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Abstract

The parkin coregulated gene (PACRG), which encodes a protein of unknown function, shares a bi-

directional promoter with parkin (PRKN), which encodes an E3 ubiquitin ligase. Because PRKN 

is important in mitochondrial quality control and protection against stress, we tested whether 

PACRG also affected these pathways in various cultured human cell lines and in mouse embryonic 

fibroblasts. PACRG did not play a role in mitophagy but did play a role in tumor necrosis factor 

(TNF) signaling. Similarly to Parkin, PACRG promoted nuclear factor κB (NF-κB) activation in 

response to TNF stimulation. TNF-induced nuclear translocation of the NF-κB subunit p65 and 
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NF-κB–dependent transcription were decreased in PACRG-deficient cells. Defective canonical 

NF-κB activation in the absence of PACRG was accompanied by a decrease in linear 

ubiquitination mediated by the linear ubiquitin chain assembly complex (LUBAC), which is 

composed of the two E3 ubiquitin ligases HOIP and HOIL-1L and the adaptor protein SHARPIN. 

Upon TNF stimulation, PACRG was recruited to the activated TNF receptor complex and 

interacted with LUBAC components. PACRG functionally replaced SHARPIN in this context. In 

SHARPIN-deficient cells, PACRG prevented LUBAC destabilization, restored HOIP-dependent 

linear ubiquitylation, and protected cells from TNF-induced apoptosis. This function of PACRG in 

positively regulating TNF signaling may help to explain the association of PACRG and PRKN 
polymorphisms with an increased susceptibility to intracellular pathogens.

Introduction

The gene that encodes Parkin, a RING-between-RING (RBR) E3 ubiquitin ligase associated 

with autosomal recessive parkinsonism, is linked in a head-to-head arrangement to another 

gene on the opposite DNA strand with which it shares a 5' core bi-directional promoter (1) 

(Fig. 1A). This gene has been named Parkin-coregulated gene (PACRG). Parkin can prevent 

cell death in various stress paradigms, and several mechanisms seem to contribute to its 

beneficial effects on cell viability. Parkin induces the removal of depolarized mitochondria 

in a pathway that depends on the mitochondrial serine-threonine kinase PINK1 [phosphatase 

and tensin homolog (PTEN)-induced kinase 1], which is required to recruit and activate 

Parkin [reviewed in (2–5)]. Parkin also promotes the degradation of specific substrates to 

prevent unfavorable effects upon their accumulation [reviewed in (6)]. Moreover, Parkin 

attenuates cell death pathways by non-degradative ubiquitylation [(reviewed in (7, 8)]. The 

function of PACRG and a possible role in pathways regulated by Parkin remains poorly 

understood. PACRG has been allocated to the Armadillo-like helical domain–containing 

family of proteins but lacks domains that indicate its function. PACRG is highly conserved 

and so far has mainly been linked to the functions of motile and non-motile (primary) cilia 

(9–14). PACRG has also been analyzed in the context of Parkinson's disease (PD). There is 

no evidence for a genetic link between mutations in PACRG and familial PD; however, 

PACRG is a component of Lewy bodies in brain sections from patients with sporadic PD or 

dementia with Lewy bodies (15, 16). Similarly to Parkin, PACRG suppresses cell death 

induced by the overexpression of Pael-R, a G protein–coupled receptor that is a Parkin 

substrate (15, 17). Moreover, polymorphisms in the regulatory region shared by PRKN and 

PACRG are a common risk factor for infection with intracellular bacteria, such as 

Mycobacterium tuberculosis or Salmonella enterica serovars Typhi and Paratyphi (18–21), 

suggesting a role for Parkin and PACRG in immune signaling.

We previously found that the pro-survival function of Parkin depends on nuclear factor κB 

(NF-κB) essential modulator (NEMO), a key positive regulator of the NF-κB signaling 

pathway (22). Parkin increases the linear ubiquitylation of NEMO by the linear ubiquitin 

chain assembly complex (LUBAC), which is composed of the two RBR E3 ubiquitin ligases 

HOIP and HOIL-1L and the adaptor protein SHARPIN [SH3 and multiple ankyrin repeat 

domains (SHANK)–associated RH domain interactor]. The absence of either NEMO or 

HOIP, the catalytic component of LUBAC, prevents Parkin from blocking stress-induced 
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cell death (22). Supporting a role of Parkin in this pathway, tumor necrosis factor (TNF)-

induced activation of NF-κB is decreased in Parkin-deficient cells (22).

Based on the fact that bi-directional promoters are known to drive the expression of genes 

that cooperate in common pathways or share biological functions (23), we asked whether 

PACRG played a role in pathways associated with the function of Parkin. Our study revealed 

that PACRG promoted canonical NF-κB signaling induced by TNF through an interaction 

with LUBAC. PACRG could functionally replace the adaptor protein SHARPIN in cellular 

models, suggesting a role of PACRG in stabilizing LUBAC as a scaffold protein. Because 

TNF plays a crucial role in the protection against Mycobacterium and Salmonella infections 

(24–26), our findings provide a rationale for the association of mutations in PRKN and 

PACRG with an increased risk for intracellular bacterial infections.

Results

PACRG does not influence mitophagy

Parkin promotes the clearance of depolarized mitochondria in a pathway that depends on the 

mitochondrial kinase PINK1, which is imported into healthy mitochondria (27, 28). 

Accumulation of PINK1 on the outer membrane of damaged mitochondria results in the 

phosphorylation of ubiquitin that is basally linked to proteins at the mitochondrial outer 

membrane, leading to the recruitment and activation of Parkin and Parkin-mediated 

ubiquitylation of several mitochondrial outer membrane proteins. As a consequence, 

autophagy adaptors are recruited to eliminate damaged mitochondria by selective autophagy 

[reviewed in (2–5)]. First we tested whether PACRG played a role in PINK1- and Parkin–

induced mitophagy. For this analysis we used HeLa cells, which produce endogenous 

PINK1 but not Parkin or PACRG (29). We treated HeLa cells transiently expressing Parkin 

or PACRG, or both, with CCCP (carbonyl cyanide 3-chlorophenylhydrazone) to induce 

mitochondrial depolarization. CCCP treatment induced mitochondrial clearance in cells 

expressing only Parkin but not in cells expressing only PACRG (Fig. 1B and C). 

Coexpression of PACRG with Parkin did not increase or decrease mitophagy in response to 

CCCP treatment compared to cells expressing Parkin alone (Fig. 1C). We also tested for a 

possible effect of endogenous PACRG on PINK1- and Parkin–induced mitophagy in SH-

SY5Y cells that were transiently expressing Parkin and that had been transfected with a mix 

of small interfering RNAs (siRNA) targeting PACRG. We observed no difference in the 

efficiency of CCCP-induced mitochondrial clearance between control and PACRG 

knockdown cells (Fig. 1D). In conclusion, PACRG seemed not to play a relevant role in 

PINK1- and Parkin–induced mitophagy, because neither PACRG overexpression nor 

PACRG silencing influenced mitophagy in response to mitochondrial depolarization.

