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Abstract

Spongiform encephalopathy is an intriguing yet poorly understood neuropathology characterized 

by vacuoles, demyelination, and gliosis. It is observed in patients with prion disease, primary 

mitochondrial disease, HIV-1 infection of the brain, and some inherited disorders, but the 

underlying mechanism of disease remains unclear. The brains of mice lacking the MGRN1 E3 

ubiquitin ligase develop vacuoles by 9 months of age. MGRN1-dependent ubiquitination has been 

reported to regulate mitofusin 1 and GP78, suggesting MGRN1 may have a direct effect on 

mitochondrial homeostasis. Here, we demonstrate that some MGRN1 localizes to mitochondria, 

most likely due to N-myristoylation, and mitochondria in cells from Mgrn1 null mutant mice 

display fragmentation and depolarization without recruitment of the parkin E3 ubiquitin ligase. 

The late onset of pathology in the brains of Mgrn1 null mutant mice suggests that a further, age-

dependent effect on mitochondrial homeostasis may be required to trigger vacuolation. Parkin 

protein and mRNA levels showed a significant decline in the brains of Mgrn1 null mutant mice by 

12 months of age. To test whether loss of parkin triggers vacuolation through a synergistic effect, 

we generated Mgrn1; parkin double mutant mice. By 1 month of age, their brains demonstrated 

more severe mitochondrial dysfunction than Mgrn1 null mutants, but there was no effect on the 

age-of-onset of spongiform neurodegeneration. Expression of the ATF4 transcription factor, a key 

regulator of the mitochondrial stress response, also declined in the brains of aged Mgrn1 null 

mutant mice. Together, the data presented here indicate that loss of MGRN1 has early, direct 

effects on mitochondrial homeostasis and late, indirect effects on the ability of cells to respond to 

mitochondrial stress.

Introduction

Oxidative phosphorylation in mitochondria provides cells with most of their energy in the 

form of adenosine triphosphate (ATP). As the mammalian brain consumes especially high 

amounts of energy to drive neuronal activity, it is not surprising that the CNS is the second 
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most frequently affected organ in patients with mitochondrial disease (Finsterer, 2006). 

Mitochondria are dynamic organelles: they exist in networks that undergo continual 

remodeling through fusion and fission, migrate throughout the cell, and undergo regulated 

turnover (Chen and Chan, 2009; Meyer et al., 2017). Disruption of mitochondrial dynamics 

leads to mitochondrial dysfunction and predominantly affects tissues with high energy 

requirements (i.e., heart, brain, skeletal muscle, liver and kidney). Mitophagy regulates 

mitochondrial homeostasis by eliminating damaged, aged or surplus mitochondria (Ashrafi 

and Schwarz, 2013; Chen and Chan, 2009). Two genes associated with familial Parkinson’s 

disease, PINK1 and parkin, regulate mitochondrial dynamics and the clearance of damaged 

mitochondria through mitophagy (Dagda et al., 2009; Deng et al., 2008; Exner et al., 2007; 

Gautier et al., 2008; Narendra et al., 2008; Poole et al., 2008), but parkin-independent 

mitophagy pathways also play critical roles in maintaining mitochondrial homeostasis (Villa 

et al., 2018).

Patients with Leigh syndrome, a genetically heterogeneous mitochondrial disorder, show 

progressive neurological deterioration characterized histologically by multifocal spongiform 

degeneration, demyelination, and gliosis (Ruhoy and Saneto, 2014). Mice lacking the 

mahogunin ring finger-1 (MGRN1) E3 ubiquitin ligase develop late-onset, progressive CNS 

vacuolation with gliosis (He et al., 2003) histopathologically similar to that caused by 

primary mitochondrial disease. Vacuoles first appear in the CNS of mice homozygous for a 

null allele, Mgrn1md-nc, by 9 months of age and become larger and more numerous with age. 

Mitochondrial dysfunction (reduced cytochrome c oxidase activity and ATP levels), is 

apparent in the brains of Mgrn1md-nc/md-nc mice by 1 month-of-age (Sun et al., 2007), but it 

is unclear whether this is the primary cause of CNS vacuolation (Jiao et al., 2009a; Walker et 

al., 2016).

MGRN1 has been reported to affect mitophagy though ubiquitin-mediated regulation of 

GP78 levels (Mukherjee and Chakrabarti, 2016b), and to mediate mitofusin-1-dependent 

mitochondrial fusion (Mukherjee and Chakrabarti, 2016a). Age-dependent effects of 

MGRN1 on the expression of stress response genes has also been described (Benvegnu et 

al., 2017). These studies suggest MGRN1 may play a primary role in maintaining 

mitochondrial homeostasis. We examined whether loss of MGRN1 function alters 

mitochondrial morphology or membrane potential. Mitochondrial fragmentation and 

reduced tetramethylrhodamine, ethyl ester (TMRE) staining without parkin recruitment was 

observed in cells from Mgrn1 null mutant mice and in cells over-expressing catalytically 

inactive (dominant negative) MGRN1. We discovered that parkin expression declined to 

undetectable levels in the brains of Mgrn1 null mutant mice by 12 months of age, suggesting 

that loss of parkin-dependent mitophagy might exacerbate mitochondrial dysfunction to 

trigger the onset of CNS vacuolation. To test this hypothesis, we generated Mgrn1 null 

mutant mice with congenital parkin deletion and examined their brains for spongiform 

neurodegeneration. Although no effect was seen on age-of-onset, thalamic vacuolation 

progressed more rapidly in the brains of Mgrn1 null mutant mice lacking parkin. Our results 

indicate that loss of MGRN1 has chronic and age-dependent effects on mitochondrial 

homeostasis, and support a role for mitochondrial dysfunction in the pathogenesis of 

spongiform neurodegeneration, most likely by impacting cellular pathways that require high 

levels of ATP.
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Methods

Mice

Mgrn1md-nc/md-nc (null) mutant mice (RRID:MGI:3704004) and co-isogenic controls have 

been described previously (He et al., 2003; Silvius et al., 2013). Our in-house colony has 

been maintained by brother-sister inbreeding of Mgrn1md-nc heterozygotes to homozygotes 

for over 60 generations. Animals were genotyped for the Mgrn1md-nc mutation using allele-

specific PCR as follows: wildtype primers: GCCTGCATGGATAGATGGAT and 

AGGAAGTTGCCCACAAGAACGCA; mutant primers: 

