Autophagy 7:6,629-642; June 2011; © 2011 Landes Bioscience

TOOLBOX

Characterization of macroautophagic flux in vivo using

a leupeptin-based assay

Jeffrey Haspel,"? Rahamthulla S. Shaik,' Emeka Ifedigbo,' Kiichi Nakahira,! Tamas Dolinay,’ Joshua A. Englert'

and Augustine M. K. Choi"**

'Division of Pulmonary and Critical Care Medicine; Department of Medicine; Brigham and Women’s Hospital; “Pulmonary and Critical Care Medicine Section;
VA Boston Healthcare System; Boston, MA USA; ’Department of Medicine; University of Tennessee College of Medicine; Chattanooga, TN USA;
“College of Medicine; Kyung Hee University; Seoul, Korea

Key words: macroautophagy, autophagy,
flux, mice, in vivo, LC3, GABARAP,
GATE-16, leupeptin, cycloheximide

Abbreviations: ad lib., ad libitum; Avi,
early autophagosome; AVd, late auto-
phagosome; CTSB, cathepsin B; CHX,
cycloheximide; CytC, cytochrome Cj
EM, electron microscopy; L.P., intraperi-
toneal; LDH, lactate dehydrogenase; LE,

lysosome enriched
Submitted: 08/23/10
Revised: 02/03/11

Accepted: 02/08/11

DOI: 10.4161/auto.7.6.15100

*Correspondence to: Augustine M.K. Choi;
Email: amchoi@rics.bwh.harvard.edu

www.landesbioscience.com

Macroautophagy is a highly con-

served catabolic process that is
crucial for organ homeostasis in mam-
mals. However, methods to directly
measure macroautophagic activity (or
flux) in vivo are limited. In this study we
developed a quantitative macroautopha-
gic flux assay based on measuring LC3b
protein turnover in vivo after adminis-
tering the protease inhibitor leupeptin.
Using this assay we then characterized
basal macroautophagic flux in differ-
ent mouse organs. We found that the
rate of LC3b accumulation after leu-
peptin treatment was greatest in the
liver and lowest in spleen. Interestingly
we found that LC3a, an ATG8/LC3b
homologue and the LC3b-interacting
protein p62 were degraded with simi-
lar kinetics to LC3b. However, the
LC3b-related proteins GABARAP and
GATE-16 were not rapidly turned over
in mouse liver, implying that differ-
ent LC3b homologues may contribute
to macroautophagy via distinct mecha-
nisms. Nutrient starvation augmented
macroautophagic flux as measured by
our assay, while refeeding the animals
after a period of starvation significantly
suppressed flux. We also confirmed that
beclin I heterozygous mice had reduced
basal macroautophagic flux compared
to wild-type littermates. These results
illustrate the usefulness of our leupeptin-
based assay for studying the dynamics of
macroautophagy in mice.
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Introduction

Macroautophagy is a highly conserved
catabolic process by which cells transport
macromolecules and organelles to lyso-
somes for degradation.! In this process, a
double-membrane vesicle called an auto-
phagosome is constructed around cyto-
plasmic components that are targeted for
breakdown including, but not limited to,
proteins and damaged organelles. After
formation, the autophagosome undergoes
fusion events with lysosomes, progressively
acquiring hydrolytic enzymes and losing its
distinctive double-membrane structure.’
The products of digestion are recycled to
the cytoplasm via lysosomal permeases.’
After digestion is completed, primary lyso-
somes are then reconstituted via the bud-
ding of LAMP-1 positive structures from
autolysosomes.* Under basal conditions,
macroautophagy accounts for roughly
one-third of total cellular proteolysis but
it can be further stimulated by metabolic
or environmental cellular stressors such as
nutrient deprivation or hypoxia.”®