PACRG promotes canonical NF-κB signaling

Parkin has been shown to promote NF-κB signaling in response to various stimuli (22, 30–

33). To test whether PACRG had an impact on this pathway, we performed NF-κB luciferase 

reporter assays. Similarly to Parkin, PACRG induced a fivefold increase in luciferase activity 

both in unstimulated and TNF-treated HEK293T cells (Fig. 2A). PACRG also induced NF-

κB-dependent transcription in mouse embryonic fibroblasts (MEFs) from Parkin knockout 
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(KO) mice, indicating that the effect of PACRG on NF-κB activation did not depend on 

Parkin (Fig. 2B).

Binding of TNF to its receptor, TNFR1, at the plasma membrane stimulates NF-κB 

signaling by activating the inhibitor of κB (IκB) kinase (IKK) complex, comprising the 

regulatory component NEMO and the kinases IKKα and IKKβ. IKKs phosphorylate the 

NF-κB inhibitor IκBα, which is subsequently ubiquitylated and degraded by the 

proteasome. NF-κB heterodimers are thereby released from their inhibitory binding and can 

translocate to the nucleus to promote or repress the transcription of target genes. Nuclear 

translocation of the NF-κB subunit p65 (also known as RelA) in response to TNF treatment 

was quantified by immunocytochemistry in PACRG-silenced SH-SY5Y cells in comparison 

to cells transfected with control siRNA (Fig. 2C). We observed complete translocation of 

p65 in TNF-treated cells in more than 90% of control cells but only in 15% of PACRG 

knockdown cells (Fig. 2D). We verified PACRG knockdown efficiencies by real-time 

quantitative PCR (Fig. 2D and 2E, right panels) because we were not able to detect 

endogenous PACRG with the available antibodies. A similar decrease in TNF-induced 

nuclear translocation of p65 was observed previously in cells silenced for Parkin expression 

(22). Supporting a role of endogenous PACRG in NF-κB signaling, TNF-induced NF-κB 

transcriptional activity, as measured by the activity of a luciferase reporter, was significantly 

decreased in PACRG knockdown cells (Fig. 2E). The luciferase reporter assays were 

performed 16 h after TNF treatment, supporting the notion that decreased PACRG 

abundance decreased rather than only delayed NF-κB activation.

PACRG increases LUBAC-mediated linear ubiquitylation

To gain insight into the mechanism underlying the NF-κB–activating effect of PACRG, we 

analyzed events upstream of p65 translocation. In PACRG knockdown cells, degradation of 

IκBα in response to TNF treatment was delayed (Fig. 3A). In a next step we tested whether 

PACRG had an impact on TNF-induced linear ubiquitylation mediated by the linear 

ubiquitin chain assembly complex (LUBAC) that is required for NF-κB activation after 

TNFR1 engagement (34, 35). LUBAC is composed of three core subunits, the two RBR 

(RING-between-RING) E3 ubiquitin ligases HOIP and HOIL-1L and the cofactor 

SHARPIN [reviewed in (36, 37)]. The catalytic subunit HOIP is the only known E3 

ubiquitin ligase capable of assembling ubiquitin chains by covalent linkage of the C-terminal 

glycine residue of the donor ubiquitin to the N-terminal methionine residue of the acceptor 

ubiquitin, called linear or M1-linked ubiquitylation. Several LUBAC substrates have been 

identified, including NEMO, RIPK1, TRADD, and TNFR1 (34, 35, 38–40). However, there 

is increasing evidence that LUBAC conjugates M1-linked ubiquitin to pre-existing ubiquitin 

chains of other linkages, preferably Lys63 (K63)-linked polyubiquitin, resulting in hybrid 

chains (41–43). Linear ubiquitin chains promote NF-κB activation by acting as a platform 

for efficient activation of the IKK complex, based on the fact that NEMO is not only 

modified by linear ubiquitylation but also highly specifically binds to M1-linked ubiquitin 

chains by its UBAN (ubiquitin binding in ABIN and NEMO) domain (44). For linear 

ubiquitylation assays we used the recombinant UBAN domain of NEMO to specifically pull 

down linear polyubiquitin chains (44–46). HEK293T cells overexpressing PACRG (Fig. 3B) 

or silenced for PACRG expression (Fig. 3C) were lysed under denaturing conditions and 
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then incubated with the recombinant UBAN domain harboring an N-terminal Strep-Tag II, 

which allowed affinity purification by Strep-Tactin resins (22). Proteins purified by this 

approach were analyzed by immunoblotting using an antibody that specifically detects linear 

polyubiquitin (47). We observed that the extent of linear ubiquitination in TNF-treated cells 

correlated with the abundance of PACRG. Signal intensities for linear polyubiquitin were 

decreased in PACRG-silenced cells and increased in PACRG-overexpressing cells (Fig. 3B 

and C). In PACRG knockdown cells, the abundance of linear ubiquitin chains in response to 

TNF was decreased by 60% (Fig. 3C).

HOIP is the catalytically active component of LUBAC and is released from its autoinhibited 

state by interacting with HOIL-1L and SHARPIN (38, 48, 49). Co-immunoprecipitation 

experiments revealed that TNF treatment increased the interaction between PACRG and 

endogenous HOIP in HEK293T cells (Fig. 4A). After TNF treatment for 180 min, we 

observed PACRG-reactive higher molecular weight species, suggesting ubiquitylation of 

PACRG (Fig. 4A, input). To characterize this direct or indirect interaction between PACRG 

and HOIP in more detail, we made use of N-terminally hemagglutinin (HA)-tagged HOIP 

constructs, comprising the N-terminal (amino acids 1 to 697) or C-terminal (amino acids 

697 to 1072) half of the protein (Fig. 4B). We expressed full-length, N-terminal, or C-

terminal HOIP constructs in HEK293T cells together with PACRG and subjected cellular 

lysates to immunoprecipitation using HA-binding agarose beads or myc-binding agarose 

beads as a control. PACRG co-immunoprecipitated with both full-length HOIP and N-

terminal HOIP, but not with C-terminal HOIP (Fig. 4C). Notably, Western blotting of 

cellular lysates indicated that PACRG abundance was increased in the presence of either 

full-length or N-terminal HOIP, suggesting stabilization of PACRG by complex formation 

(Fig. 4C and 4D, input), a phenomenon that has been described previously for the LUBAC 

component SHARPIN (38, 48, 49).

