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Optineurin promotes autophagosome formation by
recruiting the autophagy-related Atg12-5-16L1 complex to
phagophores containing the Wipi2 protein
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Autophagy is a quality-control mechanism that helps to main-
tain cellular homeostasis by removing damaged proteins and
organelles through lysosomal degradation. During autophagy,
signaling events lead to the formation of a cup-shaped structure
called the phagophore that matures into the autophagosome.
Recruitment of the autophagy-associated Atgl2-5-16L1 com-
plex to Wipi2-positive phagophores is crucial for producing
microtubule-associated protein 1 light chain 3-1I (LC3-II),
which is required for autophagosome formation. Here, we
explored the role of the autophagy receptor optineurin (Optn) in
autophagosome formation. Fibroblasts from Optn knock-out
mouse showed reduced LC3-II formation and a lower number of
autophagosomes and autolysosomes during both basal and star-
vation-induced autophagy. However, the number of Wipi2-pos-
itive phagophores was not decreased in Optn-deficient cells. We
also found that the number of Atg12/16L1-positive puncta and
recruitment of the Atgl2-5-16L1 complex to Wipi2-positive
puncta are reduced in Optn-deficient cells. Of note, Optn was
recruited to Atgl2-5-16L1-positive puncta, and interacted with
Atg5 and also with Atgl2-5 conjugate. A disease-associated
Optn mutant, E478G, defective in ubiquitin binding, was also
defective in autophagosome formation and recruitment to the
Atgl2-5-16L1-positive puncta. Moreover, we noted that Optn
phosphorylation at Ser-177 was required for autophagosome
formation but not for Optn recruitment to the phagophore.
These results suggest that Optn potentiates LC3-1I production
and maturation of the phagophore into the autophagosome, by
facilitating the recruitment of the Atgl2-5-16L1 complex to
Wipi2-positive phagophores.

Macroautophagy, called autophagy here, is an evolutionarily
conserved cellular degradative process, which represents path-
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ways leading to lysosomal degradation of cytoplasmic constit-
uents, from macromolecules to organelles (1, 2). It is also
involved in development, immunity, and clearance of invading
microorganisms and its impairment contributes to several dis-
eases (1, 3). Generally autophagy occurs at a basal level, and it is
enhanced by several types of stresses, such as starvation, dam-
aged organelles, abnormal proteins, and invading pathogens
(4). Autophagy is initiated by signaling events that lead to
formation of a cup-shaped double membrane structure known
as phagophore (isolation membrane), which matures into
autophagosome (1, 5). Many autophagy-related (Atg) proteins
in yeast and mammals form the core autophagy machinery (1,
6). Formation of phagophore is initiated by activation and
translocation of ULK1 protein kinase from cytosol to the endo-
plasmic reticulum (7). This step is regulated by mammalian
target of rapamycin (mTOR)? kinase, a cell growth regulator,
which inhibits autophagy when nutrients are available in the
cell, by phosphorylating ULK1. ULK1 is positively regulated by
AMP-activated protein kinase (AMPK), an energy sensor (8).
Activated ULK1 complex initiates autophagy by phosphorylat-
ing components of type III phosphatidylinositol 3-kinase
complex, which contains VPS34 and Beclinl. Phosphorylated
Beclinl promotes generation of phosphatidylinositol 3-phos-
phate (PI3P) by VPS34, which recruits effectors such as DFCP1
and the WIPI (WD-repeat phosphoinositide interacting) family
of proteins (9, 10). These proteins then recruit ATG12-5-16L1
complex and ATG3-LC3 conjugate to the phagophore (11).
ATGS5, which is conjugated to ATG12, interacts with ATG16L1
(12). ATGI12-5-16L1 complex functions as E3 ligase in a
ubiquitination-like reaction that conjugates LC3-I with phos-
phatidylethanolamine to produce LC3-1I, which is membrane-
associated. The LC3 family of proteins is needed for several
functions such as expansion and closure of phagophore to form
autophagosome, and recruitment of cargo (13, 14).

During formation of autophagosomes, the cargo that needs
to be degraded is recruited to autophagosomes by specialized

3 The abbreviations used are: mTOR, mammalian target of rapamycin; AMPK,
AMP-activated protein kinase; EBSS, Earle’s balanced salt solution; LC3,
microtubule-associated protein 1 light chain 3; LIR, LC3-interacting region;
MEF, mouse embryonic fibroblast; NDP52, nuclear dot protein 52 kDa;
NF-kB, nuclear factor kb; OPTN, human optineurin; Optn, mouse optineu-
rin; PI3P, phosphatidylinositol 3-phosphate; UBD, ubiquitin-binding
domain; UT, untreated.
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proteins known as autophagy receptors such as optineurin
(OPTN), p62, NDP52, NBR1, and TAXBP1 (2, 15-17). These
autophagy receptors directly interact with the autophagosomal
protein LC3 and ubiquitinated cargo through well-defined
binding sites (2, 16, 18). OPTN is a cytoplasmic adaptor protein
involved in mediating various cellular processes such as vesicle
trafficking, signaling to transcription factors NF-«B and IRF3,
and autophagy (16, 19-29). It is mainly a coiled coil protein
with a ubiquitin-binding domain (UBD) and a zinc finger
domain in the C-terminal region, and an LC3-interacting
region in the N-terminal half of the protein (16, 19, 20). It has no
catalytic activity and performs its diverse functions through
interaction with various proteins (19, 20, 30 —-32). The function
of OPTN as an autophagy receptor is important for clearance
of cytosolic Salmonella and mutant proteins (Huntington,
TDP43, SOD1) that form aggregates associated with neurode-
generative diseases (33, 34). Along with other autophagy recep-
tors, OPTN mediates autophagy of damaged mitochondria
(35-39). Although OPTN and NDP52 play a vital role in
recruiting LC3 to damaged mitochondria, LC3-II production
upon induction of mitophagy does not depend on these
autophagy receptors (39). It has been shown that OPTN, along
with other proteins, NDP52 and T6BP, plays a role in autopha-
gosome maturation by linking myosin VI to autophagosomes
(40).