CAAGAACAACCAGGAGACTAAGGA and GCCCAAGTCCTAAACCTCT; amplification 

using Promega GoTaq green 2X master mix and 10 cycles with an annealing temperature of 

60 C followed by 30 cycles with an annealing temperature of 57 C. Parkin (park2) null 

mutant mice (B6.129S4-Park2tm1Shn/J, RRID:IMSR_JAX:006582) were obtained from the 

Jackson Laboratory and genotyped according to the standard PCR protocol (https://

www.jax.org/strain/006582). All animal procedures adhered to the US National Research 

Council’s Guide for the Care and Use of Laboratory Animals, the US Public Health 

Service’s Policy on Humane Care and Use of Laboratory Animals, the Guide for the Care 

and Use of Laboratory Animals, and were approved by the McLaughlin Research Institute 

Institutional Animal Care and Use Committee (IACUC).

Histology

Brains were fixed in 10% formalin for at least 1 week prior to standard processing and 

embedding in paraffin. Care was taken to not incubate specimens in 70% ethanol for more 

than 1 h and to process mutant and control samples together as prolonged exposure to 70% 

ethanol can cause artifactual vacuolation in rodent brain samples (Wells and Wells, 1989). 

Coronal sections were taken at 5 μm and stained with hematoxylin and eosin (H&E). For 

each brain region, 6 different sections from 2–4 different animals of each genotype were 

scored for vacuolation by counting the number of vacuoles in the field of view at 20X 

magnification on a Zeiss AxioImagerM1 microscope. Scoring was as follows: 0 = no 

significant lesions (0–1 vacuoles); 1 = rare, scattered vacuoles (2–5 vacuoles, not present in 

all fields of view); 2 = mild, 6–10 scattered vacuoles in all fields of view; 3 = moderate, 

vacuoles in every field of view and 11–29 evenly scattered vacuoles in most; 4 = severe, > 

30 vacuoles in all fields of view.

Cell culture

Cell lines: HeLa (ATCC Cat# CRM-CCL-2, RRID:CVCL_0030), HEK293T (ATCC Cat# 

CRL-3216, RRID:CVCL_0063) and Neuro2a (ATCC Cat# CCL-131, RRID:CVCL_0470). 

Mouse embryonic fibroblasts (MEFs) were isolated from E12.5 Mgrn1 null 

(Mgrn1md-nc/md-nc) and coisogenic wildtype mouse embryos following standard protocols. 

MEFs, HeLa, HEK293T and Neuro2a cells were cultured under standard conditions (5% 

CO2 in DMEM with 10% fetal calf serum, penicillin and streptomycin). Immortalized 

Mgrn1 null and wildtype melanocytes (melan-md1, melan-md2 and melan-a) were obtained 

from the Wellcome Trust Functional Genomics Cell Bank and have been described 

previously (Hida et al., 2009). They were cultured in RPMI containing 10% fetal calf serum 

and 200 nM tetradecanoyl phorbol acetate. HeLa cells and MEFs were transfected using 
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JetPrime transfection reagent (Polyplus Transfection, Inc.). HEK293T and Neuro2a cells 

were transfected following a standard calcium phosphate protocol. All experiments were 

performed at least 3 independent times to ensure consistent results. The wildtype and 

C278A/C281A (herein referred to as AVVA) mutant MGRN1-GFP constructs used in these 

studies were described previously (Jiao et al., 2009b), and the empty pEGFP-N1 vector 

(Clontech) was used as a control. Wildtype and G2A MGRN1-HIS constructs were a gift 

from Rudy Leibel and John Overton. YFP-parkin and mCherry-Parkin were gifts from 

Richard Youle (Addgene plasmids # 23955 and 23956). Mitochondria were visualized using 

MitoTracker red CMXRos or MitoTracker green FM (ThermoFisher Scientific) or 

immunofluorence for COXIV. For studies involving m-chlorophenylhydrozone (CCCP), 

cells were stained (preloaded) with MitoTracker red CMXRos and either left untreated or 

treated with 10 μM CCCP (Sigma-Aldrich) or dimethyl sulfoxide (DMSO, vehicle control; 

Sigma-Aldrich). Lysosomes (acidic organelles) were visualized using LysoTracker Red 

DND-99 (ThermoFisher Scientific).

Mitochondrial studies

To isolate mitochondria, brains or cell pellets were homogenized on ice in homogenization 

buffer (0.32 M sucrose, 1mM EDTA, 10mM Tris-HCL, pH 7.8), using a dounce-type glass 

homogenizer. The homogenate and subsequent supernatent were centrifuged at 1000 g for 

10 min at 4 C to pellet nuclear material. The supernatent from the second spin was 

centrifuged for 20 minutes at 13000 g, at 4 C to obtain a crude mitochondrial pellet, which 

was resuspended in homogenization buffer and centrifuged for another 10 minutes at 13000 

g at 4 C to obtain the mitochondrial pellet. For sodium bicarbonate treatment, each 

mitochondrial pellet was resuspended in 50 μl of ice-cold PBS with protease inhibitor 

(Roche), mixed with 500ul of carbonate buffer (fresh, cold 0.1M Na2CO3, pH 11), and 

incubated on ice for 15 minutes. Mitochondrial membranes were pelleted by centrifugation 

at 52,000 rpm for 10 minutes at 4 C and resuspended in 1X tris-glycine SDS sample buffer 

prior to SDS-PAGE. For proteinase K treatment, pellets were resuspended in 

homogenization buffer containing 1 mg/ml proteinase K (1mg/ml) and incubated at 37 C for 