We then successively removed domains from the C-terminus of the N-terminal HOIP 

construct (Fig. 4B), to more precisely define the region of HOIP that interacted with 

PACRG. PACRG co-immunoprecipitated with the 1-697 HOIP construct, which included the 

UBA domain, but not with any of the shorter N-terminal constructs lacking the UBA domain 

(Fig. 4D). The crucial role of the UBA domain in mediating the interaction with PACRG 

was confirmed by using a HOIP construct that lacks the UBA domain (Fig. 4E). As a 

control, co-immunoprecipitation experiments were also performed with HOIP and HOIL-1L 

or SHARPIN, confirming that these proteins bind to the UBA domain of HOIP in a cellular 

context (Fig. 4F and 4G), consistent with recent in vitro studies using recombinant proteins 

(50, 51). Supporting binding of PACRG to LUBAC, size exclusion chromatography of 

cellular lysates revealed that a fraction of PACRG co-eluted with the endogenous LUBAC 

components HOIP, HOIL-1L, and SHARPIN (fig. S1). Moreover, immunoprecipitation 

experiments using recombinant FLAG-tagged TNF showed that PACRG was recruited to the 

active TNFR1 complex, similarly to HOIP (Fig. 4H). In conclusion, PACRG directly or 

indirectly bound to LUBAC, and the UBA domain of HOIP was required for this interaction.
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PACRG can compensate for SHARPIN deficiency in cellular models

Binding of the UBL domain of HOIL-1L or SHARPIN to the UBA domain of HOIP 

releases HOIP from autoinhibition, thereby activating it (50–54). Like SHARPIN, PACRG 

has no known catalytic activity and thus may function as a scaffold protein. Consequently, 

we tested whether PACRG could compensate for SHARPIN deficiency. First, we compared 

the effects of endogenous SHARPIN and PACRG on TNF-induced linear ubiquitylation. 

HEK293T cells silenced for either SHARPIN or PACRG expression by RNA interference 

were treated with TNF for 15 min and then lysed under denaturing conditions. Linear 

ubiquitin chains were affinity-purified by UBAN pulldown and subjected to immunoblotting 

using an antibody specific for M1-linked ubiquitin. Decreasing SHARPIN or PACRG 

abundance reduced linear ubiquitylation in response to TNF treatment (Fig. 5A). The 

increased expression of PACRG restored linear ubiquitylation in SHARPIN knockdown 

cells and vice versa, suggesting that SHARPIN and PACRG had similar effects on TNF-

induced linear ubiquitylation (Fig. 5A). Moreover, both PACRG and SHARPIN markedly 

increased linear ubiquitylation of NEMO, a key substrate of LUBAC (Fig. 5B). As an 

additional readout we tested nuclear translocation of p65 in TNF-treated, SHARPIN-

silenced cells. PACRG restored defective p65 translocation in SHARPIN-deficient SH-

SY5Y cells, and its rescue activity was comparable to that of SHARPIN (fig. S2, A and B). 

To rule out the possibility that residual SHARPIN expression in siRNA-treated cells 

contributed to the rescue by PACRG, we used MEFs from SHARPIN knockout mice with a 

spontaneous nonsense mutation in the SHARPIN gene (cpdm, chronic proliferative 

dermatitis mutation) (55). Indeed, PACRG fully restored TNF-induced nuclear translocation 

of p65 in cpdm MEFs (Fig. 5C).

It has been reported previously that SHARPIN deficiency interferes with TNFR1-mediated 

pro-survival signaling and sensitizes cells to TNF-induced apoptotic cell death (38, 48, 56, 

57). To address the functional relevance of our observations, we analyzed apoptotic cell 

death in TNF-treated cpdm MEFs by quantifying the number of cells with active caspase-3. 

Consistent with previous findings, we observed that TNF treatment for 4 h markedly 

increased apoptotic cell death in cpdm MEFs (Fig. 5D). Caspase-3 activation in cpdm MEFs 

was prevented by restoring SHARPIN expression but also by increasing PACRG abundance 

(Fig. 5D). PACRG also prevented apoptosis of SH-SY5Y cells induced by staurosporine 

(STS) or MPP+, the active metabolite of the complex I inhibitor MPTP (1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine), similarly to Parkin (fig. S4, A-C). In line with these 

findings, PACRG silencing increased the vulnerability of SH-SY5Y cells to STS-induced 

apoptosis (fig. S4D). However, TNF treatment of PACRG-silenced wild-type or cpdm MEFs 

did not increase caspase-3 activation (fig. S5). This observation suggested a more complex 

impact of PACRG on cell death regulation that may also affect necroptosis, as has recently 

been reported for Parkin (58).

Impaired NF-κB signaling in the absence of SHARPIN is caused by LUBAC destabilization 

and increased proteasomal degradation of HOIP (38, 48, 49). Indeed, size exclusion 

chromatography revealed that HOIP abundance was strongly reduced in cpdm MEFs as 

compared to wild-type MEFs (fig. S3A). Expression of either SHARPIN or PACRG 

prevented LUBAC destabilization in cpdm MEFs and restored HOIP abundance to amounts 
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comparable to those detected in wild-type MEFs (fig. S3A). These experiments also 

confirmed that PACRG was found in high molecular weight fractions enriched for LUBAC, 

similarly to SHARPIN (fig. S3A). In addition, we used MEFs to validate a role of PACRG in 

LUBAC stabilization, because we observed that tumor cells were not suitable for this 

analysis. Reducing PACRG abundance (to about 25% of control conditions) significantly 

decreased the abundance of HOIP, suggesting an effect on LUBAC stability similar to that of 

a reduction in SHARPIN (Fig. 5E and fig. S3B). In conclusion, PACRG biochemically and 

functionally rescued LUBAC stability and activity in SHARPIN-deficient cellular models.

Discussion

In this study we identified a role for PACRG in TNF-induced NF-κB signaling. In PACRG-

silenced cells, NF-κB transcriptional activity, nuclear translocation of p65, degradation of 

IκBα, and LUBAC-mediated linear ubiquitylation in response to TNF treatment were 

reduced, which we previously observed for cells in which Parkin had been knocked down or 

knocked out (22). Parkin modifies the LUBAC substrates NEMO and RIPK1 preferentially 

with K63-linked ubiquitin, and thus can act as a priming ligase for subsequent M1-linked 

ubiquitylation by LUBAC (30, 33). PACRG promoted NF-κB signaling in the absence of 

Parkin, excluding the possibility that it acts by directing Parkin to LUBAC. We found that in 

response to TNFR1 activation by TNF, PACRG was recruited to the active receptor complex 

and directly or indirectly interacted with LUBAC. Given that PACRG has no known 

catalytic activity, the most plausible mode of action was that PACRG acted as an adaptor 

protein similarly to SHARPIN. In support of a SHARPIN-like role, PACRG rescued 

defective NF-κB signaling, LUBAC destabilization, and increased susceptibility to TNF-

induced cell death in SHARPIN-deficient cells. Conversely, SHARPIN rescued decreased 

TNF-induced linear ubiquitylation in PACRG knockdown cells. These data suggest that 

SHARPIN and PACRG share partially overlapping functions regarding their ability to act as 

adaptor proteins for LUBAC.