Mutations in OPTN are associated with adult-onset primary
open-angle glaucoma and amyotrophic lateral sclerosis (ALS)
(41, 42). Although not mutated, OPTN is also associated with
pathological structures seen in many neurodegenerative dis-
eases (43). Glaucoma-associated mutants of OPTN are gener-
ally single copy missense mutations, whereas ALS-causing
mutations include missense, deletion, and truncation muta-
tions (31). A glaucoma-associated mutant of OPTN, E50K,
inhibits autophagy that contributes to apoptotic death of retinal
cells (44, 45). Transgenic mice expressing ES0K-OPTN show
mitochondrial fission, mitophagy, and degeneration of retinal
ganglion cells (46). Another variant, M98K-OPTN, causes
enhanced autophagy that also results in death of retinal cells
(47). The ALS-associated mutant, E478G-OPTN, is impaired in
mediating autophagic clearance of aggregated proteins, bacte-
ria, and damaged mitochondria (33, 34, 48). Thus, impaired
autophagy appears to play an important role in the pathogene-
sis caused by OPTN mutants. Therefore, it is essential to under-
stand in detail the role of Optn in autophagy.

In this study, we have explored the role of Optn in auto-
phagosome formation during basal and starvation-induced
autophagy. Our results show that Optn deficiency leads to
reduced LC3-II production and reduced formation of autopha-
gosomes although the formation of phagophores (Wipi2-posi-
tive puncta) is not reduced. We have also investigated the role
of Optn in the recruitment of Atg12-5-16L1 complex to Wipi2-
positive phagophores. Our results suggest that Optn potenti-
ates autophagosome formation by facilitating the recruitment
of Atgl2-5-16L1 complex to Wipi2-positive phagophore
upstream of LC3-II production. We also show that an ALS-
associated mutant, E478G-OPTN, is defective in autophago-
some formation, and unlike optineurin, does not colocalize
with Atgl2-positive or Atgl6L1-positive phagophores.
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Results

Effect of Optn deficiency on basal and starvation-induced
autophagy

Optn gene was inactivated by replacing ATG containing
exon 2 with a cassette containing 3-galactosidase reporter and
neomycin resistance gene through homologous recombination
(Fig. 1A). Disruption of Optn gene was confirmed by PCR and
Southern blot using mouse tail DNA (Fig. 1, B and C). These
mice were used to generate Optn*/" (wild type, WT) and
Optn~'~ (knock-out, KO) embryonic fibroblasts. Optn protein
level was examined by Western blotting of Optn™’~ and
Optn™*/* mouse embryonic fibroblast (MEF) extracts using an
antibody that recognizes a C-terminal epitope of Optn. Optn
band of about 67 kDa was seen in Optn™’™ cells but it was not
seen in Optn~/~ MEFs (Fig. 1D).

To examine the contribution of Optn to basal and starvation-
induced autophagy we used Optn knock-out MEFs. Upon
induction of autophagy, cytosolic 18-kDa LC3-I form is lipi-
dated to produce LC3-II form by Atgl2-5-16L1 complex. The
LC3-II form is crucial for the formation of autophagosomes,
and the level of LC3-1I form serves as an indicator of autophagy
(49). Therefore, we examined the level of LC3b-II in wild type
and Optn-deficient MEFs by Western blotting. The level of
LC3b-II form was lower in Optn~/~ MEFs when compared
with Optn™/* MEFs (Fig. 1, E and F). Upon induction of
autophagy the LC3-I is converted to LC3-II that is degraded
through lysosomal pathway, which can be blocked by lysosomal
inhibitors such as chloroquine. When autophagy was induced
by starvation in presence of chloroquine, significantly lower
level of LC3b-II was seen in Optn '~ MEFs compared with
Optn™’" MEFs (Fig. 1, E and F). The reduced level of LC3b-II
seen in Optn-deficient cells could be because of a reduction in
LC3b mRNA level. Therefore, the level of LC3b mRNA was
determined in these cells by quantitative PCR. The level of
LC3b mRNA was not lower in Optn~/~ MEFs compared with
Optn™’* MEFs (Fig. 1G). Upon induction of autophagy by star-
vation for 2 h there was significant increase in LC3b mRNA
level in Optn*/* MEFs but in Optn~/~ MEFs there was only a
marginal (statistically insignificant) increase (Fig. 1G). The
starvation-induced increase in LC3b mRNA level in Optn™/™"
MEFs is possibly because of increase in its demand for protein
synthesis due to higher level of autophagy.

Reduced formation of autophagosomes in Optn—’~ MEFs

The reduced level of LC3-II form in Optn™~’~ cells indicated
that autophagy is reduced in these cells. Therefore, we exam-
ined the number of autophagosomes (LC3b-positive dots) in
the cells by staining endogenous LC3b. The number of auto-
phagosomes was significantly reduced in Optn~/~ MEFs com-
pared with Optn*/* MEFs under basal condition as well as
under condition of autophagy induction by amino acid starva-
tion (Fig. 1, H and I). We also examined the formation of
autophagosomes and autolysosomes by using a fluorescence
reporter, mCherry-GFP-LC3B, which produces a fusion pro-
tein present in autophagosomes as well as autolysosomes but
fluorescence of GFP is not visible in autolysosomes because of
sensitivity of GFP fluorescence to low pH of autolysosomes
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(15). Plasmid expressing mCherry-GFP-LC3B was transfected
in Optn~/~ and Optn*/* MEFs and the number of autophago-
somes and autolysosomes was analyzed by confocal micros-
copy. The number of autophagosomes was significantly less in
Optn~/~ MEFs compared with wild type MEFs under basal
condition as well as under condition of autophagy induction by
amino acid starvation (Fig. 1/ and Fig. S1). The number of
autolysosomes was also reduced in Optn~’" cells under both
basal as well as starvation conditions. These defects in autopha-
gosome and autolysosome formation were rescued by expres-
sion of wild type OPTN in Optn~/~ MEFs (Fig. 1/ and Fig. S1).

Formation of Wipi2-positive puncta is not reduced in
Optn-deficient cells

To elucidate the role of Optn in autophagosome formation,
we examined the effect of Optn deficiency on autophagy signal-
ing by mTORC1 complex and AMPK. mTORCI inhibits
autophagy under conditions of nutrient sufficiency in part by
phosphorylating Ulkl at many residues including Ser-757.
Optn~'~ and Optn™* MEFs did not show any significant dif-
ference in phosphorylation of mTORC]1 kinase target S6K1 and
Ser-757 residue of Ulkl, as determined by Western blotting
(Fig. S2). However, despite being deficient in autophagy,
Optn~/~ MEFs showed higher level of phosphorylation of
AMPK at Thr-172, a site involved in its activation (Fig. S3). The
level of AMPK was similarin Optn~/~ and Optn™/* MEFs (Fig.
S3). Phosphorylation of AMPK target site Ser-555 of Ulkl was
also significantly higher in Optn™/~ MEFs compared with
Optn™’" cells (Fig. S3). Even the level of Ulk1 was significantly
higher in Optn™/~ MEFs (Fig. S3). These results suggest that
reduced autophagy in Optn ™/~ MEFs is not likely to be because
of altered mTORC1 or AMPK signaling. It is likely that in
Optn~/~ MEFs, reduced autophagy leads to activation of a
feedback mechanism that results in AMPK activation, in an
attempt by the cell to restore autophagy. However, despite acti-
vation of AMPK, Optn /" cells are not able to restore normal
level of autophagy because of a requirement of Optn at a later
step involved in autophagosome formation.