Atthe molecular level, macroautophagy
is a complex process that involves the par-
ticipation of at least 30 proteins.” These
proteins can be organized into three func-
tional groups:® (1) a group of serine/threo-
nine kinases, which include ATG1 and
mTOR, that sense the external nutrient
environment and initiate the process;’ (2)
a multiprotein complex containing Beclin
1 and PI3K activity that modifies the
nascent autophagosomal membrane;'*!?
and (3) a ubiquitin-like system that serves
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to insert a protein called ATG8/LC3b into
both sides of the autophagosomal mem-
brane by conjugating it to phosphatidyl-
ethanolamine.® The lipid-conjugated
form of LC3b (called LC3b-II) is critical
for autophagosome maturation and clo-
sure,” and serves as a convenient marker
for this structure.'®” LC3b-II inserted
into the luminal-facing surface of the
autophagosome membrane is degraded
by lysosomal cathepsins,’® while LC3b-1I
on the cytoplasmic-facing side is recov-
ered by delipidation.” The nonlipidated
form of LC3b, called LC3b-I, can then
be recruited for the construction of new
autophagosomes.'!”

Traditionally, macroautophagic activ-
ity was inferred through a variety of
techniques, including detection of auto-
phagosomes via electron microscopy
(EM),?° static levels LC3b-II on western

2! or the localization of vari-

blot analysis,
ous macroautophagy proteins to punctate
cytosolic structures.'* However, such static
measurements of the macroautophagy
machinery do not reliably correlate with
the rate of proteolytic activity gener-
ated by the system.???* Therefore there
has been an increasing interest in meth-
ods to directly measure macroautophagic
activity (or flux). The classical method of
measuring macroautophagic flux in tis-
sue culture is the bulk protein degrada-
tion assay,'® which measures the liberation
of radio-isotope tagged amino acids into
the tissue culture medium in the presence
or absence of 3-methyladenine. Recently,
multiple groups have developed alterna-
tive techniques based on measuring the
turnover of specific macroautophagy
substrates, including LC3b,”?% p62,7%°
NBRL* BHMT," and polyglutamine-
protein aggregates.”> However, existing
methods to measure macroautophagic flux
in vivo are less well developed and tend to
employ semiquantitative’>34 or qualitative
readouts.”

In this study, we developed a simple
quantitative methodology to measure
macroautophagic flux in mice via examin-
ing endogenous LC3b protein turnover.
Our method involves the administration
of leupeptin, a membrane-permeable thiol-
protease inhibitor that inhibits Cathepsin
B, H and L,’*¥ and also impairs amphi-
some-lysosome fusion.*® We demonstrated
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the utility of this assay by quantitatively
measuring macroautophagic flux in multi-
ple organs. We also tested the sensitivity of
the leupeptin assay for detecting changes
in macroautophagic flux as a consequence
of nutritional manipulation and genetic
deletion of the macroautophagy gene
beclin 1. Our results indicate that the leu-
peptin assay represents a useful approach
for analyzing macroautophagy dynamics
in vivo.

Results

Comparison of lysosomal inhibitors for
measuring macroautophagic flux in vivo.
To develop an LC3b turnover assay for in
vivo use, we first generated dose-response
curves for chloroquine, bafilomycin Bl
and leupeptin, three major compounds
that have been used to detect LC3b turn-
over in tissue culture cells (Fig. 1)." The
inhibitors were administered to mice via
intraperitoneal (i.p.) injection and the
animals were sacrificed 4 h thereafter.
We defined macroautophagic flux as the
increase in the 14 KDa lipidated LC3b
form (LC3b-II) on western blot analy-
sis that was induced by the addition of
inhibitor.”> While most LC3b-II protein
is autophagosome membrane-associated
and most LC3b-1 is located in the cytosol,
this distinction is not always absolute.?*#’
To ensure that the LC3b-II signal being
detected was membrane-associated, we
fractionated tissue extracts via centrifu-
gation at 20,000 g to obtain a lysosome
and autophagosome-enriched pellet frac-
tion (LE fraction).” The LE fraction
was enriched for lysosomal membrane
proteins and LC3b-II and was depleted
of cytosolic proteins such as LDH (Fig.
S1). Cytoskeletal proteins such as B-actin
distributed in both the cytosolic and the
LE fractions (Fig. S1). We quantified
LC3 band intensities on western blots by
extrapolating from a standard curve of
purified GST-LC3 protein that was run
alongside in each gel.

