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Abstract

Selective autophagy involves the recognition and targeting of specific cargo, such as damaged
organelles, misfolded proteins, or invading pathogens for lysosomal destructionl. Yeast genetic
screens have identified proteins required for different forms of selective autophagy, including
cytoplasm-to-vacuole targeting, pexophagy, and mitophagy, and mammalian genetic screens have
identified proteins required for autophagy regulation®. However, there have been no systematic
approaches to identify molecular determinants of selective autophagy in mammalian cells. To
identify mammalian genes required for selective autophagy, we performed a high-content, image-
based, genome-wide siRNA screen to detect genes required for the colocalization of Sindbis virus
capsid protein with autophagolysosomes. We identified 141 candidate genes required for viral
autophagy, which were enriched for cellular pathways related to mRNA processing, interferon
signaling, vesicle trafficking, cytoskeletal motor function, and metabolism. Ninety-six of these
genes were also required for Parkin-mediated mitophagy, indicating that common molecular
determinants may be involved in autophagic targeting of viral nucleocapsids and autophagic
targeting of damaged mitochondria. Murine embryonic fibroblasts lacking one of these gene
products, the C2-domain containing protein, Smurfl, are deficient in the autophagosomal targeting
of Sindbis and herpes simplex viruses and in the clearance of damaged mitochondria. Moreover,
Smurfl-deficient mice display an accumulation of damaged mitochondria in heart, brain, and
liver. Thus, our study identifies candidate determinants of selective autophagy, and defines
Smurfl as a newly recognized mediator of both viral autophagy and mitophagy.

To identify novel genes required for selective autophagy, we performed a genome-wide
siRNA screen to detect changes in the colocalization of a red-labeled Sindbis virus (SIN)
capsid protein with a green-labeled marker of autophagosomes, GFP-LC3 (Supplementary
Fig. 1a) in SIN-infected HeLa/GFP-LC36 cells. Using correlative light and electron
microscopy (EM), we confirmed that colocalized red and green puncta represented
autophagic structures (primarily autolysosomes) containing numerous viral nucleocapsids
(Fig. 1a). The predominance of viral nucleocapsids concentrated in these structures (relative
to within the cytoplasm) is consistent with selective autophagic targeting of viral
nucleocapsids (herein referred to as virophagy).

Screening of a human siGenome library containing 21,215 siRNA pools revealed that
knockdown of 195 and 13 genes resulted in decreased or increased colocalization,
respectively, (Fig. 1b, Supplementary Table 1, Supplementary Fig. 1b). Genes were re-
screened with sets of 4 individual sSiRNAs (Supplementary Table 2; see column “J” of
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Supplementary Table 3 for sSiRNA sequences) to confirm our primary screen and rule out
potential off-target effects of individual siRNAs; knockdown with two or more siRNAs
resulted in decreased colocalization for 141 (72%) genes. (Fig. 2, Supplementary Fig. 1b and
2a). None of these 141 gene knockdowns decreased numbers of green puncta in uninfected
cells (data not shown), indicating these genes function in virophagy but not in regulation of
autophagy. There was no enrichment of sSiRNAs containing miRNA seed sequences among
these genes (P=0.95) (Supplementary Tables 3 and 4), suggesting that bias due to miRNA-
like off-target effects was unlikely. There was a low confirmation rate for SiRNAs that
increased colocalization (2 of 13 genes); therefore, we subsequently focused only on
siRNAs that decreased colocalization.

Bioinformatic analyses of the 141 confirmed hits required for SIN capsid/GFP-LC3
colocalization revealed enrichment for gene sets associated with biological processes and
molecular functions including RNA splicing/processing, protein phosphorylation, transport,
calcium-binding and the cytoskeleton (Supplementary Table 5, Supplementary Fig. 3a).
Examination of our hits within a framework of functional cellular pathways revealed
strongly enriched network modules associated with RNA processing, interferon (IFN)a and
v signaling, SNARE vesicular transport, cytoskeletal-associated components, and several
metabolic pathways (Supplementary Fig. 3b, Fig. 1c). This is consistent with IFNy’s
function in selective microbial autophagy? and the described role of the actin cytoskeleton in
selective autophagy in yeast” and mammalian® cells. The enrichment of SNARE proteins
suggests that in addition to a function in autophagosome formation and maturation® 19, these
proteins may be involved in the trafficking of selective cargo to the autophagosome. Twelve
colocalization hits form primary interactions with core autophagy machinery and associated
components!! (Fig. 1d). One colocalization screen hit, clathrin interaction 1 (CLINT)
interacts with ATG8 components (GABARAPL1, MAP1LC3A, MAP1LC3B), which are
crucial in the recognition of cargo during selective autophagy?. Another hit, ATG13, is a
member of the core autophagy network, suggesting that it may have an as yet undefined
function in selective autophagy, in addition to its role in the Atgl/ULK1 autophagy
induction complex!2. Five colocalization hits, SMURF1, NEFM, KCNAB2, SFRS4, and
UBADS2, interact with p62/SQSTM1, a known adaptor in diverse forms of selective
autophagy?, including SIN capsid targeting to autophagosomes®.