Whereas SHARPIN harbors UBD and NZF domains, no functional domains have been 

identified in PACRG. Thus, SHARPIN and PACRG are likely to have distinct functions that 

may or may not be LUBAC-dependent. For example, SHARPIN can act as an inhibitor of 

integrin activation (59–61) and caspase-1 activation (62). Moreover, SHARPIN has been 

described to promote lamellipodium formation by interacting with Arp2/3 (63) and to 

enhance the activity of PRMT5, a type II protein arginine methyltransferase, which 

contributes to melanomagenesis through the SKI-SOX10 regulatory axis (64) in a LUBAC-

independent manner.

Concerning the overlapping function of SHARPIN and PACRG in serving as adaptor 

proteins for LUBAC, an attractive hypothesis would be that functional redundancy might be 

beneficial regarding the essential role of LUBAC. Loss of HOIP or HOIL-1L in mice causes 

embryonic lethality (51, 65), whereas SHARPIN knockout mice are viable. They suffer from 

autoinflammation and immunodeficiency due to destabilization of the two remaining 

LUBAC components HOIP and HOIL-1L (38, 48, 49). This phenomenon suggests that at 

least partial LUBAC activity can be maintained in the absence of SHARPIN, and this might 

be mediated by PACRG or other adaptor proteins. Thus, it would be interesting to test 
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whether there is a cell type- or tissue-specific increase of Pacrg expression or PACRG 

protein in SHARPIN-deficient mice.

PACRG has mostly been studied in the context of its function in motile cilia, however, a 

study in Caenorhabditis elegans revealed that it also influences signaling pathways regulated 

by non-motile primary cilia (13). Primary cilia are attracting increasing attention as a hub to 

regulate and integrate signaling pathways. One of the best-characterized signaling cascades 

requiring cilia is the sonic hedgehog pathway in vertebrates (66, 67). Recent research 

indicated a link between NF-κB signaling and cilia. In murine cells with defective 

ciliogenesis resulting from a hypomorphic mutation in the intraflagellar transport protein 

ITF88, nuclear translocation of p65 in response to interleukin 1β (IL-1β) treatment was 

impaired due to reduced phosphorylation of IκBα by the IKK complex (68). Silencing of 

the kinesin motor subunit Kif3a, which is required for proper ciliary function, suppressed 

NF-κB activation in hippocampal neurons treated with lipopolysaccharide (69). Moreover, 

the deubiquitinase CYLD, which hydrolyses M1- and K63-linked ubiquitin chains and is 

implicated in regulating TNF signaling, has been linked to the formation of primary cilia 

(70). In this context it is interesting to note that increased activation of NF-κB signaling can 

suppress ciliogenesis, suggesting negative feedback regulation (71–73). Our study revealed 

that PACRG acted at the level of LUBAC, which is required to activate the IKK complex. 

Thus, the regulatory role of PACRG in NF-κB signaling would be compatible with a ciliary 

function of this protein. Further studies including super-resolution imaging are required to 

address the question of whether LUBAC components can be recruited to the ciliary 

compartment.

There is also evidence for a possible role of ciliogenesis and cilia-dependent signaling in 

PD. Leucine rich repeat kinase 2 (LRRK2), which is mutated in the majority of autosomal 

dominant PD and has also been identified as a risk factor for sporadic PD [reviewed in (74)], 

phosphorylates the Rab GTPases Rab8A and Rab10, which regulate ciliogenesis (75, 76). In 

addition, mutations and polymorphisms in LRRK2 increase the risk for infections with 

Mycobacterium leprae and are linked to excessive inflammatory responses in leprosy (77–

79).

The functional link between PACRG and Parkin and TNF signaling helps to explain why 

polymorphisms in the regulatory region of the PACRG and Parkin genes are well established 

susceptibility factors for infections with intracellular pathogens, such as Mycobacterium 
leprae and Salmonella spp. (18–20, 80). TNF is an essential cytokine for the control of 

mycobacterial infections. Mice producing reduced amounts of TNF or mice lacking TNFR1 

show increased mortality upon infection with Mycobacterium tuberculosis (25). Moreover, 

mutations in NEMO, a substrate of Parkin, have been linked to Mendelian susceptibility to 

mycobacterial disease (81–83). It has recently been shown that LUBAC can modify the 

surface of cytosolic bacteria with linear ubiquitin chains for local activation of NF-κB and 

induction of antibacterial autophagy (xenophagy), thereby restricting bacterial proliferation 

(84, 85). Parkin was found to be recruited to cytosol-invading bacteria (84), which may 

affect both local NF-κB activation and xenophagy. It will be interesting to see whether 

PACRG is also found in association with cytosolic bacteria and whether intracellular 

bacteria are localized in proximity to primary cilia. In support of such a scenario, primary 
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cilia are required for the induction of autophagy (86). Several key autophagy-related (ATG) 

proteins associate with the ciliary axoneme or basal body to promote autophagosome 

formation in response to cilia-dependent signaling (87). In conclusion, our study provides 

evidence for a role for PACRG in innate immune signaling by interacting with LUBAC and 

stimulating LUBAC activity.

Materials and Methods

Antibodies and Reagents

The following antibodies were used: anti-PACRG C8 mouse monoclonal antibody (C-8, 

sc-37851), anti-Parkin PRK8 mouse monoclonal antibody (PRK8, sc-32282), anti-Hsp60 

goat polyclonal antibody (sc-1052), anti-p65 rabbit polyclonal antibody (sc-109) (Santa 

Cruz Biotechnology), anti-M1-ubiquitin 1E3 rabbit monoclonal antibody (1E3, MABS451) 

(Millipore), anti-M1-ubiquitin monoclonal 1F11/3F5/Y102L antibody (Genentech), anti-

HOIL-1L rabbit polyclonal antibody (ab38540) (Abcam), anti-active caspase-3 rabbit 

monoclonal antibody (5A1E, 9664), anti-SHARPIN rabbit polyclonal antibody (4444) (Cell 

Signaling Technology), anti-SHARPIN rabbit polyclonal (14626-1-AP) (Proteintech), anti-

IκBα rabbit polyclonal antibody (9242) (Cell Signaling Technology), anti-HA 1.1 mouse 

monoclonal antibody (16B12, NMS-101R) (Covance), anti-β-actin AC-74 mouse 

monoclonal antibody (AC-74, A5316), anti-HOIP rabbit polyclonal antibody 

SAB2102031(Sigma) and A303-560A (Bethyl Laboratories), anti-NEMO rabbit polyclonal 

antibody (HPA000426) (Sigma), anti-Bax 6A7 mouse monoclonal antibody (eBioscience), 

ALEXA488 anti-rabbit IgG (H+L), ALEXA488 anti-mouse IgG (H+L), ALEXA555 anti-

rabbit IgG (H+L), ALEXA555 anti-goat IgG (H+L) (Molecular Probes), HRP anti-mouse, 

anti-rabbit and anti-goat IgG antibody (Promega), Strep-Tactin HRP conjugate (IBA 

Lifescience) anti-HA agarose (mouse), anti-cMyc agarose (mouse or rabbit), and anti-V5 

agarose beads (mouse) (Sigma).