Reduced formation of autophagosomes in Optn-deficient
cells could be because of a requirement of Optn at an early stage
of autophagosome biogenesis. In an hierarchical analysis of
autophagosome formation site, it was shown that WIPI pro-
teins, which are PI(3)P effector proteins, are recruited upstream
of ATG12-5-16L1 and LC3 on the autophagosome formation
site (50). Therefore, we next examined the number of phago-
phores in Optn-deficient cells by staining for endogenous
Wipi2, which is present in these structures. The number of
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Wipi2-positive puncta was not reduced but increased in Optn-
deficient MEFs compared with wild type MEFs (Fig. 2A4). How-
ever, the level of Wipi2 protein was not higher in Optn ™/~ cells
as determined by Western blotting (Fig. 2D). Treatment of cells
with wortmannin, an inhibitor of PI3K, drastically reduced the
number of Wipi2-positive puncta in Optn*’" as well as
Optn~/~ MEFs, suggesting that increased number of Wipi2-
positive puncta in Optn~’~ MEFs was not because of aggregate
formation (Fig. S4). Upon induction of autophagy by starvation,
there was an increase in the number of Wipi2-positive puncta
in Optn™*/" as well as Optn~/~ MEFs but there was no signifi-
cant difference in the number of Wipi2-positive puncta
between Optn™’" and Optn~/~ MEFs (Fig. 24). These results
suggest that Optn is not required for Wipi2-positive phago-
phore formation.

—/—

Atg16L1-positive puncta are reduced in Optn™—'~ cells

Increased number of Wipi2-positive puncta in Optn-defi-
cient cells indicated that phagophores are formed, but these do
not mature efficiently into autophagosomes because mature
autophagosomes do not have Wipi2 (51). This suggested that
Optn is required downstream of phagophore formation. Dur-
ing autophagosome biogenesis Wipi2 mediates recruitment of
Atgl12-5-16L1 complex to the phagophore, which is an essential
step for conversion of LC3-1 to LC3-II (11). Therefore, we
determined the number of Atgl6L1-positive puncta in Optn-
deficient cells by staining for endogenous Atgl6L1. The num-
ber of Atgl6L1-positive puncta was significantly reduced in
Optn-deficient MEFs compared with wild type MEFs under
basal condition and also upon induction of autophagy by amino
acid starvation (Fig. 2B). Reduced number of Atgl6L1-positive
puncta in Optn~ /" cells was not because of lower level of
Atgl6L1 protein or Atgl2-5 conjugate in these cells (Fig. 2D).
We also determined the number of Atgl2-positive puncta in
these cells by staining for endogenous Atgl2 and found that the
number of Atgl2-positive puncta was significantly lower in
Optn~ '~ cells compared with wild type cells under basal con-
dition and also upon induction of autophagy by starvation
(Fig. 2C).

Optn facilitates recruitment of Atg16L1 to Wipi2-positive
phagophores

Our results described so far showed that formation of LC3-1I
and the number of Atgl6L1-positive puncta was reduced in
Optn-deficient cells but the number of Wipi2-positive puncta
was not reduced. This raised the possibility that recruitment
of Atgl2-5-16L1 complex to Wipi2-positive structures is

—/—

Figure 1. Optn

MEFs are deficient in autophagosome formation. A, strategy for generating Optn~/~ MEFs. Exon 2 of optineurin was replaced with a

selection cassette through homologous recombination. B, PCRs of mouse tail DNA showing optineurin knockout (KO) and wild type (WT) bands. C, Southern
blot of mouse tail DNA showing 12.5-kb band of WT allele and 7.3 kb-band of knockout allele. D, Western blot showing absence of optineurin protein (67 kDa)
in Optn~/~ MEFs. E, Western blot showing LC3-Il levels in Optn™/* (WT) and Optn ™/~ (KO) MEFs untreated or treated with EBSS (2 h) and/or chloroquine (50
um, 2 h). Numbers below the blots indicate relative expression levels after normalization with actin, which was used as loading control. F, the graph represents
comparison of LC3b-Il protein levels normalized with actin (= S.D.), between WT and KO MEFs untreated (UT) or treated with EBSS and chloroquine for2 h.n =
3 experiments; ***, p < 0.001; **, p < 0.01. CQ, chloroquine. G, graph showing comparison of average (* S.D.) of LC3b mRNA levels in WT and KO MEFs,
untreated and treated with EBSS for 2 h. n = 8 for untreated and n = 5 for EBSS-treated samples; **, p < 0.01. H, LC3b staining in WT and KO MEFs, untreated
or starved in EBSS for 2 h. Representative images are shown. Scale bar: 20 um. I, graph represents average (= S.D.) number of LC3b puncta per cell. n = 3
experiments with minimum 50 cells in each experiment; **, p < 0.01 versus wild type. J, quantitation of number of autophagosomes and autolysosomes in WT
and KO MEFs transfected with mCherry-GFP-LC3B construct with or without HA-OPTN, untreated or treated with EBSS for 2 h.n = 4 for WT MEF versus KO MEF
graph (UT and EBSS treated). For KO MEF versus HA-OPTN graph, n = 5 for KO MEF and n = 3 for HA-OPTN MEF (UT and EBSS treated). Each n represents an
experiment done with minimum 20 cells; ***, p < 0.001; **, p < 0.01; *, p < 0.05; scatter plots represent average * S.D.
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MEFs. Graphs represent average (= S.D.) amount of indicated protein from three experiments. *, p < 0.05; ***, p < 0.001.