15 minutes. The reaction was stopped by adding 2 μl of 100mM phenylmethylsulfonyl 

floride. For trypsin treatment, mitochondrial pellets were resuspended in buffer (10 mM 

Hepes-KOH (pH 7.4), 250 mM sucrose, 0.5 mM, 2mM EGTA, and 1mM DTT) to a 

concentration of 1 mg/ml, then incubated with trypsin (10ug/ml) for 20 minutes at room 

temperature. Digestion was stopped by adding an equivalent amount of bovine trypsin 

inhibitor (Invitrogen). Proteinase K and trypsin samples were diluted 1:1 with 2X trisglycine 

SDS sample buffer prior to SDS-PAGE.

To quantify mitochondrial morphology in melanocytes and MEFs, mid-plane images of cells 

stained with MitoTracker green FM or MitoTracker red CMXRos were obtained using an 

Olympus Fluoview 2000 confocal microscope. Images were exported as tiff files and 

analyzed in ImageJ by manually setting the threshold to outline the majority of mitochondria 

within cells, then measuring area and perimeter using the “analyze particles” function. 

Tetramethylrhodamine, ethyl ester (TMRE; ThermoFisher Scientific) staining was 

performed on cells 1–3 days after transfection and cells imaged on an Olympus Fluoview 

2000 confocal microscope.
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Cytochrome c oxidase activity and ATP levels were determined in triplicate, as previously 

described (Sun et al., 2007). Briefly, mitochondria were isolated from freshly dissected 

brains and resuspended in ice-cold buffer (210mM mannitol, 70mM sucrose, 10mM HEPES, 

1mM EDTA, 0.5mMdithiothreitol) without protease inhibitor. Protein concentration was 

determined by BCA protein assay (Pierce/ThermoFisher Scientific) and Complex IV activity 

determined on equal amounts of protein for each mitochondrial extract using the 

Cytochrome c Oxidase Assay kit (Millipore-Sigma). For ATP levels, brain hemispheres were 

homogenized in 10% perchloric acid, neutralized with 2.5M potassium hydroxide, and 

precipitates removed by centrifugation. Protein concentration of diluted supernatants was 

determined by BCA protein assay and ATP levels were assayed using the ATP 

Bioluminescent Assay kit (Millipore-Sigma) on equal amounts of brain proteins.

Immunoblotting

Brains and cells were homogenized in lysis buffer (50 mM Tris, 150 mM NaCl, 1% NP40, 

0.1% sodium deoxycholate) supplemented with Complete protease inhibitor cocktail 

(Roche). Cellular debris was pelleted by centrifugation and the supernatant diluted in 2X 

SDS loading buffer. Mitochondrial fractions and supernatents were prepared as described 

above. Proteins were electrophoresed through SDS-polyacrylamide gels and transferred to 

Immobilon P membrane (Millipore). Western blotting (WB) was performed following 

standard protocols using the following antibodies: rabbit anti-MGRN1 (PTG labs #11285– 

1AP, RRID:AB_2143351), MitoProfile total OXPHOS rodent antibody cocktail 

(MitoSciences #MS604, RRID:AB_2629281), mouse anti-GFP (NeuroMab clone 86/8, 

RRID:AB_2313651), rabbit anti-MFN2 (Abcam ab124773, RRID:AB_10999860), mouse 

anti-parkin (PRK8) (Santa Cruz Biotechnology #sc-32282, RRID:AB_628104), and mouse 

anti-beta-tubulin (3F3-G2) (Santa Cruz Biotechnology #sc-53140, RRID:AB_793543).

Immunofluorescence

Cells were fixed in 4% paraformaldehyde for 10 min and permeabilized 10 min with 0.1% 

Triton X-100. Immunofluorescence (IF) was performed following standard protocols and the 

following antibodies: rabbit anti-MGRN1 from Proteintech Group, (cat. #11285–1-AP, 

RRID: AB_2143351), mouse anti-6*XHIS tag from Abcam (cat. #ab7857, RRID: 

AB_2716573), rabbit anti-COX IV (3E11) from Cell Signaling Technology (cat. #4850, 

RRID: AB_2085424), Alexa Fluor 488 conjugated goat anti-mouse IgG (Cell Signaling 

Technology cat. #4412, RRID:AB_1904025) and Alexa Fluor 647 conjugated goat anti-

rabbit IgG (Cell Signaling Technology cat. #4414, RRID: AB_10693544).

Quantitative RT-PCR

Brains from 12 and 16 month-old Mgrn1md-nc/md-nc and Mgrn1+/+ mice (3 of each genotype 

at each age) were homogenized in Trizol reagent (Invitrogen) and DNase-I treated RNA was 

isolated using the Direct-zol RNA miniprep kit (Zymo Research). Equal amounts of RNA 

were used as template for cDNA synthesis (Invitrogen SuperScript III First-Strand Synthesis 

kit), followed by amplification using SYBR green Brilliant II PCR master mix (Agilent) on 

a BioRad Opticon II. Expression of Activating transcription factor 4 (Atf4) and parkin 
(Park2) was normalized against glucose phosphate isomerase (Gpi) levels using the 

comparative ΔΔCt method to determine the relative quantification value (Livak and 
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Schmittgen, 2001). All samples from mice at the same age were run in triplicate on the same 

plate. Primer sequences: Gpi-F CAACTGCTACGGCTGTGAGA, Gpi-R 

CTTTCCGTTGGACTCCATGT, parkin-F TGGAAAGCTCCGAGTTCAGT, parkin-R 

CCTTGTCTGAGGTTGGGTGT, Atf4-F GAAACCTCATGGGTTCTCCA, Atf4-R 

CATCCATTCGAAACAGAGCA.