Selective SIN autophagy (virophagy) promotes the survival of SIN-infected cells®. To
determine if our identified candidate virophagy genes have a similar function, we screened
our confirmation siRNA library for genes that decreased cell survival after SIN infection.
Two or more siRNAs targeting 98 of the genes decreased cell survival after SIN infection
(Fig. 2, Supplementary Tables 3 and 6, Supplementary Figs. 1b, 2a); colocalization and cell
survival effects of individual siRNAs were significantly correlated (Supplementary Fig. 2b)
(P=3.8E-08, Spearman correlation). This is consistent with a pro-survival function of
autophagic targeting of SIN capsid in virally-infected cells®.

To investigate whether the identified candidate virophagy genes also function in other forms
of selective autophagy, we performed a secondary screen for autophagy of damaged
mitochondria (mitophagy). We used HelLa cells that express an mCherry fusion of Parkin, a
cytosolic E3 ubiquitin ligase that translocates to depolarized mitochondria to induce
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mitophagy after treatment with uncoupling agents (such as CCCP: carbonyl cyanide m-
chlorphenylhydrazaone) 13. Of the 141 confirmed colocalization hits, 2 or more SiRNAs
targeting 96 (68%) genes decreased mitophagy (Fig. 2, Supplementary Tables 3 and 7,
Supplementary Figs. 1b, 2a, 2b). Host factors involved in involved in viral autophagy and
mitophagy overlapped significantly (P=0.019, Spearman correlation). The minority of genes
that only scored positive in either the virophagy confirmation or the mitophagy secondary
screen may have a role in targeting some, but not other cargoes, for selective autophagy;
however, the lack of overlap may also reflect different sensitivities of the two screens.
Mitophagy hits consisted of several mitochondria-associated components!4 (NME2, MDH1,
NTHL1, PDK1, COX8A, MRPS2, MRPS10, NDUFB9 and BLOCL1S) and interactors of
mitochondria-associated components (Supplementary Fig. 4).

We focused further on one gene, SMURF1 (Smad-Ubiquitin Regulatory Factor 1), encoding
a HECT-domain ubiquitin ligase that targets several cytoplasmic proteins for degradation®.
SMURF1 was a confirmed hit in all three confirmation or secondary screening assays (see
Supplementary Fig. 5 for representative raw data from colocalization confirmation screen);
is present in two of the enriched networks (MRNA processing and actin cytoskeleton) (Fig.
1c); and is a predicted interacting partner of the autophagy adaptor, p62/SQSTM12 4 (Fig.
1d).

We confirmed that SMURFL1 is not required for general autophagy, but is a bona fide
mediator of selective autophagy, including virophagy and mitophagy. sSiRNA knockdown of
SMURF1 in HeLa cells, unlike knockdown of the essential autophagy protein, ATG7, did
not alter general starvation-induced autophagy (Supplementary Fig. 6a). Furthermore,
Smurf1~/~ murine embryonic fibroblasts (MEFs) displayed normal levels of starvation-
induced LC3-11 conversion, p62 degradation, and ultrastructural evidence of autophagosome
and autolysosome accumulation (Fig. 3a, b).

