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Abstract

Sequestosome 1/p62 (p62) is a scaffold/adaptor protein with multiple functions implicated for

neuronal and bone diseases. It carries a ubiquitin binding domain through which it mediates

proteasome-dependent proteolysis. In addition, p62 is reported to regulate NF-κB activity in some

cells. To date, however, the role of p62 in innate immunity has not been fully elucidated. In this

study, we report that IFN-γ plus TLR signaling stimulates late expression of p62 in murine

macrophages. Overexpression of p62 inhibited expression of multiple cytokines, IL-12p40, TNF-

α, IL-1β, IL-6, and IFN-β, whereas p62 underexpression by small hairpin RNA markedly elevated

their expression, indicating that p62 is a broad negative regulator of cytokine expression in

stimulated macrophages. We show that p62 interacts with IFN regulatory factor 8 and Ro52, the

transcription factor and ubiquitin E3 ligase that are important for IL-12p40 expression. This

interaction, detectable at a late stage in stimulated macrophages, led to increased

polyubiquitination and destabilization of IFN regulatory factor 8. We also show that upon

macrophage stimulation, p62 binds to TNFR-associated factor 6, another E3 ligase important for

NF-κB activation, but later this interaction was replaced by the recruitment of the deubiquitinating

enzyme, cylindromatosis, an inhibitor of NF-κB activity. Recruitment of cylindromatosis

coincided with reduced TNFR-associated factor 6 autoubiquitination and lower NF-κB activation.

Our results indicate that p62 orchestrates orderly regulation of ubiquitin modification processes in

macrophages to ensure attenuation of cytokine transcription postactivation. Together, p62 may

provide a mechanism by which to control excessive inflammatory responses after macrophage

activation.

Recognition of pathogen components by TLRs activates macrophages to induce many

proinflammatory cytokines, leading to the establishment of innate immunity (1).
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Macrophages are highly sensitive to IFN-γ, which enables them to elicit enhanced cytokine

responses (2, 3). Induction of proinflammatory cytokines, such as IL-1β, IL-6, and TFN-α,

depends on the activation of NF-κB family of proteins (4–6). Induction of IL-12p40, in

contrast, critically requires IFN regulatory factor (IRF)3 8, a transcription factor of the IRF

family (7–11).

A large body of literature documents that ubiquitin modification is a major mechanism of

regulating innate immune responses (12, 13). Ubiquitin modification controls NF-κB

activation in multiple ways that affect cytokine and chemokine profiles. NF-κB is activated

by autoubiquitination of TNFR-associated factor 6 (TRAF6), the RING family of E3

ubiquitin ligase. TRAF6 is a component of the TLR signaling pathways, and its

autoubiquitination is required for inhibitor of IκB kinase (IKK) phosphorylation and the

subsequent polyubiquitination and proteasome-mediated degradation of IκBα (14, 15).

Ubiquitination of a downstream factor, receptor interacting protein, and recognition of

ubiquitinated factors by IKKγ (NEMO) are also critical for NF-κB activation (16, 17). E3

ligases of the tripartite motif family, such as TRIM25 and TRIM30α, also act within the

pathogen recognition pathways to regulate NF-κB activity (18, 19). Ubiquitination is an

integral part of transcription of IL-12p40 as well, a master cytokine important for IFN-γ

production (20): IRF8 is ubiquitinated by an IFN-inducible E3 ligase, Ro52, also called

TRIM21, following macrophage activation (21). This ubiquitination is associated with

enhanced transcription of IL-12p40. Ro52 is also reported to mediate ubiquitination of IRF3

following viral stimulation, which leads to down-regulation of IFN-β expression (22).

Ubiquitination is a widespread event occurring both in the cytoplasm and nucleus. It is a

highly dynamic process, reversible by deubiquitinating enzymes. Indeed, some

deubiquitinating enzymes are shown to participate in the regulation of innate immunity (13).

Among them, cylindromatosis (CYLD), a tumor suppressor in the skin, is shown to

negatively regulate NF-κB activity, by reducing TRAF6 autoubiquitination (13, 23–25).

Another family of proteins that regulate ubiquitin modification processes are those that bind

to the ubiquitin moiety to facilitate proteasome-dependent clearance of ubiquitinated

proteins (26, 27). Among them is the sequestosome 1, also known as p62 or A170 (hereafter

p62), which functions as a scaffold/adaptor protein that has many biological activities (28–

31). Mutations of p62 are associated with bone diseases (32, 33). Loss of the p62 gene

results in impaired bone physiology in mice (34). p62 is also implicated for neuronal

diseases, including Alzheimer’s disease (35) and Parkinson’s disease (36). A recent study

indicates that p62 may have a role in some tumors (37). The ubiquitin binding domain of

p62 binds to proteins that are polyubiquitinated through lysine 63 (K63) of ubiquitin, which

leads to protein aggregate formation and eventual proteasome-mediated processing (29, 38,

39). p62 is also known to promote polyubiquitination of TRAF6 and NF-κB activation in

nerve growth factor-stimulated PC12 cells and in receptor activator for NF-κB ligand-

stimulated osteoclasts (34, 40, 41). In HepG2 cells, p62 is involved in IL-1-stimulated NF-

3Abbreviations used in this paper: IRF, IFN regulatory factor; Co-IP, coimmunoprecipitation; CYLD, cylindromatosis; HA,
hemagglutinin; IKK, inhibitor of IκB kinase; qRT-PCR, quantitative RT-PCR; shRNA, small hairpin RNA; TRAF6, TNFR-associated
factor 6.
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κB activity (42). Interestingly, a more recent study indicates that the p62/ TRAF6 complex

interacts with a deubiquitinating enzyme, CYLD, suggesting that p62 assumes a dual role,

capable of stimulating and inhibiting NF-κB activity under some conditions (43, 44). As

such, p62 may serve as a coordinator of ubiquitin-mediated regulatory processes.