Statistical analyses

Measures of mitochondrial morphology (area and perimeter), ATP levels, and cytochrome c 

oxidase activity were analyzed using Student’s t-test. Differences in gene expression were 

analyzed using a one-tailed homoscedastic t test. Vacuolation scores were assessed by one-

way ANOVA. For all studies, significance was set at p < 0.05.

Results

Mitochondrial defects associated with loss of MGRN1

Mitochondrial dysfunction (specifically, reduced ATP levels and cytochrome c oxidase 

activity) can be detected in the brains of Mgrn1md-nc/md-nc mice by 1 month of age (Sun et 

al., 2007). As MGRN1 has been reported to regulate mitofusin-1-dependent mitochondrial 

fusion (Mukherjee and Chakrabarti, 2016a), we assessed the effect of loss of MGRN1 on 

mitochondrial morphology in melanocytes and MEFs derived from wildtype or Mgrn1 null 

mutant mice. Mitochondria were stained with MitoTracker green or MitoTracker red, 

imaged by confocal microscopy, and their morphology analyzed using ImageJ. In both cell 

types, the average mitochondrial area and perimeter was significantly lower in Mgrn1 null 

cells compared to wildtype cells (p ≤ 0.005; Fig. 1A–C), consistent with mitochondrial 

fragmentation.

Since mitochondrial fragmentation is typically associated with depolarization, we used 

tetramethylrhodamine, ethyl ester (TMRE) staining to determine whether absence of 

MGRN1 or overexpression of a dominant negative, catalytically inactive MGRN1 mutant 

(AVVA) was associated with reduced mitochondrial membrane potential. While MitoTracker 

green and TMRE staining overlapped almost completely in wildtype MEFs, colocalization 

was consistently reduced in Mgrn1 null MEFs (Fig. 1D), indicating mitochondrial 

depolarization. In fact, the pattern of TMRE staining in untreated Mgrn1 null MEFs was 

very similar to that of wildtype MEFs following treatment with the mitochondrial uncoupler, 

m-chlorophenylhydrozone (CCCP; data not shown). TMRE staining was also consistently 

reduced in HeLa cells over-expressing MGRN1AVVA-GFP but not wildtype MGRN1-GFP 

(Fig. 1E), demonstrating a requirement for catalytically active MGRN1 in maintaining 

mitochondrial membrane potential.

Mitochondrial localization of MGRN1

MGRN1 is predicted to undergo N-myristoylation on a highly conserved glycine residue at 

amino acid position 2. N-myristoylation targets proteins to lipid membranes, and we had 

noticed, in multiple cell types, that some MGRN1 appeared to localize to mitochondria. To 

verify this, we stained HEK293T cells expressing MGRN1-GFP with MitoTracker Red or 

LysoTracker Red. All MitoTracker Red-stained structures appeared to be encircled by 
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MGRN1-GFP (Fig. 2A), whereas only a small subset of MGRN1-GFP colocalized with 

LysoTracker Red staining (Fig. 2B). Mitochondrial localization of MGRN1 in HeLa cells 

was also verified using GFP-tagged wildtype and catalytically inactive MGRN1-GFP with 

MitoTracker Red staining (Fig. 2C), as well as antibodies against endogenous MGRN1 and 

mitochondrial cytochrome c oxidase IV (COXIV), which localizes to the mitochondrial 

inner membrane (Fig. 2D). In all experiments, MGRN1 (wildtype and AVVA mutant) was 

distributed throughout the cytoplasm as well as on mitochondria, most likely on the outer 

membrane.

To test whether N-myristoylation of the glycine in position 2 of the amino acid sequence is 

responsible for targeting MGRN1 to mitochondria, HeLa cells were transfected with 

wildtype or myristoylation-defective (G2A mutant) MGRN1-HIS expression constructs. 

Immunofluorescence staining using antibodies against HIS or MGRN1 (to detect MGRN1-

HIS) and COXIV (to visualize mitochondria) confirmed cytoplasmic and mitochondrial 

localization of wildtype MGRN1 (Fig. 3A), while G2A mutant MGRN1-HIS showed diffuse 

cytoplasmic expression that had little or no overlap with COXIV staining (Fig. 3B). Since 

MGRN1 does not have a mitochondrial import sequence, it is predicted to localize to the 

outer mitochondrial membrane. To verify this, mitochondria were isolated from 

untransfected HEK293T cells and cells transiently transfected to express GFP, MGRN1-

GFP, or MGRN1AVVA-GFP and treated with sodium bicarbonate. Proteins extracted from 

cell lysates (lane 1), mitochondrial fractions (lane 2), the sodium carbonate supernatent 

(peripheral mitochondrial proteins, lane 3), and the pellet (integral mitochondrial proteins, 

lane 4) were immunoblotted for MGRN1 (Fig. 3C). Endogenous and GFP-tagged MGRN1 

were detected in the sodium bicarbonate pellet, with much lower levels detected in the 

supernatent fraction, suggesting mitochondrial MGRN1 is either very tightly associated with 

or integral to mitochondria. Catalytically inactive MGRN1 appeared to be more specifically 

and more tightly bound to mitochondria than wildtype MGRN1. Enzymatic digestion of 

mitochondrial fractions isolated from HEK293T cells indicated that MGRN1 is a tightly 

associated peripheral mitochondrial protein since some endogenous MGRN1 remained in 

the mitochondrial fraction after proteinase K treatment (lane 6), but not following trypsin 

treatment (lane 4) (Fig. 3D). In addition, overnight treatment of transfected HEK293T cells 

with CCCP led to complete loss of MGRN1-GFP and MGRN1AVVA-GFP, as well as the 

outer mitochondrial membrane protein mitofusin-2 (MFN2) (Fig. 3E). GFP, which does not 

localize to mitochondria, was unaffected, and cells treated for 21 h with DMSO or the 

proteasomal inhibitor MG132 still expressed GFP, MGRN1-GFP, MGRN1AVVA-GFP and 

MFN2 (Fig. 3E). These observations suggest that MGRN1-GFP and MGRN1AVVA-GFP, like 