However, a significant decrease in mCherry.capsid/GFP-LC3 colocalization was observed in
SIN-infected Smurf1~~ MEFs (Fig. 3c, d). Similar to p62%, Smurf1 and SIN capsid protein
co-immunoprecipitate in SIN-infected MEFs and HeLa cells (Supplementary Fig. 7a, b).
Smurfl is not required for the interaction between p62 and SIN capsid (Supplementary Fig.
7¢). The interaction between Smurfl and SIN capsid may be relevant for targeting SIN
capsid for autophagosomal degradation, as levels of SIN capsid were increased in Smurf1 =/~
MEFs and SMURF1 siRNA-treated HeLa cells. (Supplementary Fig. 7d—f). Increased SIN
capsid levels in Smurfl-deficient cells cannot be explained by increased capsid production
since viral growth was similar in Smurfl™~ and WT MEFs (Supplementary Fig. 7g, h), or by
changes in proteasomal degradation since SIN capsid levels were not altered by treatment
with the proteasome inhibitor MG132 (Supplementary Fig. 7d), and SIN capsid
ubiquitination was not detected (data not shown). SIN-infected Smurf1~~ MEFs had
accelerated cell death (despite similar viral titers) as compared to WT controls (Fig. 3g).
Thus, Smurfl interacts with SIN capsid; Smurfl is required for SIN capsid targeting to
autophagosomes and degradation through a proteasome-independent pathway; and Smurf1-
dependent degradation of SIN capsid promotes cell survival.
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To determine whether Smurfl is required for the autophagic targeting of other viruses, we
performed EM of WT and Smurf1~/~ MEFs infected with a mutant strain of herpes simplex
virus type 1 harboring a deletion of ICP34.5, a potent inhibitor of viral autophagy6-18 (Fig.
3e). As reported!’, the majority of cytoplasmic HSV-1 virions in WT MEFs were inside
autolysosomal structures and appeared partially degraded. In contrast, in Smurfl~~ MEFs,
the majority of cytoplasmic HSV-1 virions were inside single-membraned vesicles involved
in HSV-1 cytoplasmic egress and displayed intact structure. This lack of autophagic
targeting of HSV-1 in Smurf1~/~ MEFs was not due to a general defect in autophagy, since
HSV-1 infection induced autophagy similarly in Smurf1™~ and WT MEFs (Supplementary
Fig. 6b). Thus, Smurfl is required for the autophagic targeting of both a positive-strand
RNA (Sindbis) and a double-stranded DNA (herpes simplex) virus.

Next, we examined the role of SMURF1 in mitophagy. In HeLa cells, all four SMURF1
SiRNAs decreased SMURF1 protein expression expression (Supplementary Fig. 8a) and
inhibited Parkin-mediated CCCP-induced mitophagy as effectively as an siRNA targeting
p62, a mediator of mitophagy in some previous reports'® 20, and siRNA targeted against the
essential autophagy protein, Atg7 (Supplementary Fig. 8b, c). The magnitude of each
individual siRNA’s effect on SMURF1 protein expression knockdown correlated with the
magnitude of inhibition of Parkin-mediated autophagy. Therefore, in the mitophagy
confirmation screen, two of the SMURF1 siRNAs were likely false negatives; indeed, the
number of Parkin-expressing cells in wells treated with these sSiRNAs was low (data not
shown), precluding meaningful statistical analyses. A similar finding was true in the viral
colocalization screen.

We further examined the role of Smurfl in mitophagy by assessing mitochondrial clearance
in CCCP-treated Smurfl™~ MEFs. Unlike in HeLa cells, Parkin overexpression did not
promote mitophagy in MEFs of either genotype (data not shown). However, 25-30% of
MEFs treated with 10 um CCCP showed changes in mitochondrial morphology. In WT
MEFs with damaged mitochondria (swollen or fragmented appearance), partial
mitochondrial clearance occurred with compaction of the remaining mitochondria around
the nucleus (Fig. 4a). In contrast, in Smurf1 ™~ cells with damaged mitochondria, virtually
no mitochondrial clearance occurred and there was diffuse accumulation of fragmented
mitochondria throughout the cytoplasm (Fig. 4a, arrows). This phenotypic difference was
confirmed using two independent methods of quantitation, including assessment of the total
percentage of CCCP-treated cells that displayed diffuse accumulation of abnormal
mitochondria (Fig. 4b) and the measurement of fractional mitochondrial surface area per cell
(Fig. 4c).