impaired in Optn-deficient cells. We tested this hypothesis by
examining the colocalization of endogenous Atgl6L1 and
Wipi2 in the puncta in Optn™’* and Optn~’~ MEFs. The per-
centage of Wipi2-positive puncta that were also positive for
Atgl6L1 was significantly lower in Optn-deficient MEFs com-
pared with wild type MEFs under basal condition and also upon
induction of autophagy by starvation (Fig. 3, A and B). Induc-
tion of autophagy by starvation resulted in an increase in the
percentage of Wipi2-positive puncta that were also positive for
Atgl6L1. Most of the Atgl6L1-positive puncta were also posi-
tive for Wipi2 in wild type as well as Optn-deficient MEFs
under condition of starvation (Fig. 3B). Next, we determined
the percentage of Wipi2-positive puncta, that were also positive
for Atgl2, and found that these were significantly lower in
Optn~/" cells compared with wild type cells under basal con-
dition and also upon induction of autophagy by starvation (Fig.
3, D and E). These results suggest that Optn facilitates recruit-
ment of Atgl2-5-16L1 complex to Wipi2-positive phago-
phores. Most of the Atgl2-positive puncta were also positive
for Wipi2 in wild type as well as Optn-deficient cells under
condition of starvation (Fig. 3E).
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Optn deficiency affects the size of Atg16L1-positive vesicles

It has been shown that bigger size of Atgl6L1 vesicles
helps in LC3 incorporation into phagophore and auto-
phagosome maturation (52). We estimated the size of
Atgl6L1-positive vesicles in Optn*/" and Optn~/~ MEFs
and observed that these vesicles were significantly smaller in
size in Optn-deficient MEFs compared with wild type MEFs
particularly upon autophagy induction by starvation (Fig.
3C). Induction of autophagy by starvation significantly
increased the size of Atgl6L1-positive vesicles in Optn™ /"~
and Optn™’™ cells (Fig. 3C). The size of Atgl2-positive ves-
icles was also significantly smaller in Optn~/~ MEFs com-
pared with wild type MEFs (Fig. 3F). We next examined the
ability of overexpressed wild type OPTN to enhance the for-
mation of Atgl6L1-positive puncta in Optn~/~ MEFs cells
by staining for endogenous Atgl6L1. Expression of normal
OPTN in the Optn-deficient resulted in a significant
increase in the number as well as size of Atgl6L1-positive
puncta (Fig. 4, A-C). These results suggest that Optn defi-
ciency affects the size of Atgl6L1-positive vesicles in addi-
tion to the number of these vesicles.
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~ cells show reduced recruitment of Atg12-5-16L1 complex to Wipi2-positive phagophores. A, representative images showing WT and

KO MEFs, untreated or treated with EBSS for 2 h and stained with Wipi2 and Atg16L1 antibodies. Scale bar: 20 um. B, graphs showing percentage (average *
S.D.) of Wipi2 puncta positive for Atg16L1 and percentage of Atg16L1 puncta positive for Wipi2. ***, p < 0.001; *, p < 0.05. n = 20 cells. C, graph showing
average (+ S.D.) area of Atg16L1 puncta in WT and KO MEFs, untreated or treated with EBSS for 2 h. *** p < 0.001. D, representative images showing WT and
KO MEFs, untreated or treated with EBSS for 2 h, stained with Wipi2 and Atg12 antibodies. Scale bar: 20 um. E, graphs showing percentage (average * S.D.) of
Wipi2 puncta positive for Atg12 and Atg12 puncta positive for Wipi2. ***, p < 0.001; **, p < 0.01.n = 20 cells. F, graph showing average area of Atg12 puncta
in WT and KO MEFs, untreated or treated with EBSS for 2 h. ***, p < 0.001; *, p < 0.05. Error bars: mean =+ S.D.

E478G-OPTN mutant is defective in autophagosome
formation

One of the ALS-associated mutations of OPTN identified in
the original study was E478G, which was suggested to be a dis-
ease-causing mutation (41, 53). This mutation is located in
UBD of OPTN and it abolishes binding to ubiquitin (16). We
confirmed that this mutant is defective in binding to polyubigq-
uitin by GST pulldown assay using GST-Ub4 protein for pull
down (Fig. S5). We examined its role in autophagy in Optn™/~
MEFs by measuring the number of autophagosomes and auto-
lysosomes. Optn~/~ MEFs were transfected with mCherry-
GFP-LC3B along with WT-OPTN or E478G-OPTN mutant or
control plasmid. The number of autophagosomes as well as
autolysosomes was significantly reduced in the cells expressing
E478G-OPTN mutant, as compared with wild type OPTN-ex-

SASBMB

pressing cells under basal condition and also when autophagy
was induced by amino acid starvation (Fig. 4, D and E and Fig.
S6). The expression of wild type OPTN and E478G-OPTN
mutant was comparable (Fig. 4F). We also examined the ability
of wild type OPTN and its E478G mutant to enhance autopha-
gosome formation in Optn~'~ MEFs by staining for endoge-
nous LC3b. Expression of normal OPTN in Optn-deficient cells
resulted in a significant increase in the number of autophago-
somes, whereas expression of E478G mutant did not show any
increase (Fig. 4, G and H). Size of LC3-positive puncta in OPTN
overexpressing cells was also significantly larger than nonex-
pressing cells, whereas E478G-OPTN overexpression did not
show any significant difference (Fig. 41). Overall, these results
suggest that Optn promotes autophagosome formation during
starvation-induced autophagy and the E478G-OPTN mutant is
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2handstained for HA and Atg16L1. Scale bar: 20 um. B, graphs show average (= S.D.) number of either Atg16L1 dots per cellin KO MEFs alone (nonexpressing,
NE) or KO MEFs expressing HA-OPTN or HA-E478G and treated with EBSS for 2 h. n = 3 experiments with each experiment having minimum 20 expressing cells;
* p < 0.05.C, graphs showing average (= S.D.) area of Atg16L1 dots in KO MEFs alone (NE) or KO MEFs expressing HA-OPTN or HA-E478G and treated with EBSS
for 2 h. **, p < 0.01; n = 20 cells. D and E, quantitation of number of autophagosomes and autolysosomes in KO MEFs transfected with mCherry-GFP-LC3B
construct, along with control plasmid, HA-tagged OPTN or E478G mutant, untreated (UT) (D) or treated with EBSS for 2 h (EBSS) (E). n = 3 or more experiments
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or HA-E478G and treated with EBSS for 2 h. **, p < 0.01; n = 20 cells.