Carbonyl cyanide 3-chlorophenylhydrazone (CCCP), bovine serum albumin (BSA) and N-

ethylenmaleimide were purchased from Sigma, complete protease inhibitor cocktail from 

Roche, Strep-Tactin sepharose from IBA, TNF from PeproTech (working concentration 25 

ng/ml for short-term treatment, 10 ng/ml for 16 h) and FLAG-TNF from ENZO Life 

Sciences), goat and donkey serum from Cell Signaling Technology, and ECL reagent from 

Promega.

Plasmids

The following constructs were described previously: wildtype (WT) human untagged Parkin 

(88), NF-κB-Luc (30), HA-HOIP, HA-HOIL-1L, HA-SHARPIN, EGFP, UBAN domain 

from human NEMO (22). PACRG cDNA was purified from an RZPD bacterial clone 

containing the pCMV-Sport6-PACRG vector and first subcloned into a pCMV vector by 

HindIII and XbaI restriction sites. This vector was used for cloning of N-terminally HA-

tagged PACRG into the pcDNA3.1(+) vector. The HA-tag was amplified with the primers 5'-

GCAGAGCTCGTTTAGTGAACC-3' (for) and 5'-

TTCTGCCACCAAAAGAGCGTAATCTG-3' (rev). PACRG was amplified using the 

primers 5'-CAGATTACGCTCTTTTGGTGGCAGAAAAAGAG-3' (for) and 5'-
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GCGAATTCTTAGTTTAGCAAGCAAGCAAG-3'. Both PCR products were fused together 

in an additional PCR step. The resulting PCR product and the pcDNA3.1(-) vector were 

digested with ApaI and EcoRI before ligation. Untagged PACRG was cloned into the 

pcDNA3.1(+) vector using the In-Fusion cloning strategy provided by Clontec. PACRG was 

amplified by PCR from the HA-PACRG pcDNA3.1 construct using the following primers: 

forward primer 5'-

CAGTGTGGTGGAATTCCCACCATGGTGGCAGAAAAAGAGACCCTG-3' (for) and 

reverse primer 5'-GATATCTGCAGAATTCTTAGTTTAGCAAGCAAGACTCG-3' (rev). 

The pcDNA3.1(+) vector was linearized with EcoRI restriction enzyme before In-Fusion 

reaction with the PACRG PCR product. C-terminal HOIP (697-1072) was amplified by PCR 

using the following primers: forward 5'-

TGGAATTCTGCAGATATGCAGGAGTGTGCCGTGTGTGGCTGG-3' and reverse 5'-

GCCACTGTGCTGGATCTACTTCCGCCTGCGGGGGA-3'. N-terminal HOIP (1-697) was 

amplified by PCR using the following primers: forward 5'-

TGGAATTCTGCAGATATGCCGGGGGAGGAAGAGGA -3' and reverse 5'-

GCCACTGTGCTGGATTTAGGCAAGCAAGCGGCGCAG -3'. The pcDNA3.1(+) vector 

was linearized with EcoRI and EcoRV restriction enzyme before In-Fusion reaction with the 

HOIP PCR products. The N-terminal HOIP constructs (1-298, 1-349, 1-408, 1-475) were 

cloned from HA-HOIP in pcDNA3.1(+) with the forward primer 5'-

GGAGACCCAAGCTGGCTAGC-3' and the reverse primer (1-298) 5'-

ATATTCTAGACTATGCAGGATTAGGGGAAGAAAGAGAGCT-3', (1-349) 5'-

ATATTCTAGACTAAAGATCAGGTTCTAGGCCTCCAGTTCC-3', (1-408) 5'-

ATATTCTAGACTAGGCAGAGGCCAGCAAAGCAT-3' and (1-475) 5'-

ATATTCTAGACTAGCCATGACGATCCAGCCAGGC-3' respectively. The ΔUBA HOIP 

mutant was cloned from HA-HOIP in pcDNA3.1(+) by first creating the left and right arm 

and a subsequent overlap-PCR. The primers used were as follows: forward primer left arm 

5'-ATATGCGGCCGCATGTACCCATACGATGTTCCAGATTAC-3', reverse primer left arm 

5'-GCGCGCTCTAGACTACTTCCGCCTGCGGGGGATACTC-3', forward primer right arm 

5'-GCAGCAGCAGGCTCGGATCCACTAGTCCAGTGTGGTG-3' and reverse primer right 

arm 5'-ATATGAATTCCTTCCGCCTGCGGGGGATAC-3'.

Cell Culture, Transfection, and RNA Interference

SH-SY5Y (DSMZ number ACC 209), HEK293T (CRL-1573; American Type Culture 

Collection), Parkin KO MEFs and HeLa (ACC 57) cells were cultivated as described 

previously (22). SHARPIN KO (cpdm) MEFs and their corresponding wildtype MEFs were 

cultivated in DMEM supplemented with 10% FCS and 1% Penicillin/Streptomycin. Cells 

were transfected with Lipofectamine/Plus (Invitrogen) according to the manufacturer's 

instructions. For RNA interference, cells were transfected with the following stealth siRNA 

oligos (Invitrogen) using Lipofectamine RNAiMAX (Invitrogen): human PACRG siRNA 

HSS134581/HSS175097/HSS175098, human SHARPIN siRNA HSS149631/HSS149632/

HSS188656, mouse PACRG siRNA MSS229626/MSS229627/MSS290650, mouse 

SHARPIN siRNA MSS272426/MSS272427/MSS272428 and Stealth RNAi™ siRNA 

Negative Control Med GC Duplex #2 (Invitrogen).
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Western Blotting

Proteins were size-fractionated by SDS-PAGE and transferred to nitrocellulose by 

electroblotting. The nitrocellulose membranes were blocked with 5% nonfat dry milk or 5% 

BSA in TBST (TBS containing 0.1% Tween 20) for 60 min at room temperature and 

subsequently incubated with the primary antibody diluted in blocking buffer for 16 h at 4°C. 