To evaluate the mechanism of action of Smurfl, we compared the effects of WT and mutant
Smurf1 expression plasmids on rescue of selective autophagy in Smurfl~~ MEFs (Fig. 4a—
c). We focused on mitophagy rather than SIN capsid virophagy due to the resistance of
MEFs to SIN infection after plasmid transfection. The defect in mitophagy in Smurfl~/~
MEFs was partially rescued by WT Smurf1 transfection. SmurfLAHECT??, lacking the
HECT domain that catalyzes ubiquitin ligation onto target proteins, or Smurfl C699A21, a
catalytically inactive point mutant, rescued the mitochondrial clearance defect as efficiently
as WT Smurfl. Thus, in addition to its known role in targeting proteins for proteasomal
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degradation via ubiquitination, Smurfl has a ubiquitin ligase activity-independent function
in mediating the selective degradation of damaged mitochondria.

In contrast, a Smurfl mutant lacking the C2 domain, Smurf1AC2, was completely defective
in mitophagy rescue in CCCP-treated Smurfl™~ MEFs (Fig. 4a—c), despite similar levels of
expression as transfected WT Smurfl (Supplementary Fig. 9a). The C2 domain of Smurfl
was not required for Smurfl co-immunoprecipitation with p62 (Supplementary Fig. 9b),
suggesting that Smurfl does not function in selective autophagy by recruiting p62. C2
domains (including those of protein kinase C and Smurfl) bind membrane phospholipids
and function in protein targeting to the plasma membrane and/or membrane subcellular
compartments22 23, This raised the possibility that Smurf1 might function in the targeting of
selective autophagy cargo through interaction with the nascent autophagosome membrane.

To investigate this possibility, we examined the subcellular localization of WT Smurfl and
Smurf1AC2 with damaged mitochondria and autophagosomes (Fig. 4d). In Smurfl™~ MEFs
transfected with WT YFP-Smurfl, CCCP treatment induced the colocalization of YFP-
Smurf1 with damaged mitochondria. In Smurf1~~ MEFs transfected with YFP-Smurf1AC2,
increased numbers of fragmented and swollen mitochondria were observed in basal
conditions and these increased further upon CCCP treatment. These abnormal mitochondria
colocalized with YFP-Smurf1AC2 whereas normal reticular-appearing mitochondria rarely
colocalized with YFP-Smurf1lAC2. YFP-Smurfl C699A, displayed the same subcellular
staining pattern as WT YFP Smurfl (data not shown). Thus, Smurfl colocalizes with
damaged mitochondria in a C2 domain-independent manner.

We next determined whether the C2 domain of Smurfl was required for the colocalization
of damaged mitochondria with autophagosomes (Fig. 4e, Supplementary Fig. 10-11). In
cells expressing WT mCherry-Smurfl, mitochondria were mostly compacted around the
nucleus, and numerous autophagosomes were observed surrounding structures that labeled
positive for both mCherry-Smurfl and the mitochondrial marker, Tom20. In constrast, in
cells expressing mCherry-Smurf1AC2, mCherry-Smurf1lAC2- and Tom20-postive
mitochondria were rarely found inside autophagosomes. In many regions, GFP-LC3-positive
linear or cup-shaped structures were observed near mCherry-Smurf1AC2-positive
mitochondria, but complete autophagosomes surrounding these mitochondria could not be
detected. Thus, the C2 domain of Smurfl is not required for its targeting to damaged
mitochondria, but is required for damaged mitochondria to be normally engulfed by
autophagosomes. It is not yet known whether this requirement reflects a direct role for the
C2 domain in binding to autophagosomal membrane phospholipids or is a more indirect
consequence of other, as-yet-undescribed, effects of the C2 domain in mitophagy.

To investigate whether Smurfl may function in selective autophagy in vivo, we performed
EM analyses of cerebellum, liver, and hearts of 10 month-old WT and Smurf1~/~ mice?. In
all three organs, Smurfl~~ mice exhibited an accumulation of abnormal mitochondria that
were either swollen, fragmented, and/or contained abnormal cristae (Fig. 4f). This
phenotype is consistent with a defect in mitophagy and mitochondrial quality control;
however, we cannot rule out unknown triggers of mitochondrial damage in these animals. In
the livers of Smurf1 ™~ mice, mitochondria were spatially disorganized and surrounded by
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networks of dilated endoplasmic reticulum (ER), perhaps reflecting a defect in
mitochondrial targeting by isolation membranes (which are believed to originate from the
ERY) and/or a defect in selective autophagy of the ER. There was a marked accumulation of
lipid droplets in the livers of Smurfl™~ mice (Supplementary Fig. 12a), which may be
consistent with selective degradation of lipid droplets by autophagy (lipophagy) in
hepatocytes?4. Furthermore, the granule cell layer of the cerebellum and cardiomyocytes of
Smurfl™~ mice had increased numbers of p62/SQSTM1 aggregates (Supplementary Fig.
12b). Unlike findings in brains and hearts of mice lacking core autophagy genes?®, p62
aggregate accumulation in these tissues was not associated with ubiquitin accumulation.
This is consistent with a role for Smurfl in selective autophagy but not in the form of basal
autophagy that is involved in protein quality control2®.

