaCl, 1.5 mM MgCl2, 0.4 mM EDTA, 0.5 mM
DTTand 0.5 mM phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin,
and leupeptin) to extract protein. This nuclear extract was then
cleared by centrifuging 14 000 g for 20 min and NRIF immuno-
precipitated as described above.

Immunostaining
At 20 h after plating in the proNGF, NGF or imidazole, the neurons
were fixed in 4% paraformaldehyde, permeabilized with 0.1%
sodium citrate and 0.1% Triton X-100, blocked with 10% goat
serum in PT, and incubated overnight with the affinity-purified
NRIF antibody (1:100 dilution), followed by incubation with anti-
rabbit Alexa 488. Nuclei were visualized by propidium iodide and
images were acquired using a confocal laser-imaging system (LSM
510; Carl Zeiss MicroImaging, Inc.) at � 400.

Transfection of primary neurons
SCGs from nrif�/� animals were isolated at postnatal day 2–4 and
sympathetic neurons were dissociated with 0.25% trypsin and
0.3% collagenase for 30 min at 371C. The non-neuronal cells were
removed with a 1-h preplating on uncoated Falcon plate (Becton
Dickinson). Then, the cell suspensions were transfected with GFP,
GFP-NRIF or GFP-K19R NRIF by electroporation using program
O-03 on an Amaxa Nucleofactor device. Neurons were then cultured
as above with 20 ng/ml NGF and, 2 days later, the NGF was
removed by washing the cultures in Ultraculture medium lacking
NGF, containing 0.1mg/ml anti-NGF (Chemicon International).
Then, neurons were switched to media containing anti-NGF
together with 12.5 mM KCl to promote survival with or without
100 ng/ml BDNF. After 48 h, the cells were fixed in 4% parafor-
maldehyde and GFP-positive neurons were counted by DAPI
staining of nuclei. In each case at least 200 neurons were counted.
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