Despite its widespread expression, and the report that p62 participates in Th2-mediated

adaptive immune responses (45), little is known as to the role of p62 in innate immunity.

Our interest in p62 in innate immunity came from our earlier findings that IFN-γ/TLR

stimulation triggers increased ubiquitination and ubiquitin binding of many nuclear proteins

in macrophages, including that of p62 (J. Kim, D. E. Anderson, and K. Ozato, submitted for

publication). In this study, we show that p62 is an IFN-γ/TLR-inducible protein that

negatively regulates expression of many proinflammatory cytokines in activated

macrophages. Studies of the underlying mechanisms led to the observations that p62

interacted with Ro52, an E3 ubiquitin ligase for IRF8. Although Ro52 enhanced the

transcriptional activity of IRF8 in an early stage, it interacted with p62 in a later stage,

which accelerated processing of IRF8, resulting in the inhibition of IL-12p40 expression.

Moreover, p62, which interacted with TRAF6 in an early stage, interacted with CYLD, the

deubiquitinating enzyme to the p62 complex, in a later stage. The delayed CYLD

recruitment coincided with the reduced TRAF6 autoubiquitination and the inhibition of NF-

κB activity, a likely basis of reduced cytokine expression. Our results indicate that p62

coordinates orderly regulation of ubiquitination-mediated processes in activated

macrophages. The p62 activity observed in this study may represent a previously

unrecognized mechanism of attenuating cytokine expression postactivation.

Materials and Methods

Cells and reagents

Raw264.7 (hereafter RAW) cells and 293T cells, both from American Type Culture

Collection, were maintained in DMEM with 10% FBS. RAW cells were treated with 150

U/ml IFN-γ (PeproTech) overnight, followed by 100–500 ng/ml CpG DNA 1826 (21, 46).

To prepare macrophages, bone marrow mononuclear cells (1 × 107cells) from C57BL/6

mice were incubated in the presence of 20 ng/ml M-CSF (Invitrogen) for 5 days.

Nonadherent cells were removed before experiments. Abs to p62, Ro52, TRAF6, CYLD,

ubiquitin, and TFIIB Abs were purchased from Santa Cruz Biotechnology; those for

phospho-IKK and IKK from Cell Signaling Technology; and anti-hemagglutinin (HA) Ab

from Roche.

Plasmids and transfection

To construct an expression vector for HA-tagged p62 (HA-p62), a p62 cDNA was first

amplified from the Image clone (ID, 3487289) using the 5′-EcoRI primer,

cggaattcatggcgtcgttcacggtgaaggcc, and the 3′-XhoI primer,

cgggatcccttggccacagcactatcacaatg, and cloned into pcDNA3-HA, followed by confirmation

of correct cloning by sequencing. The plasmid for V5-tagged p62 (V5-p62) was constructed

by inserting the p62 cDNA fragment from above into pcDNA3-V5. pcDNA3-Ro52 and

pcDNA3-HA-Ub were described (21). RAW cells were transfected with pcDNA3-HA-p62
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or the empty vector (pcDNA3-HA) using LipofectaminePlus, and were selected with G418 (1

mg/ml; Invitrogen) for 4 wk. More than 10 stable clones were isolated and maintained in the

presence of G418 (500 µg/ml). Two days before the IFN-γ/CpG stimulation, G418 was

removed from the medium. V5-p62, Flag-tagged IRF8 (Flag-IRF8), Ro52, and HA-Ub were

transiently transfected in 293T cells with SuperFect (Qiagen) for 24 h, according to the

manufacturer’s protocol. Some samples were treated with 20 µM MG132 (Sigma-Aldrich)

for a final 6 h.

p62 small hairpin RNA (shRNA) vector and transduction

p62 shRNA and control shRNA were cloned into pSUPER retro vector (Oli-goengine). The

shRNA sequence used in this study was from +762 to +782 relative to the transcription start

site, as follows: 5′-GGTTGACATTGATGT GGAACA-3′. The sequence for control shRNA

was 5′-TGTAGATGGGTA CGATGCGTA-3′. Viral supernatants were prepared by

transfection of the above vector into 293ET cells using LipofectaminePlus (Invitrogen) (47).

Supernatants were collected 48 h later and used for transduction into RAW cells. The effect

of p62 shRNA was monitored by quantitative RT-PCR (qRT-PCR) and by immunoblot

analysis before each experiment.

RNA extraction and qRT-PCR

Total RNA was extracted from RAW cells with the TRIzol reagent (Invitrogen), reverse

transcribed by using Superscript II with the random primers (Invitrogen), and amplified by

PCR in a final reaction volume of 20 µl using the SYBR Green mixture (Applied

Biosystems) with 3 pmol primers. qRT-PCR was performed using primers designed by

Primer Express software (Applied Biosystems) in the ABI Prism 7500 Sequence Detection

System (Applied Biosystems). The primer sequences for p62 were 5’-

AGCTGCCCTCAGCCCTCTA-3’ and 5’-GGCTTCTCTTCCCTCCAT GTT-3’, and data

were normalized by Gapdh transcript levels using the primers, 5’-

GTGTTCCTACCCCCAATGT-3’ and 5’-TGTCATCATACT TGGCAGGTTTC-3’. Primer

sequences or other genes are available upon request.