Together, our data in Smurf1~~ MEFs and in Smurf1~/~ mice suggest a crucial function for
Smurfl in selective autophagy, including in the autophagic targeting of genetically distinct
viruses, in the autophagic targeting of mitochondria, and, more speculatively, in the
potential autophagic targeting of other cellular targets such as hepatic lipid droplets and ER.
The mechanism by which Smurfl functions in selective autophagy is independent of its E3
ubiquitin ligase activity, but rather involves its C2 membrane-targeting domain. We propose
that the C2 domain of Smurfl may participate in the delivery of selective autophagic
substrates to the nascent autophagosome. Thus, Smurfl has parallel functions in two distinct
cellular degradation pathways, targeting specific proteins for degradation by the ubiquitin-
proteasomal pathway!® (via its E3 ubiquitin ligase activity) and targeting selective cargo for
degradation by the autophagy pathway (via its C2 domain).

Our findings in Smurf1 ™~ MEFs and mice illustrate that our high-content imaged based
genome-wide screen successfully reveals novel candidate determinants of selective
autophagy. More broadly, the identification of a set of 96 genes that may dually function in
viral autophagy and mitophagy (but not in basal autophagy) suggests the existence of a
common molecular network for targeting diverse unwanted cytoplasmic cargo to the
lysosome. This network identification provides a basis for a more global understanding of
the mechanisms involved in selective autophagy.

METHODS SUMMARY

High-content image-based genome wide siRNA screen

A genome-wide siRNA library (Dharmacon) containing 21,125 SMART pools was used for
reverse transfection of HeLa/GFP-LC3 cells, followed by infection with SIN/
mCherry.capsid virus, high content imaging using a Pathway855 automated microscope (BD
Biosciences), quantitative image analysis, statistical analysis, and bioinformatic analysis as
described in Supplementary Information. Primary hits were evaluated in three confirmation/
secondary screens using the 4 individual siRNAs from each pool, including a screen for viral
capsid/autophagsosome colocalization, cell survival during SIN infection, and Parkin-
induced mitophagy.
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Functional analyses of Smurfl

See Supplementary Information.

Full Methods and any associated references are available in the Supplementary
Information.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Genome-wide screen to identify cellular factors required for Sindbis virus capsid
colocalization with autophagosomes

a, Correlative light and electron microscopy (EM) of HeLa-GFP-LC3 cell infected with
SIN/mCherry.capsid virus. Top left, deconvolved image of red and green fluorescence
channels; middle, 3-D surface reconstruction of red and green channels; right, yellow (red +
green) colocalization channel. Arrows denote yellow puncta that correspond to “1” and “2”
in EMs below. Bottom left, EM of identical cell; middle and right, high magnification
images of insets “1” and “2”. Scale bars, left = 10 um, middle and right = 200 nm. b,
Ranked distribution of median z-scores for each siRNA pool in primary colocalization
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(virophagy) screen. Red, decreased colocalization; green, increased colocalization; blue,
insufficient numbers of green or red puncta per cell or total number of cells per well for
analysis. ¢, Maps of protein interactions in enriched network modules (see Supplementary
Fig. 3b). d, Association of siRNA hits with autophagy network.
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Figure 2. Gene list for viral capsid/autophagosome colocalization (C) confirmation screen and

secondary screens for survival of virus-infected cells (S) and Parkin-mediated mitophagy (M)
Shown are the number of individual siRNAs from a pool of 4 targeting each gene that

scored positive in each screen. Red, genes with 2 or more positive siRNAs (confirmed hits);