After extensive washing with TBST, the membranes were incubated with horseradish 

peroxidase-conjugated secondary antibody for 60 min at room temperature. Following 

washing with TBST, the antigen was detected with the enhanced chemiluminescence (ECL) 

detection system (Promega) as specified by the manufacturer. For quantification of Western 

blots Image Studio lite (version 3.1) was used for X-ray films or azureSpot (version 2.0) was 

used for the Sapphire Biomolecular Imager (Azure Biosystems).

Real-time RT-PCR

Total cellular RNA was isolated with the RNeasy Mini Kit (Qiagen) according to 

manufacturer's instructions. cDNA was synthesized using the iScript cDNA Synthesis Kit 

(Bio-Rad). mRNA quantification was performed with the light cycler 96 system (Roche) 

with FastStart Universal SYBR Green Master (Roche), 12 ng cDNA and a final primer 

concentration of 0.5 µM. The following primers were used: human PACRG F 5'-

GGTTTCTGAGGGTTTCACAGTC-3' and R 5'-GGGCTTGGTTGGTCTTTCTT-3', human 

β-actin F 5'-CCTGGCACCCAGCACAAT-3' and R 5'-GGGCCGGACTCGTCATAC-3', 

mouse HOIP F 5'-CCCAGTGTCACCAGACCTTC-3' and R 5'-

CCTCACAACTCCGTCCTCTG-3'.

Apoptosis Assay

Activation of caspase-3 was determined by indirect immunofluorescence based on a single 

cell analysis. Briefly, cells were grown on glass coverslips. 24 h after transfection cells were 

incubated with TNF (30 ng/ml, 4 h) or MPP+ (7.5 μM, 4 h) or STS (1 μM, 5 h). The cells 

were then fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.2% Triton 

X-100 for 10 min and blocked with 5% goat serum in 0.2% Triton X-100 in PBS for 1 h at 

room temperature. Fixed cells were incubated with an antibody against activated caspase-3 

overnight at 4°C, followed by an incubation with ALEXA555-conjugated secondary 

antibody for 1 h at room temperature. After extensive washing, cells were mounted onto 

glass slides and analyzed for active caspase-3 by fluorescence microscopy using a Nikon 

Eclipse E400 microscope.

Nuclear Translocation of p65

Translocation of p65 from the cytosol to the nucleus was determined by indirect 

immunofluorescence based on single cell analysis. SH-SY5Y cells or MEFs were plated on 

glass coverslips and transfected with control, PACRG- or SHARPIN-specific siRNA. 24 h 

after transfection cells were treated with TNF (25 ng/ml) for 20 min and then fixed with 4% 

PFA in PBS for 10 min at room temperature. Cells were permeabilized with 0.2% Triton 

X-100 for 10 min and blocked with 5% donkey or goat serum in 0.2% Triton X-100 in PBS 

for 1 h at room temperature. Subsequently cells were incubated with an anti-p65 antibody 

diluted in blocking buffer overnight at 4°C. After extensive washing, cells were incubated 
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with an ALEXA488-conjugated secondary antibody for 1 h at room temperature. Finally, the 

cells were washed extensively with PBS and then mounted onto glass slides and analyzed by 

fluorescence microscopy using a Nikon Eclipse E400 microscope. Nuclei were 

counterstained with DAPI (Sigma) and transfected cells were visualized by mCherry or 

mitoDsRed plasmid cotransfection. Cells were categorized in two classes: cells showing 

complete or incomplete nuclear translocation of p65.

Mitophagy Assay

For the analysis of mitophagy HeLa cells or SH-SY5Y cells overexpressing Parkin, HA-

PACRG, Parkin plus HA-PACRG or silenced for PACRG expression were plated on glass 

coverslips. 24 h after transfection cells were treated with CCCP (10 µM) for 24 h and then 

fixed with 4% PFA in PBS for 10 min at room temperature. Cells were permeabilized with 

0.2% Triton X-100 for 10 min and blocked with 5% donkey or goat serum in 0.2% Triton 

X-100 in PBS for 1 h at room temperature. Subsequently, cells were incubated with an anti-

HSP60 antibody to stain mitochondria, the PRK8 antibody to detect Parkin or an HA-

antibody to detect HA-PACRG in blocking buffer overnight at 4°C. After extensive washing, 

the cells were incubated with an ALEXA488-conjugated and an ALEXA555-conjugated 

secondary antibody for 1 h at room temperature. Finally, the cells were washed extensively 

with PBS, mounted onto glass slides and analyzed by fluorescence microscopy using a 

Nikon Eclipse E400 microscope. Nuclei were counterstained with DAPI (Sigma).

Luciferase Reporter Assays

Transfected HEK293T cells or MEFs were lysed in reporter lysis buffer (Promega) 16 h 

after TNF treatment (10 ng/ml) or 1 day after co-transfection of HEK293T cells or 2 days 

after co-transfection of MEFs. Lysates were cleared by centrifugation and luciferase activity 

was determined luminometrically (TriStar2 LB 942, Berthold Technologies) by the 

luciferase assay system (Promega). The measured values were normalized to protein levels. 

Quantifications are based on at least 3 independent experiments each performed in triplicate.

Co-immunoprecipitation Experiments

Untransfected HEK293T cells or HEK293T cells transfected with the indicated constructs 

were lysed in lysis buffer (1% Triton X-100 in PBS plus protease inhibitor). The lysates 

were cleared by centrifugation (20,000 x g for 20 min) and incubated overnight at 4°C with 

the antibody indicated coupled to agarose beads. To control for unspecific binding to either 

agarose beads or immunoglobulin, anti-c-myc agarose beads were used in comparison to 

anti-HA agarose beads. After washing three times with lysis buffer, Laemmli sample buffer 

was added and the samples were boiled for 10 min.

Isolation of the active TNFR1 signaling complex

HEK293T cells were incubated with 500 ng/ml FLAG-TNF (ENZO Life Sciences) for the 

indicated time 24 h after transfection. Subsequently, cells were lysed in lysis buffer (1% 

Triton X-100 in PBS plus protease inhibitor, 10 µM NEM), incubated on ice for 5 min and 

centrifuged at 20,000 x g for 20 min. 20 µl protein A agarose beads preincubated with anti-

FLAG antibody were added to the supernatant and incubated overnight at 4°C. After 
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washing three times with lysis buffer, Laemmli sample buffer was added and the samples 

were boiled for 10 min.

Linear Ubiquitylation Assay

HEK293T cells transfected with the indicated constructs and treated with or without TNF 

(25 ng/ml, 15 or 30 min) were lysed in denaturing lysis buffer (1% SDS in PBS) and 

incubated at 95°C for 30 min. Protein extracts were diluted 1:10 with non-denaturing lysis 

buffer (1% Triton X-100 in PBS) and cleared by centrifugation. To pull down proteins 

modified by linear ubiquitin chains, 20 µg of the recombinant UBAN domain of NEMO was 

added, which carries an N-terminal Strep-Tag II. After incubation for 1 h at 4°C, Strep-

Tactin beads were added and incubated overnight at 4°C. Beads were collected by 

centrifugation and washed. Laemmli sample buffer was added, and the samples were boiled 

for 10 min. Proteins binding to the UBAN domain were separated with SDS-PAGE and 

analyzed by Western blotting using an anti-M1 ubiquitin antibody.