Immunoprecipitation and immunoblot analysis

Cells were washed with PBS and lysed with the lysis buffer containing 20 mM HEPES, 150

mM NaCl, 20% glycerol, 0.1% Nonidet P-40, 1 mM PMSF, 10 mM NaF, 1 mM Na3VO4, 1

mM Na2MoO4, 10 mM N-ethyl-maleimide, and the mixture of protease inhibitor (Roche) at

4°C for 30 min with shacking. For coimmunoprecipitation (Co-IP), lysates (0.5–1 mg) were

precleared by protein G, and then incubated with 1 µg of Ab (against p62, IRF8, Ro52,

CYLD, and HA) at 4°C overnight, followed by incubation with protein G for 6 h at 4°C

Precipitates were washed three times in lysis buffer and eluted in 2× sample buffer. For the

detection of TRAF6 autoubiquitination, cells were lysed in the modified

radioimmunoprecipi-tation assay buffer (50 mM HEPES, 100 mM NaCl, 4 mM EDTA,

0.1% sodium deoxycholate, 0.5% Triton X-100, 10 mM NaF, 1 mM Na3VO4, 1 mM

Na2MoO4, 10 mM N-ethylmaleimide, and the mixture of protease inhibitor), and lysates

(500 µl) were incubated with 1 µg of Ab overnight at 4°C, followed by incubation with

protein G for 6 h at 4°C Precipitates were washed three times in radioimmunoprecipitation
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assay buffer and eluted in 2× sample buffer. Eluted materials were resolved on a Nu-PAGE

gel (Invitrogen), transferred onto polyvinylidene difluoride membrane (Millipore), and

immunoblotted with indicated Abs, and Ab binding was detected using the ECL kit

(SuperSignal West Dura Extended Duration Substrate; Pierce).

IL-12p40 promoter and ELISA analysis

A quantity amounting to 1 µg of plasmids containing murine IL-12p40 luciferase reporter

(from −413 to +12) (48), Flag-IRF8, Ro52, HA-p62, and Renilla luciferase plasmid was

transiently transfected into 293T cells using SuperFect, as above. Luciferase activity was

measured 24–36 h after transfection with the Dual-Luciferase Reporter Assay System

(Promega). RAW cells expressing p62 shRNA or HA-p62 and corresponding control cells

were stimulated with IRF-γ/TLR for 24 h, and supernatants were tested by IL-12p40 protein

by ELISA using the kit (Pierce).

Results

Induction of p62 by IFN-γ in macrophages

Our previous proteomic analysis identified p62 as one of ubiqui-tinated/ubiquitin-binding

proteins that are increased in stimulated macrophages (J. Kim, D. Anderson, and K. Ozato,

submitted for publication). In light of the paucity of information regarding the expression of

p62 in macrophages, we examined whether p62 is induced in response to IFN-γ and TLR

stimulation in RAW macrophages. As shown in Fig. 1A, p62 transcripts and the protein

were expressed in unstimulated RAW cells at moderate levels. The p62 transcripts and

proteins were markedly increased 24 h after IFN-γ treatment, indicating that p62 is a late

responder to IFN-γ. Many other IFN-γ-responsive genes, including IRF8 and Ro52, were

shown to be expressed much earlier, within 4 h (21, 49–51), suggesting that the function of

p62 may be linked to a late event in macrophage activation. We found that when cells were

pretreated with IFN-γ for 20 h, the subsequent treatment with CpG for 4 h further increased

p62 expression, although CpG treatment alone did not stimulate p62 expression (Fig. 1B).

Immunoblot data in Fig. 1C show that p62 levels increased as IFN-γ/CpG treatment was

extended up to 24 h. The upper p62 band seen at 24 h most likely represents ubiquitinated

p62 (52). Similarly, p62 was induced by IFN-γ with and without CpG in bone marrow-

derived macrophages, and another macrophage line J774A.1 (Fig. 1D; data not shown). We

also found that bacterial polysaccharides (LPS) similarly increased p62 expression when

added following IFN-γ treatment (data not shown). These results led us to conclude that p62

is an IFN-γ-inducible gene whose expression is further increased by TLR signaling in

macrophages. Thus, in all experiments below, RAW cells were primed with IFN-γ

overnight, followed by CpG stimulation.

p62 attenuates IFN-γ/TLR-stimulated IL-12p40 expression

To address the biological function of p62 in cytokine expression in macrophages, we

introduced a p62 shRNA vector into RAW cells. As shown in Fig. 2A (upper panel), p62

mRNA levels were markedly reduced in cells with p62 shRNA both before and after IFN-

γ/CpG treatment compared with cells with control shRNA. Cells with p62 shRNA showed

little p62 induction after IFN-γ/TLR stimulation, indicating effective p62 knockdown by this
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shRNA. In agreement, p62 protein expression was strongly inhibited in knockdown cells

(Fig. 2A, lower panel). TFIIB expression was similar in control and knockdown cells before

and after stimulation, supporting specificity of p62 knockdown. We observed ~90%

inhibition of p62 expression in RAW cells using this p62 shRNA vector. IL-12p40, a

subunit of the master cytokine IL-12, is one of the cytokines induced in macrophages by