defective in this function. We next examined the ability of the increase in the number or size of Atgl6L1-positive puncta (Fig.
E478G-OPTN mutant to enhance the formation of Atgl6L1- 4, A—C). These results suggest that the E478G mutation impairs
positive puncta in Optn~’~ MEFs cells by staining for endoge-  the ability of OPTN to form Atgl6L1-positive puncta as well as
nous Atgl6L1. Expression of E478G mutant did not show any autophagosomes.
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Recruitment of optineurin to the Atg12/16L1-positive puncta calization with endogenous Atgl2, Atgl6L1, and Wipi2 in the

Because Optn is involved in potentiating the recruitment of ~puncta (Fig. 5, A—C). OPTN showed good colocalization with
Atgl2-5-16L1 complex to Wipi2-positive phagophore, it is Atgl2-positive puncta, but colocalization with Wipi2-positive
likely to be recruited to these structures. Therefore, we overex- ~ puncta was seen in much less percentage of puncta (Fig. 5D).
pressed HA-OPTN in Optn~/~ MEFs and examined the colo- Interestingly, upon induction of autophagy by starvation for

SASBMB J. Biol, Chem. (2018) 293(1) 132-147 139



Optineurin promotes phagophore maturation

longer period, this colocalization of OPTN with all these three
phagophore markers, Atgl2, Atgl6L1, as well as Wipi2, was
considerably reduced and very few puncta showed colocaliza-
tion (Fig. 5, A—C). Overexpressed FLAG-Atgl6L1 showed
robust colocalization with HA-OPTN in several puncta, which
was reduced when cells were incubated in starvation medium
for 120 min (Fig. 5E). Reduced colocalization of OPTN with
Atgl12/16L1-positive puncta upon induction of autophagy by
starvation suggests that the recruitment of OPTN to these
structures is transient. We also examined the recruitment of
Optn to the phagophore in MEFs stably expressing HA-Optn,
which were prepared by selection in G418. In these cells also,
HA-Optn showed colocalization with Atgl2 as well as Wipi2 in
the puncta (Fig. 5, F and G). Induction of autophagy by starva-
tion for short period (30 min) resulted in some increase in the
number of Atgl2 and Wipi2 puncta showing colocalization
with stably expressed HA-Optn (Fig. 5, F and G). However,
longer treatment with starvation medium resulted in reduced
number of Atgl2 and Wipi2 puncta showing colocalization
with HA-Optn (Fig. 5, Fand G). The results with stably express-
ing cells were essentially similar to those obtained with tran-
siently overexpressed optineurin except that the colocalization
was seen in lower number of puncta. These results provide fur-
ther evidence for recruitment of Optn to the phagophore.

We used various mutants of OPTN to understand the mech-
anism of its recruitment to these pre-autophagosomal struc-
tures. The UBD mutant E478G did not show colocalization
with endogenous Atgl2-positive or Atgl6L1-positive, or Wipi2-
positive puncta (Fig. 6, A—C). The LC3-interacting region (LIR)
mutant, F178A, like wild type OPTN, showed good colocaliza-
tion with Atgl2-positive puncta (Fig. 6D). These results suggest
that the function of UBD is required for recruitment of OPTN
to Atgl2-positive puncta, but the function of LIR is not
required.

Optn interacts with Atg5-12 conjugate

Because Optn is recruited to Atgl2-5-16L1 complex, and
facilitates recruitment of Atgl2-5-16L1 complex to Wipi2-pos-
itive structures, it is likely that it formed a complex with one of
the components of Atgl12-5-16L1 complex and/or Wipi2. We
tested this possibility by immunoprecipitation. GFP-OPTN or
GFP was expressed in Optn~/~ MEFs, and cell lysates were
subjected to immunoprecipitation using GFP-Trap. The
immunoprecipitates were then analyzed by Western blotting.
GFP-OPTN but not GFP formed a complex with endogenous
Atg5-12 conjugate and also with Wipi2 (Fig. 7A). Atgl6L1
could not be seen in the GFP-OPTN immunoprecipitate, pos-
sibly because of weak reaction of this antibody in the Western
blot. However, in HEK 293 cells, complex formation between
GFP-OPTN and ATG5-12 conjugate, ATG16L1, and Wipi2
could be seen (Fig. 7B). Compared with wild type OPTN, the
E478G mutant showed reduced formation of a complex with
Atgl2-5 conjugate and also with Wipi2 (Fig. 7A). Because
E478G has a defective UBD, we tested the possibility of involve-
ment of polyubiquitination in these interactions by comparing
these interactions in presence or absence of deubiquitinase
inhibitor, N-ethylmaleimide (NEM) in the immunoprecipita-
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tion buffer. But OPTN did not show weaker interaction with
ATG5-12 or Wipi2 in absence of N-ethylmaleimide (Fig. 7B).
We also examined the interaction of OPTN with Atg5 using
GST pulldown assays and found that OPTN interacts with
unconjugated HA-tagged Atg5 and also with Atg5-12 conju-
gate (Fig. 7C), whereas Wipi2 did not show any detectable inter-
action with GST-OPTN (Fig. 7D).

Ser-177 phosphorylation of OPTN promotes autophagosome
formation

Phosphorylation of OPTN at Ser-177 is involved in the
autophagic function of optineurin in clearance of bacteria,
protein aggregates, and damaged mitochondria (16, 34, 35).
Therefore, we investigated the requirement of Ser-177 phos-
phorylation of OPTN for autophagosome formation. The phos-
pho-defective mutant S177A-OPTN, unlike normal OPTN or
S177D-OPTN, did not enhance autophagosome formation in
Optn-deficient cells, as determined by measuring the number
of puncta formed by endogenous LC3b (Fig. 84). Using
mCherry-GFP-LC3B, we observed that the expression of
S$177A mutant in Optn-deficient cells resulted in reduced for-
mation of autophagosomes (50.21 * 31.73 S.D. in S177A,
92.82 *59.41 S.D. in WT-OPTN; p value 0.0002, n = 39 cells)
and autolysosomes (31.36 = 29.26 S.D. in S177A, 76.87 = 65.76
S.D. in WT-OPTN; p value 0.0002, n = 39 cells) per cell, as
compared with OPTN-expressing cells. Next, we examined the
ability of S177A mutant to be recruited to Atgl2-positive
puncta by expressing it in Optn-deficient cells. This mutant,
like wild type OPTN, showed good colocalization with Atgl2-
positive puncta (Fig. 8B). The phospho-mimic mutant, S177D-
OPTN, also colocalized with Atgl2-positive puncta (Fig. 8B),
and like wild type OPTN, percentage of Atgl2 puncta positive
for S177D-OPTN (56.23% =+ 6.13 S.E. in untreated (UT),
16.05 * 5.28 S.E. in 60-min Earle’s balanced salt solution (EBSS)
treatment; p value 0.00002) decreased upon induction of
autophagy by starvation. These results suggest that phosphor-
ylation of OPTN at Ser-177 is required for autophagosome for-
mation but not for its recruitment to Atgl2-positive phago-
phore. We tested whether pSer-177-Optn is present in
phagophores and found that it does colocalize with Wipi2-pos-
itive puncta (Fig. 8C).