HOIP protein abundance in MEFs silenced for PACRG or SHARPIN expression

MEFs were grown on 10 cm dishes and transiently transfected with control, SHARPIN-, or 

PACRG-specific siRNAs. After 48 h, cells were lysed in 1% Triton X-100 (v/v) in PBS with 

protease inhibitors and heated to 95°C for 10 minutes with 5 x Laemmli sample buffer. 

Samples were analyzed by immunoblotting using antibodies against HOIP (Bethyl 

Laboratories), SHARPIN (Protein Tech), and β-actin.

Protein Expression and Purification

Recombinant proteins were produced in E. coli strain BL21DE3 using the pIBA3plus 

expression system (IBA). Bacteria were grown to a density of an A600 value of 0.6 - 0.8 and 

protein expression was induced by 200 ng/ml anhydrotetracycline (IBA). After culturing 

bacteria for 3 h at 37°C, cultures were harvested by centrifugation at 3,000 × g, and pellets 

were resuspended in lysis buffer (100 mM Tris, pH 8.0, 150 mM NaCl and protease 

inhibitors) at 4°C. Subsequently, cells were lysed by sheering forces using a French Press 

and afterwards centrifuged for 60 min at 40,000 × g (4°C) to get rid of cellular debris. 

Bacterial lysates containing the Strep-tagged UBAN domain were loaded on a StrepTrap 

column (GE Healthcare) and washed with 100 mM Tris, pH 8.0, 150 mM NaCl. After 

washing, the UBAN domain was eluted with 100 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2.5 

mM d-desthiobiotin. Eluted fractions containing the protein were pooled and concentrated 

using Amicon Ultra-15 spin columns (Millipore) with an exclusion size of 10 kDa.

Size-Exclusion Chromatography

MEFs expressing either SHARPIN or PACRG were lysed in a Tris buffer (50 mM Tris pH 

7.5, 1 mM MgCl2, 1 mM DTT, and complete protease inhibitor) by repeated passing through 

a syringe needle. After 15 min incubation on ice lysates were cleared by centrifugation 

(20,000 x g, 20 min, 4°C). Protein concentration of the samples was measured by the 

Bradford protein assay and equal amounts of proteins were loaded on the column. Proteins 

were separated on a Superdex 200 10/300 GL column using an ÄKTA chromatography 

system (GE Healthcare Life Sciences). 0.5 ml (fig. S1) or 1 ml (fig. S3A) fractions were 
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collected and analyzed by Western blotting using antibodies against HOIP, SHARPIN or 

PACRG. All blots corresponding to fig. S3A were exposed to a single X-ray film so that 

exposure time was the same.

Statistical Analysis

Data represent the mean ± SD or SEM from n ≥ 3 biological replicates (indicated in the 

figure legends). All statistical analyses were performed by using GraphPad PRISM (Version 

5; San Diego, CA, USA). To check the normal distribution of data, the Komlogorov-

Smirnov test was applied. Based on the outcome of the test appropriate parametric and non-

parametric tests were chosen. For the comparison of two independent parametric datasets 

Student's t-test was used. For the comparison of more than 2 parametric datasets, one-way 

ANOVA was applied. To correct for α-error inflation resulting from multiple comparisons, 

ANOVA was followed by Tukey’s post-hoc Multiple Comparison tests. For the direct 

comparison of two non-parametric datasets, Wilcoxon-Mann-Whitney (U test) was used. 

Significance levels for all tests: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PACRG does not influence mitophagy.
(A) Schematic representation of the PRKN and PACRG locus. The genes encoding Parkin 

and PACRG are linked in a head-to-head arrangement on opposite DNA strands and share a 

5' core bi-directional promoter of 204 base pairs. (B) Representative immunofluorescence 

images of HeLa cells transiently expressing HA-tagged PACRG or Parkin and treated with 

CCCP to induce mitochondrial depolarization and subsequent degradation. Fixed cells were 

analyzed by indirect immunofluorescence using either the Parkin-specific antibody PRK8 or 

an HA antibody to detect PACRG and an Hsp60-specific antibody to visualize mitochondria. 

Scale bar, 100 µm. (C) Quantification of CCCP-induced mitochondrial clearance in HeLa 

cells expressing Parkin, PACRG, or both Parkin and PACRG. (D) Quantification of CCCP-

induced mitochondrial clearance in SH-SY5Y cells transfected with control or PACRG 

siRNAs together with Parkin cDNA. PACRG knockdown efficiency was determined by real-

time RT-PCR using exon-flanking PACRG-specific primers. Data represent the mean ± SEM 

of at least 3 independent experiments each performed in triplicate. At least 300 transfected 
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cells were counted per condition. For statistical analysis Mann-Whitney U-test was 

performed. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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Fig. 2. PACRG deficiency impairs TNF-induced NF-κB activation.
(A) HEK293T cells were transfected with PACRG, Parkin, or EGFP (negative control) plus 

an NF-κB luciferase reporter construct. Luciferase activity was quantified in lysates of 

untreated and TNF-treated cells, with luciferase activity in untreated EGFP-expressing cells 

set to 1. Quantifications were based on at least 3 independent experiments each performed in 

triplicate. Expression of proteins from the transfected plasmids was verified by Western 

blotting for Parkin and PACRG. β-actin is a loading control. Data represent the mean ± SEM 

of 7-12 independent experiments. For statistical analysis ANOVA followed by Tuckey’s 
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Multiple Comparison Test was performed. (B) Parkin knockout MEFs were transfected with 

either PACRG or Parkin plus an NF-κB luciferase reporter construct. Luciferase activity was 

measured in lysates of untreated and TNF-treated cells as in (A). Data represent the mean ± 

SEM of 4-5 independent experiments. For statistical analysis one-tailed Mann-Whitney U-

test was performed. (C) Representative immunofluorescence images showing p65 

localization in SH-SY5Y cells transfected with control or PACRG-specific siRNAs and 

treated with TNF. Nuclei are labelled with DAPI. Scale bar, 100 µm. (D) Quantification of 

TNF-induced nuclear translocation of p65 in control and PACRG knockdown SH-SY5Y 

cells based on 3 independent experiments each performed in duplicate. PACRG knockdown 

efficiency was determined using real-time RT-PCR. Data represent the mean ± SEM of 3-5 

independent experiments. For statistical analysis one-tailed Mann-Whitney U-test was 

performed. (E) HEK293T cells were transfected with either control or PACRG-specific 

siRNAs plus an NF-κB luciferase reporter construct then treated with TNF or left untreated. 