IFN-γ/TLR (20). Therefore, we tested IL-12p40 transcript expression in p62 knockdown

cells. As shown in Fig. 2B, IFN-γ/CpG induced IL-12p40 mRNA by more than 1000-fold

both in control and in p62 knockdown cells. However, the IL-12p40 mRNA levels were

significantly higher in knockdown cells at all three time points after stimulation, indicating

that p62 negatively regulates IL-12p40 expression in macrophages. These results led us to

predict that p62 overexpression might, conversely, inhibit IL-12p40 expression. To test this

prediction, we stably transfected RAW cells with a plas-mid vector for a HA-tagged p62

(HA-p62), and generated a number of clones stably overexpressing HA-p62. Fig. 2C (upper

panel) shows results of one such clone, in which p62 transcripts and protein levels were

strongly increased after IFN-γ/CpG stimulation. IFN-γ/CpG-stimulated expression of

exogenous HA-p62 is not surprising, because this vector is driven by the CMV promoter

that responds to IFNs (53). Immunoblot and qRT-PCR analyses indicated that total p62

levels were increased in HA-p62-transfected clones over mock-transfected cells by ~2-fold

(data not shown). As shown in Fig. 2D, IL-12p40 mRNA induction in cells with HA-p62

was substantially lower than in cells with vector alone. Among 10 stable clones tested, those

expressing significant HA-p62 all showed reduced IL-12p40 expression compared with

control cells. In Fig. 2E, we measured the amount of IL-12p40 protein by ELISA. Consistent

with the transcript data above, IL-12p40 protein levels were significantly higher in p62

knockdown cells, and lower in HA-p62-expressing cells, relative to their respective control

cells.

IL-12p40 expression is a critical event in macrophage innate immunity (20). It has

previously been shown that IRF8 is required for IFN-γ- and TLR-stimulated IL-12p40

induction in macrophages and dendritic cells (7–10). A more recent study showed that

ubiquitination of IRF8 contributes to enhanced IL-12p40 transcription (21). It was shown

that Ro52, a TRIM family member of E3 ubiquitin ligases, was induced after IFN-γ/CpG

stimulation, and interacted with IRF8, resulting in IRF8 ubiquitination, which coincided

with enhanced IL-12p40 production in RAW cells. To assess whether p62 inhibition of

IL-12p40 is mediated by IRF8, we next examined the effect of p62 on IRF8-dependent

IL-12p40 promoter activity (Fig. 2F). As expected, transfection of IRF8 alone enhanced

IL-12p40 promoter activity, which was further augmented by cotransfection of Ro52.

However, additional cotrasfection of p62 reduced the promoter activity to ~50% in a Ro52

dose-dependent manner. These results indicate that p62 regulates IL-12p40 expression by

inhibiting the activity of IRF8 and Ro52.

p62 interacts with the IRF8/Ro52 complex

Above data indicated that p62 may regulate the activity of IRF8/ Ro52. To address this

possibility, we next examined whether p62 could directly interact with these proteins. Co-IP

assays were performed with 293T cells transfected with HA-p62, Flag-IRF8, and Ro52. In

Fig. 3A, lysates were immunoprecipitated with anti-HA Ab, and immunoblotted for IRF8
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and Ro52. Both IRF8 and Ro52 were coprecipitated along with HA-p62. Interestingly, when

IRF8 was transfected without Ro52, only a small amount of IRF8 was coprecipitated with

HA-p62. In contrast, when Ro52 was transfected without IRF8, a large amount of Ro52 was

coprecipitated with HA-p62 coprecipitated with HA-p62 (lane 5), indicating that p62 bound

to Ro52 more strongly than IRF8, and that IRF8 was brought down by p62 partly through its

interaction with Ro52. To ascertain whether coprecipitation of IRF8 and Ro52 was due to

their interaction with p62, rather than cross-reactivity of HA Ab, Co-IP experiments were

performed in the presence or absence of HA-p62. In Fig. 3B, IRF8 (upper panel) and Ro52

(lower panel) were precipitated only in the presence of HA-p62, but not in the absence.

Reciprocal Co-IP experiments in Fig. 3C showed that anti-Flag Ab and anti-Ro52 Ab

coprecipitated HA-p62, further supporting the interaction of p62 with IRF8 and Ro52.

p62 captures polyubiquitinated IRF8 and facilitates its degradation

We next sought to assess whether p62 influenced processing of ubiquitinated IRF8 after

IFN-γ/CpG stimulation. Because expression of p62 was delayed relative to that of Ro52 and

IRF8 after IFN-γ/CpG stimulation, we wondered whether p62 may exert its function in a

delayed fashion. In Fig. 4A, control RAW cells or RAW cells expressing HA-p62 were

stimulated with IFN-γ/CpG for 4 or 8 h; endogenous IRF8 were imunoprecipitated with

anti-IRF8 Ab; and precipitates were tested for IRF8 ubiquitination by anti-ubiquitin Ab. In

HA-p62-expressing cells, the IRF8 immune precipitates showed extensive ubiquitination at

8 h, although only a modest amount of ubiquitinated IRF8 was detected at 4 h. However, in

control cells, the amounts of ubiquitinated IRF8 were much lower both at 4 and 8 h.