MFN2, remain associated with mitochondria in CCCP-treated cells and are degraded 

through mitophagy. It was surprising that no MGRN1-GFP or MGRN1AVVA-GFP was 

detected after 21h of CCCP treatment since not all MGRN1-GFP or MGRN1AVVA-GFP 

localized to mitochondria in untreated HEK293T cells (Fig. 2C). These results suggest that 

wildtype and catalytically inactive MGRN1 may be actively recruited to depolarized 

mitochondria. The fact that both MGRN1-GFP and MGRN1(AVVA)-GFP were lost from 

cells following 21h of CCCP treatment indicates that over-expression of the mutant isoform, 

which is predicted to act as a dominant negative, does not prevent mitophagy triggered by 

CCCP-induced depolarization.
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To determine whether MGRN1-GFP could be used as a marker of mitochondria in studies 

using CCCP, transiently transfected HeLa cells expressing GFP, MGRN1-GFP or 

MGRN1AVVA-GFP were pre-loaded with MitoTracker Red for 1 hour, then treated with 10 

μM CCCP for 2–3 hours and imaged on the confocal microscope. In all CCCP treated cells, 

MitoTracker-stained mitochondria had a “rounded up” appearance that showed no 

colocation with GFP (empty vector), while wildtype and catalytically inactive MGRN1-GFP 

both remained localized to mitochondria (Fig. 4).

MGRN1-dependent mitochondrial dysfunction does not trigger parkin recruitment

Recruitment of parkin to pathologically depolarized mitochondria promotes their 

degradation through autophagy (Narendra et al., 2009). Since TMRE staining indicated that 

loss of MGRN1 or over-expression of catalytically inactive MGRN1 causes mitochondrial 

depolarization, we investigated whether this results in parkin recruitment. As neither MEFs 

nor melanocytes express endogenous parkin (Matsuda et al., 2010 and data not shown), 

Mgrn1 null and wildtype MEFs and melanocytes were transfected with mCherry-parkin 

(mCh-parkin) or YFP-parkin and stained with MitoTracker green or MitoTracker Red. In 

untreated Mgrn1 null and wildtype cells, parkin showed a diffuse cytoplasmic distribution 

(Fig. 5A–B, left panels). Following CCCP treatment, parkin colocalized with MitoTracker 

staining (Fig. 5A–B, right panels). Thus, while the disrupted mitochondrial membrane 

potential observed in Mgrn1 null MEFs by TMRE staining does not trigger parkin-

dependent mitophagy, CCCP treatment can still induce parkin recruitment in cells lacking 

MGRN1.

Using MGRN1-GFP to visualize mitochondria, we also examined parkin localization and 

recruitment to mitochondria in HeLa cells transiently transfected to overexpress wildtype or 

catalytically inactive MGRN1-GFP and mCh-parkin. Cells were imaged by confocal 

microscopy 1–2 days after transfection, then treated with 10 μM CCCP or DMSO and 

imaged again 2–3 hours later. No mitochondrial recruitment of mCh-parkin was observed 

prior to CCCP treatment or in DMS treated cells, even in cells over-expressing 

MGRN1AVVA-GFP, whereas mCh-parkin colocalized with both wildtype and AVVA mutant 

MGRN1-GFP within 2 h of CCCP treatment, by which time the vast majority of mCh-

parkin colocalized with MGRN1-GFP on mitochondria (Fig. 5C). The fact that parkin can 

localizes to depolarized mitochondria in the presence of catalytically inactive MGRN1 

suggests its recruitment is not dependent on MGRN1-dependent ubiquitination.

Age-dependent effect of MGRN1 on parkin expression

Mitochondrial dysfunction is apparent in the brains of Mgrn1 null mutant mice by 1 month 

of age, but they do not develop spongiform neurodegeneration until approximately 9 months 

of age. Since the CNS histopathology of Mgrn1 null mutants is similar to that caused by 

primary mitochondrial disease, we hypothesized that a further, age-dependent decline in 

mitochondrial function in Mgrn1 null brains may be required to trigger the onset of CNS 

vacuolation. Parkin levels have been reported to decline with age in the brains of rhesus 

monkeys (Yang et al., 2015), prompting us to examine parkin expression in the brains of 

wildtype and Mgrn1 null mutant mice at a variety of ages (Fig. 6A). Parkin protein levels 

were similar in the brains of wildtype and Mgrn1 null mice up to 9 months of age. By 12 
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months of age, parkin levels appeared to be slightly reduced in wildtype brains but were 

undetectable in Mgrn1 mutant brains. Parkin mRNA levels were also significantly reduced, 

to approximately 50% (p=0.015) and 20% (p=0.002) of wildtype in the brains of 12 and 16 

month old Mgrn1 null mutant mice, respectively (Fig. 6B and Table 1).

A reduction in MGRN1 levels in hippocampal neurons between 5 and 24 months of age was 

recently reported, along with subcellular redistribution of MGRN1 from the cytoplasm to the 

nucleus (Benvegnu et al., 2017). The transcriptional consequences of increased nuclear 

MGRN1 were assessed by RNA sequencing analysis in HEK293T cells, which revealed 

preferential upregulation of genes involved in the cellular response to proteasomal stress, 

including activating transcription factor-3 (ATF3). ATF3 expression is activated by ATF4, 

which also regulates parkin expression. We therefore performed qRT-PCR to examine Atf4 
expression levels. At 12 months, there was a trend toward reduced Atf4 expression in Mgrn1 
null brains relative to wildtype (approximately 60% of wildtype, p=0.211), while a 

significant decrease in expression was readily detected at 16 months of age (approximately 

20% of wildtype, p=0.037) (Fig. 6B and Table 1).