Luciferase activity in cell lysates was measured. Data represent the mean ± SEM of 3 

independent experiments each performed in duplicate. For statistical analysis one-tailed 

Mann-Whitney U-test was performed. PACRG knockdown efficiency was determined using 

real-time RT-PCR. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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Fig. 3. PACRG increases TNF-induced linear ubiquitylation.
(A) HEK293T cells transfected with control or PACRG-specific siRNA were treated with 

TNF one day after transfection for the indicated times. Degradation of IκBα was determined 

by Western blotting for IκBα. Numbers below the IκBα-reactive bands indicate the mean 

value of 3 independent experiments normalized to β-actin levels +/- SEM. Graph shows 

PACRG knockdown efficiency as determined by real-time RT-PCR. (B) HEK293T cells 

were transiently transfected with plasmids encoding the indicated proteins. One day after 

transfection, cells were treated with TNF and lysed. Lysates generated under denaturing 
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conditions were subjected to pull-down with the Strep-tagged UBAN domain of NEMO, and 

proteins affinity-purified by Strep-Tactin beads were analyzed by immunoblotting with an 

antibody specific for M1-linked ubiquitin. The input was immunoblotted for HOIP, PACRG, 

EGFP, and β-actin. Signal intensities of 3 independent experiments were quantified and 

normalized to the amount of linear ubiquitin chains in samples with EGFP overexpression 

and TNF treatment. Data represent the mean ± SEM of 3 independent experiments. For 

statistical analysis one-tailed Mann-Whitney U-test was performed. (C) HEK293T cells 

were transiently transfected with the indicated siRNAs. TNF treatment, lysis, and pull-down 

were performed as in (B). Signal intensities of 3 independent experiments were quantified 

and normalized to the amount of linear ubiquitin chains in samples treated with control 

siRNA and TNF. PACRG knockdown efficiency was determined by real-time RT-PCR. Data 

represent the mean ± SEM of 3 independent experiments. For statistical analysis one-tailed 

Mann-Whitney U-test was performed. *p ≤ 0.05
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Fig. 4. PACRG binds to LUBAC.
(A) HEK293T cells were transfected with PACRG then treated with TNF for the indicated 

times. Cells were lysed under native conditions, and endogenous HOIP was 

immunoprecipitated (IP). Immunoprecipitated proteins were detected by Western Blotting 

for PACRG and HOIP. The input was immunoblotted for PACRG and β-actin. (B) Schematic 

presentation of the HOIP constructs used for immunoprecipitation. All constructs included 

an N-terminal HA tag. PUB, peptide N-glycosidase/ubiquitin-associated domain; ZF, zinc 

finger domain; NZF, nuclear protein localization 4-type zinc finger domain; UBA, ubiquitin-
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associated domain; RING, really interesting new gene; IBR, in-between RING domain; 

LDD, linear ubiquitin chain–determining domain. (C) HEK293T cells were transfected with 

either N-terminal (aa 1-697), C-terminal (aa 697-1072) or full-length (aa 1-1072) HA-HOIP 

together with PACRG. After cell lysis HOIP was immunoprecipitated and affinity purified. 

Co-purified PACRG was detected by Western blotting using an antibody recognizing 

PACRG. c-myc is a negative control. Asterisk notes a nonspecific immunoreactive band. The 

HOIP IP control and the HOIP input were probed with an antibody specific for HA. (D) 

HEK293T cells were transfected with PACRG and the indicated HOIP constructs. Co-

immunoprecipitation experiments were performed as in (C). (E) HEK293T cells were 

transfected with either ΔUBA or full-length HA-HOIP (aa 1-1072) plus PACRG. Co-

immunoprecipitation experiments were performed as in (C). (F, G) HEK293T cells were 

transfected with the indicated HOIP constructs and either HOIL-1L (F) or SHARPIN (G). 

Co-immunoprecipitation experiments were performed as in (C). HOIP input levels were 

detected with an antibody specific for HA. HOIL-1L, SHARPIN, and β-actin were detected 

with antibodies against the respective proteins. (H) HEK293T cells were transfected with 

PACRG then treated with FLAG-TNF for the indicated times. After cell lysis FLAG-TNF 

was immunoprecipitated and affinity-purified. Co-purified PACRG and HA-HOIP were 

detected by Western blotting for PACRG and HA, respectively. All blots are representative 

of at least 3 independent experiments.
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Fig. 5. PACRG restores defective NF-κB activation and prevents increased cell death in 
SHARPIN-deficient cells.
(A) HEK293T cells were transfected with control, SHARPIN-, or PACRG-specific siRNAs 

with or without PACRG or SHARPIN plasmids as indicated, then the cells were treated with 

TNF and lysed under denaturing conditions. Linear ubiquitination was analyzed by UBAN 

affinity purification by Strep-TagII beads followed by immunoblotting for M1-linked 

ubiquitin. PACRG knockdown efficiency was determined by real-time RT-PCR. Blot is 

representative of 3 independent experiments. (B) HEK293T cells were transfected with HA-
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NEMO and either PACRG or SHARPIN, then lysed under denaturing conditions followed 

by immunoprecipitation of NEMO by anti-HA agarose. Anti-c-Myc-agarose was used as a 

control for nonspecific binding. Immunoprecipitated NEMO was immunoblotted for M1-

linked ubiquitin and NEMO. The input was immunoblotted for NEMO, PACRG, SHARPIN, 

and β-actin. Blot is representative of 3 independent experiments. (C) Wild-type (WT) and 

cpdm MEFs were transfected with SHARPIN, PACRG or EGFP (negative control), then the 

cells were treated with TNF. The fraction of cells showing nuclear translocation of p65 was 

determined for each condition. Data represent the mean ± SEM of 3-4 independent 

experiments. For statistical analysis one-tailed Mann-Whitney U-test was performed. At 

least 100 cells were analyzed per condition. (D) Cpdm MEFs were transfected with either 

SHARPIN or PACRG. Transfection of EGFP was used as a control. After TNF treatment, 

apoptotic cell death was quantified by counting transfected cells positive for active 

caspase-3. Data represent the mean ± SEM of 3 independent experiments. For statistical 

analysis one-tailed Mann-Whitney U-test was performed. At least 100 cells were analyzed 

per condition. (E) MEFs were transiently transfected with the indicated siRNAs and lysed 

after 48 h. Lysates were analyzed by immunoblotting for HOIP, SHARPIN, and β-actin. 

PACRG knockdown efficiency was determined by real-time RT-PCR. Data represent the 

mean ± SEM of 5 independent experiments, intensity normalized to β-actin presented as 

ratio to total intensity of all three bands. For statistical analysis ANOVA followed by 

Tuckey’s Multiple Comparison Test was performed. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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