Green, genes with <2 positive sSiRNAs. See Supplementary Tables 2-8 for further details.
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Cliorf4l] FXR2] MYOM1 PIK3CA[1|0 SLC37A4]
C140rf104 GABRAS NADSYN1j2j0| 1 PLOD2(1|1 SLC6A1|1|0
Clorf210 0 GAS2j210|0 1 PNPO| SLCO1A2|1|1
Clorf223 GDFSial 1 NDUFA4L2|1|1 PPY SMURF1
C200rf12(1|1 CXCR7,0 @ 1 GMIP|1 PRKD2{@ 0 SNRPB
C3orf72)@41|1 DAAM2|210| 1 GNE|1|0 PRKG1/210 SNRPB2| 0
C5[311 DHX38/1|1|0 GPC1j1/0 RBM18|1 8] 0 SNRPD1
C7orf68| 1 DKKL1, GPR81 RCTPI1|1]/0|0 SNRPFI& 0
C8orf59 DPF3 HAPLN1 REEP2 1 SNTG1|0
CA7 DUSP22|0|1(0 HEATR6[S] 1 RFWD3 STAT2|
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Figure 3. Smurfl functions in virophagy but not in starvation-induced autophagy
a, EM analysis of WT and Smurfl™~ MEFs cultured in normal media or EBSS (starvation)

for 4 hrs. Arrowheads, representative autophagosomes; arrows, representative
autolysosomes. Scale bars, 500 nm. b, Western blot analyses of LC3-1/1l and p62 levels in
MEFs of indicated genotype. ¢, Quantitation of colocalization of SIN mCherry.capsid and
GFP-LC3 in indicated MEFs 16 hrs after SIN-mCherry.capsid/GFP-LC3 infection. Data
shown represent mean + s.e.m. number of colocalized red and green puncta per cell for 50
cells per well in triplicate samples. *, P<0.001 vs. WT, t-test. d, Representative confocal

Nature. Author manuscript; available in PMC 2012 June 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Orvedahl et al.

Page 14

micrographs of images used for quantitation in (c). Arrows, colocalized red and green
puncta. Scale bar, 15 mm. e, Representative EMs of indicated MEFs infected with HSV-1
(strain 17termA). White arrows, partially degraded viral nucleocapsids inside
autolysosomes; black arrows, intact viral nucleocapsids inside viral vesicles. Scale bar, 0.5
pum. For a—e, similar results were obtained in 3-5 independent experiments.
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Figure 4. Smurfl functions in mitophagy
a, Representative mitochondrial morphology in Smurf1*/* (WT) and Smurf1*/* (KO) MEFs

transfected with indicated construct and treated with DMSO or 10 uM CCCP for 24 hrs. b,
Quantitation of percentage of total cells with a diffuse accumulation of abnormal fragmented
mitochondria and lack of mitochondrial clearance. Results shown represent combined data
from 3-5 experiments per condition with triplicate wells (of at least 100 cells per well)
analyzed for each condition per experiment. Shown are mean + s.e.m. for average values
from each experiment. Similar results were observed in each independent experiment. *, P<
0.001, Student t-test. ¢, Measurement of mitochondrial fractional area (% of total cellular
area) in MEFs treated as in (a). Results shown represent mean + s.e.m. for 50 cells per
condition. d, Representative confocal micrographs of KO MEFs transfected with YFP-
Smurfl wild-type (WT) or YFP-SmurflAC2 (AC2) and treated for 4 hrs with DMSO or
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CCCP. e, Representative confocal micrographs of KO MEFs transfected with GFP-LC3 and
mCherry-Smurfl wild-type (WT) or mCherry-SmurflAC2 (AC2) and treated for 4 hrs with
CCCP. Inset, upper right, formation of completed autophagosome around a damaged
mitochondrion associated with WT Smurfl; insets, lower right, incomplete autophagosomes
or absence of LC3 signal around mitochondria associated with SmurflAC2. See also
Supplementary Fig. 10-11 for enlarged images. f, Representative EMs of indicated tissues
from 10 month-old WT (Smurf1*/*) or KO (Smurf1~/") mice. Arrows, representative
abnormal mitochondria. Scale bars, 1 um. Similar abnormalities were observed throughout
entire EM tissue section for each mouse and in tissue samples from 3 different mice for each
genotype.

Nature. Author manuscript; available in PMC 2012 June 01.