Discussion

Our results show that Optn plays a role in basal as well as
starvation-induced autophagy as seen by reduced LC3-II level,
and reduced autophagosome and autolysosome number in
Optn-deficient cells. This defect in autophagosome formation
could be rescued by overexpressed OPTN, suggesting its direct
involvement in this process. During autophagosome formation,
the Atgl12-5-16L1 complex is recruited to Wipi2-positive struc-
ture, and this step is a requirement for the conversion of LC3-I
to LC3-II (11). LC3-II is associated with membrane and it is
needed for expansion and closure of phagophore leading to
formation of autophagosome. The results presented here sug-
gest that Optn potentiates the recruitment of Atgl2-5-16L1
complex to Wipi2-positive structures, and this function of
Optn possibly contributes to autophagosome formation. This
hypothesis is supported by our results showing that the forma-
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Figure 6. UBD but not LIR is required for recruitment of optineurin to the phagophore. A, KO MEFs transfected with either HA-OPTN or HA-E478G were
stained for HA and Atg12. Line scan shows changes in OPTN or E478G intensity along Atg12 puncta; Scale bar: 10 um. B, KO MEFs transfected with FLAG-
Atg16L1 and either HA-OPTN or HA-E478G and stained for FLAG and HA. Line scan shows changes in OPTN or E478G intensity along Flag-Atg16L1 puncta. Scale
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Wipi2 puncta. Scale bar: 10 um. D, KO MEFs transfected with HA-F178A were stained for HA and Atg12. Line scan shows changes in F178A intensity along Atg12

puncta; Scale bar: 10 um.

tion of LC3-II, autophagosomes and Atgl2/Atgl6L1-positive
puncta is reduced in Optn-deficient cells but formation of
Wipi2-positive puncta is not reduced but increased. Interest-
ingly Atgl6L1-deficient MEFs, which are defective in auto-
phagy, also show similar increase in Wipi2 puncta (11). Fur-
thermore, the percentage of Wipi2-positive puncta, that are
also positive for Atgl6L1, is reduced in Optn-deficient MEFs

SASBMB
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compared with wild type MEFs. The size of Atgl6L1 as well as
LC3 puncta was also bigger in presence of Optn indicating
toward the role of Optn in expansion of phagophore, which
occurs during autophagosome formation.

Knockdown of Optn has been reported to induce accumula-
tion of autophagosomes in NSC34 cells suggesting requirement
of Optn for autophagosome-lysosome fusion (48). However, we
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Bound proteins were subjected to Western blotting for Wipi2 first and then Atg5.

did not observe accumulation of autophagosomes or LC3-II in
Optn-deficient MEFs, indicating that some of the functions of
Optn in autophagy may be cell type— dependent.

How does OPTN facilitate recruitment of Atgl2-5-16L1
complex to Wipi2-positive structures? Recruitment of Optn
into the Atgl2/16L1-positive puncta and complex formation
between Optn and Atgl2-5 conjugate indicate that Optn is
directly involved in this process. Atgl6L1 is known to interact
with Wipi2 directly and this interaction is important for
recruitment of Atg12-5-16L1 complex to Wipi2-positive struc-
tures (11). However, this interaction is weak and we hypothe-
size that Optn facilitates recruitment of Atgl2-5-16L1 complex
to Wipi2-positive structures by forming a complex with the
Atgl2-5-16L1 conjugate. Some support for this hypothesis is
provided by our observation that the functional UBD of Optn,
which is required for autophagosome formation, is also
required for its recruitment to the Atg12/16L1-positive phago-
phore, and for complex formation with Atgl2-5 conjugate.
Optn interacts with overexpressed unconjugated Atg5 and also
with Atgl2-5 conjugate, and this interaction of Optn may alter

142 J Biol. Chem. (2018) 293(1) 132-147

the conformation of Atgl2-5-16L1 complex in such a way that
leads to enhanced interaction with Wipi2 in the phagophore
resulting in more efficient recruitment of Atgl2-5-16L1 com-
plex to the Wipi2-positive phagophore.

Structural studies have revealed that ATG12-5-16 complex
consists of 2:2:2 stoichiometric complex of ATG12, ATG5, and
ATGI16L1, which has a unique six ubiquitin—fold architecture
(54-57). ATG5 has two and ATG12 has one ubiquitin-fold.
Interestingly, OPTN is a hexameric protein (20), which could
conceivably bind with six ubiquitin-folds of ATG12-5-16L1
complex. However, this needs to be tested experimentally.

A recent study in yeast has shown interaction of yeast
autophagy receptor Atgl9 with Atgl2-5-16 complex (58). Here
it is shown that interaction of Atgl9 with Atg5 stimulates Atg8
conjugation during selective autophagy in yeast. In this study
interaction of OPTN with ATGS5 is also shown but its signifi-
cance in mammalian autophagy has not been explored.

Previous studies have focused on the role of OPTN in cargo
selective autophagy of bacteria, damaged mitochondria, and
mutant protein aggregates (16, 34, 35). Upon induction of
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mitophagy by drugs that damage mitochondria, OPTN is
recruited to damaged, ubiquitinated mitochondria through its
UBD and mediates recruitment of various autophagy proteins
upstream of LC3 (35, 39). OPTN and NDP52, which are
recruited to damaged mitochondria with similar kinetics, have
redundant functions in mitophagy upstream of LC3 recruit-
ment to mitochondria (39). However, during mitophagy, pro-
duction of LC3-II is not reduced when autophagy receptors
including OPTN are knocked out (39). Our results show that
Optn functions upstream of LC3-1II production in nonselective
autophagy to potentiate autophagosome formation. Thus, the

SASBMB

precise functions of Optn in mitophagy and nonselective
autophagy are different.