Synergistic effects of parkin and MGRN1

The brains of Mgrn1 and parkin null mutant mice have previously been shown to have 

significant reductions in several subunits of complex I of the mitochondrial electron 

transport chain, elevated levels of oxidative damage (protein carbonyls), and altered 

respiratory capacity or ATP levels (Palacino et al., 2004; Sun et al., 2007). The data 

presented here suggest that MGRN1 and parkin act through independent pathways to 

regulate mitochondrial homeostasis since disruption of MGRN1 does not trigger parkin-

mediated mitophagy. Furthermore, we have shown that parkin levels decrease in the brains 

of Mgrn1 null mice at about the same age at which CNS vacuoles appear. This suggested 

that loss of parkin-dependent regulation of mitochondrial homeostasis in the absence of 

MGRN1 may be sufficient to trigger the onset of spongiform neurodegeneration. To test this, 

we generated Mgrn1; parkin double mutants and examined whether they exhibit more severe 

mitochondrial dysfunction than either of the single mutants, and whether CNS vacuolation 

appears earlier than in the brains of mice lacking only MGRN1.

ATP levels and cytochrome c oxidase activity were assayed in the brains of 1 month-old 

wildtype, Mgrn1 null, parkin null, and Mgrn1; parkin double mutant animals. Mgrn1 null 

and double mutant brains had significantly reduced ATP levels (Fig. 7A). The difference in 

ATP levels between Mgrn1 null mutants and double mutants was suggestive but not 

statistically significant (p=0.087). Cytochrome c oxidase activity was only significantly 

reduced in the brains of double mutant mice (Fig. 7B). These data are consistent with 

absence of MGRN1 and parkin causing more severe mitochondrial dysfunction than loss of 

either protein alone.

To test whether loss of parkin affects the onset of spongiform neurodegeneration, H&E 

stained coronal sections of brains from 6, 9 and 12 month-old Mgrn1 null mutant mice 

homozygous for either the wildtype or null allele at the parkin (park2) locus were examined 

and scored for vacuoles as described in the Methods. No vacuolation was observed in the 

brains of 6 month-old mice of any genotype (data not shown). Mild vacuolation was 
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observed in the brains of all Mgrn1 null mutants at 9 month-old of age, with no significant 

effect of parkin genotype on severity in any of the brain regions scored (Fig. 7C–D and 

Table 2). At 12 months of age, vacuolation was comparable in all brain regions except for 

the thalamus, where double mutants had significantly more vacuoles (average of 41 vacuoles 

per field of view vs. 19 in Mgrn1 null mutants; p=0.017) (Fig. 7E–F and Table 2). No 

vacuoles were apparent in the brains of 12 month-old compound heterozygotes or parkin 
null mutant mice carrying at least 1 wildtype Mgrn1 allele (data not shown). These results 

indicate that absence of parkin accelerates the progression of vacuolation in the thalamus of 

Mgrn1 null mice but it does not affect the age at which vacuoles first appear, despite causing 

a more severe reduction in CNS ATP levels and cytochrome c oxidase activity by 1 month of 

age. It is not obvious why the effect of parkin is limited to the thalamus.

Discussion

The various phenotypes observed in mice lacking MGRN1 are not surprising given this 

protein’s role in diverse cellular pathways. MGRN1 was recently identified as a negative 

regulator of sonic hedgehog signaling on primary cilia (Pusapati et al., 2018), which likely 

underlies the aberrant left-right patterning, congenital heart defects and abnormal 

cranioskeletal patterning observed in Mgrn1 null mutant mice (Cota et al., 2006; Jiao et al., 

2009a). MGRN1 has also been shown to regulate the endosomal sorting complex required 

for transport-I (ESCRT-I) protein, tumor susceptibility gene 101 TSG101 (Jiao et al., 2009b; 

Kim et al., 2007), and we recently demonstrated that deleting TSG101 from oligodendroglia 

causes rapid onset spongiform neurodegeneration (Walker et al., 2016). The later age-of-

onset of vacuolation in Mgrn1 null mice may reflect the fact that loss of MGRN1 only 

partially impairs TSG101 function and suggests that other, age-dependent events may be 

involved.

CNS vacuolation caused by loss of MGRN1 is similar to that observed in human patients 

with mitochondrial encephalopathies, mice lacking NADH dehydrogenase (ubiquinone) Fe-

S protein 4 (Ndufs4), and mice expressing an N-terminal truncated fragment of peroxisome 

proliferative activated receptor, gamma, coactivator 1 alpha (Ppargc1a, also known as 

PGC-1α) in the absence of the full-length protein (Betts et al., 2004; Brown and Squier, 

1996; Filosto et al., 2007; Leone et al., 2005; Quintana et al., 2010; Szalardy et al., 2013; 

Tanji et al., 2001). MGRN1 has been implicated in several pathways that regulate 

mitochondrial homeostasis and we have shown that Mgrn1 null mutant mice have reduced 

brain ATP levels and their cells display mitochondrial fragmentation and depolarization. 