Importantly, we noted that the total IRF8 protein levels were substantially lower in HA-p62-

expressing cells than in control cells, which was particularly noticeable at 8 h, indicating

that HA-p62 accelerated IRF8 processing (Fig. 4A, lower panel). To establish that p62

affects the stability of IRF8, immunoblot analysis was performed in the presence or absence

of proteasome inhibitor, MG132. Data in Fig. 4B showed that IRF8 protein levels were

reduced in HA-p62-expressing cells both in the presence and absence of MG132, and that

IRF8 levels were higher when cells were incubated with MG132 than without. These data

support the idea that p62 facilitates ubiquitination of IRF8 in stimulated macrophages and

promotes IRF8 destabilization through proteasome-mediated degradation. To verify that

these effects were dependent on Ro52, we next tested IRF8 ubiquitination in cells

cotransfected with Ro52 and HA-ubiquitin. In Fig. 4C (upper panel), anti-HA Ab

precipitated mono- and polyubiquitinated IRF8. The amounts of ubiquitin-conjugated IRF8

were greater when coexpressed with Ro52, than without Ro52 (see an arrow for

monoubiquitinated IRF8). Furthermore, broad polyubiquitinated IRF8 species, migrating

above monoubiquitinated species, were more visible in the presence of MG132. As reported,

Ro52 itself also showed extensive autoubiquitination, whose levels did not seem to differ in

the presence or absence of MG132 (lower panel) (54). These data are consistent with the

notion that polyubiquiti-nated IRF8 is escorted to proteasome-dependent degradation. As

seen in Fig. 4C (bottom panel), MG132 stabilized other ubiquitinated proteins, as would

have been expected. p62 has been shown to interact with TRAF6 ubiquitinated through K63

(30, 41), although in other papers p62 was shown to bind to proteins ubiqui-tinated through

K48 as well (33, 55). To assess whether IRF8 ubiquitination was through a linkage by K48

or K63, Co-IP analysis was performed with cells transfected with wild-type or mutant
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ubiquitins in which K at position 48 or 63 was replaced by R. In Fig. 4D, all three ubiquitins

were coprecipitated with IRF8, although the K48R mutant showed slightly less

ubiquitination, and K63R slightly more ubiquitination than wild-type ubiquitin. These data

suggest that IRF8 is ubiquitinated both through K48 and K63, although K48-mediated

ubiquitination appears somewhat more predominant. To examine proteins other than IRF8

that may be targeted by p62 for ubiquitination, cells were transfected with V5-p62, and

proteins precipitated by anti-V5 Ab were blotted for ubiquitin (Fig. 4E). V5-p62 precipitated

a large amount of ubiquitinated materials when cells were transfected with IRF8 and Ro52.

However, p62 precipitated a very low amount of ubiquitinated materials when transfected

with Ro52 alone without IRF8, indicating that IRF8 itself was the major substrate of

ubiquitination under these conditions. Again, ubiquitination of other proteins was equivalent

regardless of the presence of IRF8 and Ro52, indicating that many other proteins were

ubiquitinated independently of p62 (bottom panel). Together, these results indicate that p62

interacts with the IRF8/Ro52 complex, facilitates polyubiquitination of IRF8, and

subsequently shepherds it to the proteasome system for degradation.

p62 inhibits induction of other proinflammatory cytokines

IFN-γ/TLR signaling triggers induction of not only IL-12p40, but other proinflammatory

cytokines, many of which are induced in a manner dependent on activation of NF-κB (4, 5).

In light of the previous reports that p62 has a positive role in NF-κB activation in neuronal

and bone cells, it was of importance to test whether p62 stimulates NF-κB-dependent

cytokine gene expression in macrophages. In Fig. 5, we examined the effect of p62

knockdown and overexpression on the expression of IL-1β, TNF-α, IL-6, and IFNβ

transcripts. Similar to the results for IL-12p40, expression of all of these cytokines was

substantially elevated in p62 shRNA cells (Fig. 5A). The effect was more pronounced at

later time points, namely 8 and 12 h after stimulation, compared with an early time point at 4

h. Conversely, expression of these cytokines was universally reduced in cells with HA-p62

expression, compared with control cells (Fig. 5B). In all cases, transcript expression fell

faster and more precipitously after stimulation in p62-overexpressing cells relative to control

cells, although there was a clear initial peak at 4 h. These results suggested that p62 inhibits

expression of NF-κB-dependent cytokine genes in IFN-γ/CpG-stimulated macrophages.

p62 interacts with the deubiquitinating enzyme, CYLD, in IFN-γ/CpG-stimulated
macrophages

The above data pointed to the possibility that p62 inhibited expression of these cytokines by

regulating NF-κB activity. Previously, p62 has been shown to promote NF-κB activation in

various cells by enhancing TRAF6 ubiquitination (34, 40–42). TRAF6 is a ubiquitin E3

ligase that is activated by TLR ligands among other stimuli, and its K63-mediated

autoubiquitination is required for activation of IKKβ and degradation of IκB that leads to the

release of active NF-κB (5). Adding complexity to the issue, recent studies showed that a

deubiquitinating enzyme, CYLD, a known negative regulator of NF-κB activity, interacts

with p62 as well as TRAF6 to dysregulate NF-κB activity under certain conditions (43, 44).