TBK1-mediated phosphorylation of OPTN at Ser-177 res-
idue has been shown to enhance its LC3-binding and clear-
ance of cytosolic Salmonella (16). This phosphorylation has
also been found to be important for recruitment of LC3 to
damaged mitochondria but not for recruitment of OPTN
itself to damaged mitochondria (36). On the other hand UBD
defective E478G mutant fails to localize to damaged mito-
chondria. In this study, we have found that Ser-177 phos-
phorylation is not required for recruitment of optineurin to
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the Atgl2-positive phagophores but it is required to form
autophagosomes, whereas E478G mutant does not even
colocalize with phagophores, indicating that optineurin has
distinct roles during multistep process of autophagosome
formation.

During autophagosome biogenesis membrane is needed that
is provided by several organelles including endoplasmic reticu-
lum, Golgi, plasma membrane, and recycling endosome (54).
Atgl6L1 is recruited from the cytosol into the endocytic vesi-
cles at the plasma membrane and these vesicles traffic to recy-
cling endosome before merging into forming autophagosome.
Homotypic fusion of Atgl6L1-positive vesicles enhances their
size and delivery to forming autophagosome (52). Thus when
Atgl6L1 is recruited to Wipi2-positive structures, it is likely
that during this process membrane is also delivered to these
structures. By facilitating the recruitment of Atgl6L1 complex
to Wipi2-positive phagophore, Optn possibly also helps in the
delivery of membrane during autophagosome formation. The
mechanism involved in enhancing the number of Atg16L1-pos-
itive vesicles is not clear and will require further investigation.
However, it is interesting to note that the E478G mutant is
defective in restoring the number of Atgl6L1-positive puncta
in Optn-deficient cells.

In summary, our results show that Optn potentiates
LC3-II production and maturation of phagophore into
autophagosome during basal and starvation-induced auto-
phagy. Our results also suggest that Optn, through its inter-
action with Atg5, facilitates the recruitment of Atgl2-5-
16L1 complex to the Wipi2-positive phagophore, and this
function of Optn possibly mediates enhanced autophago-
some formation. An ALS-associated mutant of OPTN,
E478G, defective in ubiquitin binding, is also defective in
autophagosome formation possibly because of impairment
in its ability to be recruited to phagophore. Thus, we have
identified a novel function of Optn in nonselective auto-
phagy upstream of LC3-II production, which might have rel-
evance to pathogenesis of ALS.

Materials and methods

/

Generation of Optn™’'~ mice and isolation of MEFs

Targeting vector containing neomycin resistance gene selec-
tion cassette flanked by Optn gene (NCBI Gene ID 71648) ho-
mology region adjacent to exon 2 and diphtheria toxin gene A
(DTA) outside the homology region was electroporated in
mouse 129S6/SvEvTac cross C57BL/6Ncr ES cell line (G4) (59).
ES cells were maintained in DMEM supplemented with 10%
fetal bovine serum, 0.1 mm minimum nonessential amino acids,
0.1 mM B-mercaptoethanol, 2 mMm glutamax, 50 IU ml™" peni-
cillin, 50 pg ml~" streptomycin, and 1000 units ml ™" leukemia
inhibitory factor in a humidified incubator with 5% CO, at
37 °C. Electroporated ES cells were grown in G418 (250 g
ml ') containing selection medium for 10-14 days. G418-re-
sistant ES cells were screened by PCR and homologous recom-
bination was confirmed by Southern blotting. For identification
of exon 2—deleted Optn allele by PCR, a forward primer was
designed from neomycin cassette and the reverse primer was
from exon 3 of Optn gene. To amplify wild type Optn allele, PCR
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primers were designed from the sequence of exon 2 (forward
primer) and exon 3 (reverse primer). The size of PCR product
was ~2.4 kb for both wild type and mutant Optn alleles. Mutant
ES cells (10-12 cells) were injected into 3.5-day-old mouse
blastocysts and these were transplanted into uterus of pseudo-
pregnant CD-1 female. Chimeric males were crossed with
CD-1 female to obtain germline transmission of mutant allele.
Progeny was screened for mutated allele, and animals contain-
ing mutant allele were then interbred to get knock-out animals.
Genotyping of mice was done by PCR of genomic DNA
obtained from tail biopsy. The Institutional Animal Ethics
Committee of the Centre for Cellular and Molecular Biology,
India, approved all mice experiments. Animals were main-
tained in temperature, humidity, and light/dark controlled (12
h, 6 am-6 pm) environment and provided with autoclaved ad
libitum diet.

MEFs were isolated from 13.5-day—post coitum embryos
obtained from Optn™’~ male female mating. Freshly collected
embryos were placed in sterile phosphate-buffered saline
(PBS). Head and inner organs were removed and used for geno-
typing. Remaining body was minced in DMEM, supplemented
with 10% fetal bovine serum, using razor blade and seeded in
T75 flask. MEFs were stored frozen in liquid nitrogen for future
use.

Cell culture and transfection

MEFs and HEK 293T cells were maintained in DMEM sup-
plemented with 10% fetal bovine serum in a humidified incuba-
tor with 5% CO, at 37 °C. DMEM for MEFs was supplemented
with 0.1 mm B-mercaptoethanol, 50 IU ml ™' penicillin, and 50
pg ml™' streptomycin. Transfections were performed using
Lipofectamine 2000 (Invitrogen, 11669-019) or Lipofectamine
(Invitrogen, 18324-012) and Lipofectamine with PLUS™
(Invitrogen, 11514-015) reagents according to manufacturer’s
instructions. For inducing starvation, cells were incubated in
EBSS (Invitrogen, 14155063) containing CaCl, (1.8 mm) and
MgSO, (0.81 mm) at 37 °C for indicated time after washing
them three times with PBS. Cell lines were routinely stained
with DAPI and checked for mycoplasma contamination.

Expression vectors

Plasmids expressing HA and GFP tagged human OPTN, its
mutant HA-F178A, HA-S177A, HA-Atg5, and GST-OPTN
have been described earlier (23, 27, 47, 60, 61). HA-E478G and
HA-S177D mutants of OPTN were made by site-directed
mutagenesis of HA-OPTN. Mouse Optn was amplified by RT-
PCR and cloned into pEGFP-C3 vector. FLAG-Atgl6L1 con-
struct was kindly provided by Dr. Sharon Tooze (The Francis
Crick Institute, London UK) (11). mCherry-GFP-LC3B con-
struct was kindly provided by Dr. Terje Johansen (University of
Tromsg, Tromse, Norway) (15).