Since many steps in the ESCRT pathway are ubiquitin-dependent and ubiquitination requires 

ATP, chronic mitochondrial dysfunction caused by absence of MGRN1 could influence the 

onset of CNS vacuolation by further impairing ESCRT function. Alternatively, the 

comparatively late onset of spongiform neurodegeneration in Mgrn1 mutant mice might 

reflect age-dependent changes in gene expression. In wildtype mice, overall MGRN1 levels 

declined with age and its cellular distribution shifted from the cytoplasm to the nucleus 

(Benvegnu et al., 2017). Proteasomal inhibition caused a similar relocalization of MGRN1 in 

neurons, and expression of MGRN1 in HEK293 cells following proteasomal inhibition led 

to up-regulation of several genes involved in the cellular response to proteasomal stress, 

including the Atf3 transcription factor. Atf4 expression is normally activated by 
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mitochondrial stress, and it in turn activates cytoprotective genes, including parkin and Atf3 
(Pan et al., 2003; Pan et al., 2007; Quiros et al., 2017). We detected a reduction in Atf4 
expression as well as that of one of its targets, parkin, in the brains of aged Mgrn1 null 

mutant mice. Thus, absence of MGRN1 disrupts mitochondrial homeostasis, and aged 

Mgrn1 null mutant mice are likely to be deficient in their ability to activate appropriate 

stress response pathways. Although congenital deletion of parkin did not alter the age of 

onset of CNS vacuolation in most brain regions in Mgrn1 null mutant mice, parkin null 

mutant mice only demonstrate a mild mitochondrial defect that does not worsen with age 

(Damiano et al., 2014) and at least some aspects of mitochondrial homeostasis in mouse 

brain appear to be parkin-independent (Sterky et al., 2011). Altered expression of other 

ATF4 targets involved in stress response may play a role in the pathogenesis of spongiform 

neurodegeneration, but further studies will be required to address this.

A recent study reported a requirement for MGRN1-dependent ubiquitination of MFN1 on 

the outer mitochondrial membrane for normal mitochondrial fusion (Mukherjee and 

Chakrabarti, 2016a). The presence of mitochondrial fragmentation in cells lacking MGRN1 

or over-expressing catalytically inactive MGRN1 is consistent with an effect of MGRN1 on 

MFN1 function. Although MEFs from Mgrn1 null mice and HeLa cells over-expressing 

catalytically inactive MGRN1 showed mitochondrial depolarization, based on reduced 

TMRE staining, this was not associated with parkin recruitment. Mfn1−/− MEFs also display 

extensive mitochondrial fragmentation but no significant recruitment of parkin (Chen et al., 

2005; Narendra et al., 2008). Parkin did translocate to depolarized mitochondria following 

CCCP treatment of cells lacking MGRN1 or expressing a catalytically inactive mutant, 

however, indicating that functional MGRN1 is not required for parkin recruitment. Further 

studies will be needed to determine whether mitochondrial dysfunction associated with loss 

of MGRN1 function triggers other, parkin-independent mitophagy pathways. Given that the 

brains of Mgrn1 null mutant mice show an overall reduction in the levels of ATP and 

ubiquitinated proteins (Sun et al., 2007) and most mitophagy pathways in mammals are 

ubiquitin-dependent, MGRN1 could have an indirect effect on the ability of cells to clear 

damaged mitochondria.

Spongiform encephalopathy is an intriguing yet poorly understood neuropathology. It is 

most notably associated with prion disease, but also observed in patients with mitochondrial 

disorders and infection of the brain by some viruses, including human immunodeficiency 

virus (HIV-1). Mitochondrial dysfunction is a shared feature of each these diseases (Choi et 

al., 1998; Shah and Kumar, 2016; Siskova et al., 2010), suggesting it may play a causative 

role, but the cellular pathway(s) through which it acts remain to be identified. The fact that 

the brains of Mgrn1 null mutant mice exhibit reduced ATP levels by one month of age but 

do not develop vacuoles until they are a year old suggests that mitochondrial dysfunction 

may need to reach a threshold of severity to trigger CNS vacuolation, or that other, 

mitochondrial-independent mechanisms such as prolonged disruption of TSG101 function, 

play an important role. The sensitized background of Mgrn1 mutant mice will make them a 

useful model for identifying factors that influence the onset and progression of spongiform 

neurodegeneration and the downstream cellular mechanism(s) involved.
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Fig. 1. Disruption of MGRN1 affects mitochondrial morphology and membrane potential.
(A-C) Representative confocal images of live wildtype and Mgrn1 null melanocytes (upper 

panels) and MEFs (lower panels) stained with MitoTracker green or MitoTracker red (A). 

Mitochondrial area (B) and perimeter (C) were measured on >20 cells per cell type and 

genotype in each of 5 independent cultures using ImageJ, and statistical analysis performed 

using Student’s t-test. (D) Representative confocal images of live wildtype and Mgrn1 null 

MEFs stained with MitoTracker green, then with TMRE, showing punctate TMRE staining 

in Mgrn1 null cells. (E) Representative confocal images of live HeLa cells transfected with 

MGRN1-GFP or MGRN1AVVA-GFP and stained with TMRE. Diminished TMRE staining 

in cells expressing MGRN1AVVA-GFP suggests that this catalytically inactive mutant has 

dominant negative activity that disrupts mitochondrial membrane polarization.
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Fig. 2. Mitochondrial localization of MGRN1.
(A-B) Confocal images of HEK293T cells transfected with MGRN1-GFP and stained with 

MitoTracker Red (A) or LysoTracker Red (B). MGRN1-GFP surrounded virtually all 

MitoTracker-stained structures but colocalized with only a subset of LysoTracker-stained 

lysosomes. (C) Confocal images of HeLa cells transfected with GFP, MGRN1-GFP or 

MGRN1AVVA-GFP and stained with MitoTracker red. While GFP was diffusely 

cytoplasmic, MGRN1-GFP and MGRN1AVVA-GFP showed cytoplasmic staining as well as 

mitochondrial localization that appeared to encircle MitoTracker red stained structures. (D) 

Confocal images of HeLa cells following immunocytochemistry for the inner mitochondrial 

membrane protein cytochrome c oxidase, subunit IV (COX IV, red) and MGRN1 (green) 

demonstrate both mitochondrial and cytoplasmic localization of endogenous MGRN1. (E-F) 

Confocal images of HeLa cells transfected with wildtype MGRN1-HIS (E) or MGRN1G2A-

HIS (F) following immunocytochemistry for COX IV (green) and the HIS tag (red). 
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Wildtype MGRN1-HIS colocalized with COX IV (indicated by yellow in merged image) but 