CYLD is shown to negatively regulate TLR- and TNFR-mediated innate immunity as well

(13, 23, 24). These studies raised the possibility that p62 may have a dual activity capable of

both up-and down-regulating NF-κB activity in macrophages. Thus, we examined the
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interaction of CYLD with p62 and autoubiquitination of TRAF6 following IFN-γ/CpG

stimulation in RAW cells. In Fig. 6A, endogenous TRAF6 showed strong ubiquitination 30

min after stimulation, but ubiquitination levels were diminished subsequently, at 60 min

(upper panel), indicating a rapid fall in TRAF6 autoubiquitination after stimulation. TRAF6

was coprecipitated with p62 at 15 and 30 min after stimulation, but levels of coprecipitated

TRAF6 diminished thereafter (60 min; Fig. 6A, middle panel). Moreover, p62 coprecipitated

a large amount of CYLD at 60 min, although before this time, only a low level of CYLD

was precipitated (Fig. 6A, middle panel). These data indicated that CYLD was recruited to

the p62 complex subsequent to the interaction of p62 with TRAF6, which led to reduced

TRAF6 autoubiquitination. Given that TRAF6 interacts with CYLD in some cells (43, 44),

it is possible that CYLD recruitment was mediated by the initial interaction with TRAF6. In

Fig. 6B, the interaction of p62 with CYLD was also seen in a reciprocal Co-IP after IFN-γ/

CpG stimulation. To gain functional insight into the late interaction of p62 with CYLD, we

examined ubiquitination of total p62- associated proteins following stimulation. As seen in

Fig. 6C, the amounts of ubiquitinated and p62-bound proteins increased in an early stage

after stimulation, but then declined sharply by 2 h, consistent with the idea that p62-bound

proteins were processed later by CYLD.

p62 overexpression inhibits TRAF6 ubiquitination and IKK phosphorylation

It is possible that in macrophages, p62 negatively regulates NF-κB activity by inhibiting the

activation of TRAF6 and IKKs, required for NF-κB activation. To test this possibility, we

examined TRAF6 ubiquitination and IKK phosphorylation in RAW cells expressing HA-

p62. Data in Fig. 7 showed that the amounts of ubiquitinated TRAF6 were significantly

lower in HA-p62-expressing cells compared with control cells, although TRAF6

ubiquitination was increased after stimulation in both cells (upper panel). Supporting the

idea that ubiquitination, rather than TRAF6 expression, was affected by p62, total TRAF6

protein levels were similar in these cells and throughout the stimulation (lower panel).

Furthermore, phosphorylated IKK levels were significantly lower in HA-p62-expressing

cells than control cells, although total IKK levels were similar between control and HA-p62

expression cells (see the lower, lysates panel). These results reinforce the notion that p62,

upon IFN-γ/CpG induction, interacted with CYLD and inhibited TRAF6 autoubiquitination,

leading to the negative regulation of NF-κB activity in macrophages.

Discussion

p62 is a ubiquitin-binding protein with multiple biological activities, including the removal

of polyubiquitinated proteins from the cells (30, 31, 38, 56). The present study revealed that

p62 is induced by IFN-γ/TLR stimulation and acts as an important regulator of cytokine

expression in activated macrophages. Overexpression and underexpression of p62 led to

clear opposing effects pointing to the inhibitory role of p62 in cytokine expression.

Subsequent studies to delineate underlying mechanisms revealed that p62 regulates ubiquitin

modification steps that affect two distinct transcriptional pathways involving IRF8 and NF-

κB.
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The role of p62 in regulating IRF8

Inhibition of IL-12p40 expression by p62 was linked to increased polyubiquitination of

IRF8 upon p62 expression, and the subsequent proteolysis. Increased IRF8

polyubiquitination was presumably mediated by Ro52, an IFN-inducible ubiquitin ligase

that interacted with IRF8 (diagrammed in Fig. 8A). By interacting with p62, Ro52 may play

two distinct roles in regulating IRF8. Induced by IFN-γ/TLR earlier than p62, Ro52 most

likely stimulates the transcriptional activity of IRF8 in an early stage when p62 levels are

too low to engage in an extensive interaction with Ro52 (21). In a later stage, when p62

expression is increased, Ro52 may promote greater ubiquitination of IRF8, eventually

driving it to proteasome-mediated proteolysis. The notion that IRF8 is subjected to the

activity of the ubiquitin/26S proteasome system is in line with the earlier report that this

factor interacted with CSN2 (Trip15, the subunit of the COP9 signalosomes, a regulatory

component of the proteasome) (57, 58). Our results indicate that p62 is a previously

unsuspected regulator of Ro52-IRF8 interactions: p62 may be critically required for the

transition of IRF8 from an active to an inactive state during macrophage stimulation. It

should be noted in this study that whereas Ro52 was found in the p62 complex, another E3

ligase, Cbl, may also be involved with the activity of p62, based on the previous report that

Cbl interacts with and ubiquitinates IRF8 (47).

The role of p62 in the regulation of NF-κB activity

It was evident that p62 has a negative effect on NF-κB-dependent cytokine expression in

RAW cells. A series of cytokines, IL-1β, TNF-α, IL-6, and IFN-β, important for host

resistance and inflammation, were all down-regulated by p62 overexpression and up-

regulated by p62 knockdown. These results were at odds with the previous reports that p62

stimulates NF-κB activity in several other systems (34, 37, 40–42). The apparent dichotomy

with the previous reports may be reconciled by the new insight into the dual role of p62 in

NF-κB activity revealed recently. It was found that the deubiquitinating enzyme, CYLD, is

recruited to the p62-TRAF6 complex, and that this recruitment results in dysregulation of

TRAF6 ubiquitination and NF-κB activity (43, 44). CYLD has an inhibitory activity on NF-

κB activation, and is shown to specifically remove polyubiquitin chains from TRAF6 (13).