Antibodies and reagents

Rabbit polyclonal antibodies against the following proteins
were used: optineurin (Abcam, ab23666; 1:1000 Western blot-
ting (WB)), LC3B (Cell Signaling Technology (CST), 27755;
1:100 immunofluorescence (IF)), WIPI2 (Sigma, HPA019852;
1:2000 WB, 1:400 IF), Atgl2 (Abcam, ab155589; 1:400 IF), HA
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(Santa Cruz Biotechnology, sc-805; 1:1000 WB, 1:300 IF), GFP
(Santa Cruz Biotechnology, sc-9996; 1:1000 WB), and ATG5
(CST, 8540; 1:1000 WB). Rabbit monoclonal antibodies used
were Atgl6L1 (CST, 8089; 1:1000 WB, 1:100 IF), AMPKa (CST,
5832; 1:1000 WB), phospho-AMPKa (Thr-172) (CST, 2535;
1:1000 WB), phospho-ULK1 (Ser-555) (CST, 5869; 1:1000
WB), phospho-ULKI (Ser-757) (CST, 6888; 1:1000 WB), FLAG
(Sigma, F-7425; 1:400 IF), and ULK1 (CST, 8054; 1:1000). pSer-
177-OPTN antibody was a generous gift from Dr. Ivan Dikic of
Goethe University Medical School (16). Mouse monoclonal
antibodies used were LC3B (Enzo Life Sciences, ALX80308;
1:750 WB), HA (Roche Applied Biosystems, 11583816001;
1:400 IF, 1:1000 WB), WIPI2 (Abcam, ab105459; 1:1200 IF),
GAPDH (Millipore, MAB374; 1:10000 WB), and Actin (Milli-
pore, MAB1501; 1:10000 WB). Secondary antibodies used were
Cy-3—conjugated anti-rabbit IgG (Amersham Biosciences,
PA43004, 1:1500), HRP-conjugated anti-mouse IgG (Amer-
sham Biosciences, NA9310; 1:6000), anti-rabbit IgG, HRP-
linked antibody (CST, 7074; 1:2000), HRP conjugated anti-rab-
bit IgG (Amersham Biosciences, NA934; 1:8000), Alexa Fluor
633 anti-mouse IgG (Molecular Probes, A21050; 1:500), Alexa
Fluor 633 anti-rabbit IgG (Molecular Probes, A21070; 1:500),
Alexa Fluor 488 anti-rabbit IgG (Molecular Probes, A21206;
1:500). Chloroquine (Sigma, C6628) and wortmannin (Calbi-
ochem, 681675) are commercially available.

Immunofluorescence microscopy

Cells were grown as monolayer on glass coverslip and trans-
fected with required expression vectors. These cells were fixed
in 3.7% formaldehyde, permeabilized using 0.5% Triton X-100
and 0.05% Tween 20, and incubated for 1 h with 2% BSA in PBS
followed by incubation with primary antibody (47). For endog-
enous LC3 staining, cells were fixed with 3% paraformaldehyde
for 20 min, followed by aldehyde quenching with 50 mm NH,Cl
for 10 min (51). Cells were permeabilized for 5 min with meth-
anol at room temperature and blocked with 5% BSA for 1 h.
Primary antibody diluted in 1% BSA was added and cells were
incubated overnight at 4 °C. Appropriate secondary fluorescent
antibody was used to visualize primary antibody binding.
Mounting medium with DAPI was used to visualize the
nucleus. The images were taken on LSM510 meta NLO confo-
cal microscope from Carl Zeiss (Jena, Germany) or Leica TCS
SP8 at 63X/1.4NA oil immersion objective lens. Line scans rep-
resenting variation in intensity of the fluorophore across the
line of interest were generated using LAS software (LAS X ver-
sion 2.0.2.15022).

Autophagic flux measurement

Autophagic flux was measured by transfecting mCherry-
GFP-LC3B construct in MEFs. Transfected cells were scanned
using LSM510 meta NLO confocal microscope from Carl Zeiss
(Jena, Germany) or Leica TCS SP8 using 63X oil immersion
objective lens (NA 1.4). Optical Z-sections of 0.3-um thickness
of the cell were taken. Images were then analyzed using Imaris
software (Bitplane, Switzerland) for counting the number of
green and red dots. Dots that had both green and red fluores-
cence were taken as autophagosomes; only red dots (counted by
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subtracting green dots from total red dots) were counted as
autolysosomes.

Puncta quantification

Number and size of puncta were quantified using Image]
software. Optical Z sections of 0.35-um thickness of the cell
were taken using confocal microscope with 63X oil immersion
objective lens. Puncta with area of 0.1-3.0 um? were quanti-
tated. To calculate double-positive puncta, those puncta that
overlapped by at least 0.1 um? of area were counted.

GFP-Trap, GST pulldown assay, and Western blotting

For immunoprecipitation using GFP-Trap, cells were trans-
fected with plasmids expressing either empty GFP or GFP-
tagged proteins for 20 h, washed with PBS, and lysed with buffer
containing 10 mm Tris, 150 mm NaCl, 0.5 mm EDTA, 10 mMm
NaF, 2 mm Na;VO,, 10 mMm N-ethylmaleimide, protease inhib-
itor mixture, and 0.5% Nonidet P-40. Lysates were clarified by
centrifuging at 20,000 g, diluted to 0.2% Nonidet P-40, and
incubated with GFP-Trap beads (ChromoTek) for 2 h at 4 °C.
Beads were then washed three times, boiled in SDS sample
buffer, and analyzed by Western blotting. For GST pulldown
assays, GST and GST fusion proteins were expressed in Esche-
richia coli and immobilized on glutathione agarose beads
(Sigma, G4510). These beads were incubated for 4 h with HEK
293T cell lysates expressing indicated proteins. After washing
these beads three times, the bound proteins were eluted by
boiling in SDS sample buffer and analyzed by Western blotting.

MEFs were washed three times with 1X PBS prior to lysing
with SDS sample buffer. Lysates were boiled for 5-10 min, and
resolved in SDS-PAGE. Proteins were transferred to PVDF or
nitrocellulose membrane for Western blot analysis according
to standard protocols described earlier (47).

Quantitative PCR

Total RNA from MEFs was isolated using TRIzol reagent
(Invitrogen). cDNA synthesis was done by using SuperScript II1
First-Strand Synthesis System (Invitrogen) after DNase I (New
England Biolabs) treatment. Quantitative PCR was done in
7900HT Fast Real-Time PCR System (Applied Biosystems).
Expression of gene of interest was normalized with actin
mRNA.

Statistical analysis

Scatter plots or box whisker plots represent average = S.D.
Statistical significance between averages was calculated using
Student’s ¢ test (two-tailed). p value of less than 0.05 was con-
sidered significant.
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