MGRN1G2A-HIS did not.
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Fig. 3. MGRN1 is tightly associated with mitochondria.
(A-B) Confocal images of HeLa cells transfected with wildtype MGRN1-HIS (A) or 

MGRN1G2A-HIS (B) following immunocytochemistry for COX IV (green) and the HIS tag 

(red). (C) Immunoblotting for MGRN1 on whole cell lysates (1), mitochondrial fractions 

(2), peripheral mitochondrial proteins (Na2CO3 supernatent; 3), and integral mitochondrial 

proteins (Na2CO3 pellet; 4) from untransfected HEK293T cells and cells transfected with 

GFP, MGRN1-GFP or MGRN1AVVA-GFP. Endogenous and wildtype and mutant GFP-

tagged MGRN1 were detected in whole cell lysates, mitochondrial fractions and the 

Na2CO3 pellet. (D) HEK293T whole cell lysate (1), mitochondria fraction (2), the 

supernatent (3) or pellet (4) following trypsin digestion of the mitochondrial fraction, and 

the supernatent (5) or pellet (6) from proteinase K digestion of the mitochondrial fraction 

were immunoblotted with an antibody cocktail against several mitochondrial proteins (top 

panel) or an antibody against MGRN1. (E) HEK293T cells transfected with GFP, MGRN1-
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GFP or MGRN1AVVA-GFP were treated overnight with DMSO (vehicle control), MG132 or 

CCCP, and whole cell lysates were immunoblotted for GFP (upper panel) and the outer 

mitochondrial membrane protein mitofusin-2 (MFN2) (lower panel).
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Fig. 4. MGRN1 remains localized to mitochondrial following CCCP treatment.
Confocal images of HeLa cells transfected with GFP, MGRN1-GFP or MGRN1AVVA-GFP 

that were preloaded with MitoTracker red, then treated with 10 μM CCCP for 2 hours. 

CCCP treatment did not affect localization of wildtype or AVVA mutant MGRN1-GFP to 

mitochondria.
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Fig. 5. MGRN1 does not affect parkin recruitment.
(A) Representative confocal images of Mgrn1 null MEFs transfected with mCh-parkin, 

stained with MitoTracker green, and imaged before (control) and after 1.5 h CCCP 

treatment. (B) Representative confocal images of Mgrn1 null melanocytes transfected with 

YFP-parkin, stained with MitoTracker red, and imaged after 1.5 h DMSO (control) or CCCP 

treatment. (C) Representative confocal images of HeLa cells co-transfected with mCh-

parkin and GFP, MGRN1-GFP or MGRN1AVVA-GFP that were preloaded with MitoTracker 

green and imaged before (control) and 2 h after CCCP treatment.
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Fig. 6. Parkin expression in Mgrn1 null brains.
(A) Whole brain lysates from wildtype, Mgrn1 null and parkin null mutant mice at the 

indicated ages immunoblotted for parkin. Mgrn1 mutant samples consistently showed little 

or no parkin expression by 12 months of age. β-tubulin-III on the same blots shows 

equivalent protein loading. (B) Quantitative RT-PCR demonstrates reduced parkin and Atf4 
expression in the brains of aged Mgrn1 null mutant mice. (C) Agarose gel of RT-PCR 

products from 12-month-old animals, showing significant reduction of parkin in Mgrn1 null 

mutant brains.
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Fig. 7. Synergistic effects of MGRN1 and parkin.
(A-B) ATP levels (A) and cytochrome c oxidase (COX) activity (B) in whole brain lysates of 

1-month old wildtype, Mgrn1 null, park2 null and Mgrn1; park2 double mutant mice. 

**p<0.04; *p<0.007. The difference in ATP levels between Mgrn1 null and double mutant 

brains was suggestive but not significant (p=0.098). (C-F) Representative hematoxylin and 

eosin stained 5 μm sagittal sections of the thalamus of 9-(C, D) and 12-(E, F) month-old 

Mgrn1md-nc/md-nc; park2+/+ (C, E) and Mgrn1md-nc/md-nc; park2−/− (D, F) mice. Scale bars: 

10 μm.
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Table 1.

Relative expression of parkin and Atf4 in the brains of aged wildtype and Mgrn1 null mutant mice

Age
(months) Relative expression

a
 (range)

Gene Wildtype Mgrn1md-nc/md-nc
t-test p value

b

12 1 [0.76–1.32] 0.44 [0.36–0.54] 0.015*

Parkin

16 1 [0.68–1.48] 0.22 [0.11–0.47] 0.037*

12 1 [0.68–1.47] 0.62 [0.42–0.93] 0.211

Atf4

16 1 [0.76–1.32] 0.19 [0.14–0.26] 0.002*

a
ΔΔCT method, normalized against Gpi, with wildtype set to 1.0

b
Statistically significant differences denoted by *
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Table 2.

Effect of parkin deletion on severity of CNS vacuolation† in Mgrn1 null mutant mice

Cerebellum

Age
(months) Genotype White matter Granule layer Molecular layer Pons Thalamus Hippocampus

 12 Mgrn1md-nc/md-nc; parkin+/+ 1 1 0 1 3 2

 12 Mgrn1md-nc/md-nc; parkin−/− 1 1 0 1 4 2

 9 Mgrn1md-nc/md-nc; parkin+/+ 0 0 0 1 2 1

 9 Mgrn1md-nc/md-nc; parkin−/− 0 0 0 1 2 1

†
Scoring was based on average number of vacuoles in the field of view at 20X magnification as follows: 0 = no significant lesions (0–1 vacuoles); 

1 = rare, scattered vacuoles (2–5 vacuoles, not present in all fields of view); 2 = mild, 6–10 scattered vacuoles in all fields of view; 3 = moderate, 
vacuoles in every field of view and 11–29 evenly scattered vacuoles in most; 4 = severe, > 30 vacuoles in all fields of view.
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