Disruption of the Cyld gene in the mouse results in increased production of NF-κB-

dependent cytokines and heightened responses to TLR and TNFR (13, 23–25). What we

found in macrophages was a time-dependent, ordered interaction of p62 with TRAF6 and

CYLD. As diagrammed in Fig. 8B, whereas the p62-TRAF6 interaction was found

immediately after IFN-γ/TLR stimulation, this interaction was largely replaced by the p62-

CYLD interaction in a later stage, indicating that TRAF6 ubiquitination, triggered upon

stimulation, was reversed at a later time, coinciding with the recruitment of CYLD. In light

of constitutive p62 expression, one can surmise that the negative role of p62, mediated by its

interaction with CYLD, is the predominant, net effect brought on the NF-κB activity in

stimulated macrophages. Given that this was seen within 1–2 h after stimulation, much

earlier than increased p62 expression, the ordered interaction of p62 with TRAF6 and

CYLD during macrophage activation is not likely to be entirely attributed to inducible p62

expression, but may involve posttrans-lational modification of p62, such as ubiquitination

(52) and phosphorylation (59). It is possible that CYLD inhibits NF-κB, not only through
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the regulation of TRAF6, but through the regulation of IKKγ (17, 23, 24). Furthermore,

there remains the possibility that p62 interacts with other deubiquitinating enzymes such as

A20, also known to regulate NF-κB activity (13, 60).

p62 as a coordinator of ubiquitin-mediated innate immune responses in macrophages

Together, p62 functions in two main pathways of cytokine transcription, by exerting

complex, time-dependent regulation on transcription. It interacts with at least two ubiquitin

ligases, Ro52 and TRAF6, through which it negatively regulates the activity of their targets

and substrates, i.e., IRF8 and NF-κB. This negative regulation may have a greater impact on

a later stage of macrophage activation, because p62 expression is markedly increased after

IFN/TLR simulation. Collectively, our results place p62 as a central coordinator of cytokine

gene regulation in macrophage postactivation. It seems reasonable to envisage that p62

provides a mechanism by which to quench a burst of inflammatory responses triggered by

IFN-γ and pathogen signals.

Multiple layers of mechanisms exist to reverse cytokine gene expression in activated

macrophages (61, 62). These mechanisms help prevent excessive inflammatory responses

following pathogen/stress signaling. Proteins of the classical suppressor of cytokine

signaling family and those of the protein inhibitor of activated STAT family are important

players of this type of regulation. Recent reports that ubiquitination of IRF3 and

modification of IRF7 by the small, ubiquitin-like molecules (Sumo) after stimulation

indicate the presence of additional mechanisms to insure rapid down-regulation of

inflammatory responses (22, 63). In addition to p62, there may be additional molecules that

facilitate timely extinction of pathogen-activated gene expression.
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FIGURE 1.
Induction of p62 by IFN-γ and CpG stimulation in macrophages. A, RAW cells were

stimulated with IFN-γ (150 U/ml) for indicated times. p62 transcripts and p62 protein levels

were measured by qRT-PCR and immunoblot, respectively. Values represent the average of

three determinations ± SD. B, Cells were pretreated with IFN-γ for 20 h and/or stimulated

with CpG (150 ng/ml) for 4 h, and p62 expression was detected as above. C, Cells were

pretreated with IFN-γ overnight and then stimulated with CpG (150 ng/ml) for indicated

times, and p62 protein expression was tested by immunoblot analysis. N, Indicates neither

Kim and Ozato Page 15

J Immunol. Author manuscript; available in PMC 2014 September 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



IFN-γ nor CpG treatment. D, Bone marrow-derived macrophages were treated with IFN-γ

(100 U/ml) overnight and then stimulated with CpG (150 ng/ml) for indicated times, and

p62 transcript levels were measured as above. –, Denotes no IFN-γ treatment.
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FIGURE 2.
p62 inhibits IFN-γ/CgG-stimulated IL-12p40 expression. A, Knockdown of p62 by shRNA.

RAW cells were transduced with a retroviral vector for p62 shRNA or control shRNA and

stimulated with IFN-γ overnight, followed by CpG for indicated period of time. Upper

panel, Represents the levels of p62 transcripts; lower panel, shows p62 protein expression.

B, Enhanced expression of IL-12p40 in p62 knockdown cells. Cells with p62 shRNA (●) or

control shRNA (○) were stimulated with IFN-γ/CpG, as in A, and IL-12p40 mRNA levels

were quantified by qRT-PCR. The values represent the average of three determinations ±

SD. C, Overexpression of HA-tagged p62. RAW cells were stably transfected with HA-p62,

and a selected clone was tested for expression of HA-p62 transcripts and proteins, as above.

D, Reduced expression of IL-12p40 transcripts by p62 overexpression. Cells expressing HA-

p62 or empty vector (Mock) were stimulated with IFN-γ/CpG, and IL-12p40 mRNA levels

were measured, as in B. E, Cells with p62 knockdown cells, cells expressing HA-p62, and

respective control cells were stimulated with IFN-γ/CpG for 24 h, and IL-12p40 in

supernatants was measured by ELISA. The amounts of IL-12p40 were normalized to

respective control cells, which produced 350–425 pg/ml proteins. F, Inhibition of IL-12p40

reporter activity by ectopic HA-p62 expression. Cells were transiently transfected with

IL-12p40 luciferase reporter along with expression vectors for IRF8, Ro52, and p62 (150,

300, and 550 ng) for 30 h. pcDNA-HA was added to adjust the total amount of plasmids to

be 850 ng in all samples. Reporter activity was normalized by Renilla luciferase activity.

Values represent the average of three assays ± SD.
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FIGURE 3.
Ro52-mediated interaction of p62 with IRF8. A, 293T cells were transfected with expression

vectors for Ro52 (3, 2, and 1 µg) along with HA-p62 (3 µg) and Flag-IRF8 (3 µg). Lysates

were precipitated with anti-HA Ab, and the eluted materials were blotted against anti-Flag

Ab (IRF8, upper panel) and anti-Ro52 Ab (lower panel). The bottom four panels represent

immunoblot data to confirm the expression of transfected proteins. B, Cells were transfected

with Flag-IRF8 (upper panel) or Ro52 (lower panel) along with HA-p62 or empty vector.

Lysates were precipitated with anti-HA Ab and blotted for Flag-IRF8 or Ro52. C, Cells

were transfected with vectors for Flag-IRF8, Ro52, along with HA-p62 or empty vector.

Lysates were precipitated with anti-Flag (upper panel) or anti-Ro52 Ab and blotted for HA-

p62.
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FIGURE 4.
p62 binds to polyubiquitinated IRF8. A, RAW cells transfected with empty vector (Mock) or

HA-p62 were stimulated with IFN-γ/CpG for indicated periods. MG132 was added to the

culture for the final 4 h. Lysates were precipitated by anti-IRF8 Ab and tested for for

ubiquitin (Ub, upper panel) and p62 (lower panel) by immunoblot analysis. B, RAW cells

transfected with empty vector (Mock) or HA-p62 were stimulated with IRFγ/CpG for 4 and

8 h in the presence or absence of MG132 for the final 4 h. Lysates were immunoblotted for

indicated proteins. IRF8 levels were tested after a short (S) or a long (L) exposure. C, 293T

cells were transfected with expression plasmids for HA-ubiquitin, V5-p62, along with Flag-

IRF8 and Ro52 in the presence or absence of MG132. Lysates were precipitated with anti-

HA Ab and blotted for IRF8 (upper panel) or Ro52 (lower panel). Middle panel, Total

lysates were immunoblotted for indicated proteins to confirm proper transfection. Bottom

panel, Indicates total HA-ubiquitin-conjugated proteins. D, 293T cells were transfected with

Flag-IRF8, Ro52, V5-p62, and HA wild-type ubiquitin (Ub, WT) or HA-tagged ubiquitin

mutants in which lysine (K) residue at 48 or 63 was replaced by arginine (R) (K48R, K63R).

Lysates were precipitated by anti-HA Ab and blotted for IRF8. MG132 was added for the

final 6. E, Cells were transfected with V5-p62 and HA-ubiquitin along with Flag-IRF8 and

Ro52 in the presence or absence of MG132 for the final 6 h. Lysates were precipitated with

anti-V5 Ab and blotted for HA-ubiquitin by HA Ab. Middle panels, Lysates were

immunoblotted for indicated proteins to monitor expression of transfected proteins and total

ubiquitin-conjugated proteins.
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FIGURE 5.
The opposite regulation of proinflammatory cytokine gene expression by p62 knockdown

and p62 overexpression. A, RAW cells expressing control or p62 shRNA were stimulated

with IFN-γ/CpG for indicated times (h), and transcripts for the indicated cytokine were

measured by qRT-PCR. Values represent the average of three assays ± SD. B, RAW cells

overexpressing HA-p62 were tested for expression of the cytokines, as above. Three other

clones expressing HA-p62 tested showed similar inhibition.
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FIGURE 6.
Interaction of p62 with TRAF6 and CYLD in stimulated macrophages. A, Parental RAW

cells were stimulated with IFN-γ/CpG for indicated times. Lysates were precipitated by anti-

TRAF6 Ab and blotted for ubiquitin by immunoblot (upper panel). The range of

ubiquitinated proteins is bracketed. Lower panels, Lysates were precipitated with Ab against

p62 or CYLD, and blotted for TRAF6 or p62 (marked by arrows). Bottom panels, Total

lysates were tested for the expression of indicated proteins. B, RAW cells transfected with

HA-p62 were stimulated without (−) or with (+) IFN-γ/CpG, and HA-p62 immune
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precipitates were blotted for the endogenous CYLD. Bottom panels, Indicate the expression

of indicated proteins in total lysates. C, RAW cells transfected with empty vector (Mock) or

HA-p62 vector were stimulated with IFN-γ/CpG for indicated periods, and HA-p62 immune

precipitates were tested for reactivity with ubiquitin (Ub).
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FIGURE 7.
Reduced autoubiquitination of TRAF6 by p62 overexpression. Cells transfected with empty

vector (Mock) or HA-62 were stimulated with IFN-γ/CpG for indicted times, and TRAF6

immune complexes were blotted for ubiquitin (upper panel). Total lysates were tested for

phosphorylated IKK, total IKK, and indicated proteins (lower panel).
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FIGURE 8.
A model for a dual mode of p62 action. A, IRF8 and Ro52, transcription factors important

for IL-12p40 expression, are induced by IFN-γ/TLR early, whereas p62 is induced later in

macrophages. In an early stage, Ro52-mediated ubiquitination of IRF8 enhances IL-12p40

transcription. In a later stage as the p62 expression increases, the p62-Ro52 interaction

increases, facilitating polyubiquitination of IRF8 and the subsequent degradation. B, p62

interacts with another E3 ubiquitin ligase, TRAF6, upon IFN-γ/TLR stimulation, causing

TRAF6 autoubiquitination and NF-κB activation, leading to the induction of
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proinflammatory cytokines (the first step). Subsequently, the interaction of p62 with TRAF6

is replaced by that with CYLD to reduce TRAF6 autoubiquitination, weakening NF-κB

activation (the second step). In this model, p62 orchestrates timely attenuation of cytokine

expression by coordinating ubiquitin modification of signaling molecules and transcription

factors.
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