All three lysosomal inhibitors pro-
moted the accumulation of LC3b-II in
mouse liver (Fig. 1). However, chloro-
quine was less potent than previously
reported in reference 33 and doses greater
than 60 mg/kg were needed to obtain
a significant increase in LC3b levels

Autophagy

(Fig. 1A and B). While bafilomycin Bl
was effective at increasing LC3b-II lev-
els (Fig. 1B), the animals receiving this
compound developed signs of toxicity
within two h of administration including
piloerection and lethargy. In contrast leu-
peptin was well tolerated by the animals
and produced a strong, dose-dependent
increase in LC3b-1I in both the total tissue
extracts and the LE fraction (Fig. 1A and
B). To further confirm that leupeptin sta-
bilized LC3b-II protein in lysosomes, we
fractionated lung extracts on a Nycodenz
density gradient (Fig. 2). While leupeptin
had a minimal effect on the levels of LC3b
in low density cytoplasmic fractions, it
increased LC3b-II content in dense vesicu-
lar fractions consistent with lysosome and/
or autophagosome localization (Fig. 2B).
Leupeptin treatment also led to accumula-
tion of LC3a, a homologue of LC3b that is
82% identical to LC3b at the amino acid
level, in dense fractions (Fig. 2B).

At the EM level, leupeptin induced the
accumulation of electron-dense vesicular
structures that, in hepatocytes, were vis-
ible by 60 min after treatment (Fig. 3).
These structures tended to congregate
around bile canaliculi, which is the subcel-
lular localization expected for lysosomes
in hepatocytes (Fig. 3B).”? The structures
most resembled engorged lysosomes, late
autophagosomes (AVd) and amphisomes®®
in that they were delimited by single unit
membranes and contained heterogeneous,
decomposed material as well as the occa-
sional glycogen granule (Fig. 3C). The
abundance of early autophagosomes (AVi)
was not increased by leupeptin (data not
shown), consistent with prior observa-
tions.” On average, leupeptin increased
the cross-sectional area of the AVd/lyso-
somal compartment from 0.36% + 0.27%
(x1 SD) of total cytoplasmic area, to
2.50% + 0.33%, a 6.88-fold increase (p =
0.013, 2-tailed Student’s t-test, n = 4 ani-
mals per group; Fig. 3D). Importantly, the
magnitude of leupeptin-induced increases
in AVd/lysosomal area correlated with the
degree of induction in LC3b-II levels in
the LE fraction (Fig. 3E). Collectively,
these data suggest that leupeptin enhanced
LC3b-II levels in vivo by protecting this
protein from being degraded inside lyso-
somes. It therefore represents a valid
“chemical clamp” for determining the rate

Volume 7 Issue 6



A Total Extract B LE Fraction
CQ [mg/kg]
0 28 56 112
CQ [mg/kg]
LC3b-l
MW
0 56 112 [kDa] | LC3bI - -.d
LC3b- - 17
LC3b-I s 1 K LAMP-1
LAMP-1 ﬁ'114 Leupeptin [mg/kg]
0 9 18 36
Leupeptin [mg/kg]
LC3b-l - ./
0 9 18 36 LC3b-l - - -
LC3b- -
0 0.1 0.3
LC3b-l
LC3b-Il -

Figure 1. Comparison of lysosomal inhibitors for measuring macroautophagic flux in vivo. Mice received intraperitoneal (i.p.) injections of leupeptin,
chloroquine or bafilomycin B1 at the indicated doses and were sacrificed 4 h later. (A) Western blot analysis of LC3b in liver total extracts (20 pg per
lane, n = 2 animals per group). (B) Western blot analysis of LC3b in the liver LE fractions (10 pl per lane equivalent to 5% of the fractions by volume, n =
2 animals per group). LAMP-1 western blots are shown as loading controls.

of LC3b turnover, which is a marker of
macroautophagic flux.

Kinetics of LC3 protein turnover in
vivo. To determine the rate of LC3b-II
accumulation after leupeptin injection
we performed western blot analysis of the
LE fraction from mouse solid organs har-
vested 0-240 min after leupeptin treat-
ment (Fig. 4). Leupeptin treatment led to
a time-dependent increase in LC3b-1II that
was evident by 30—-60 min after admin-
istration in vivo (Fig. 4A). Of the organs
tested, liver demonstrated the largest and
most durable accumulation of LC3b-II,
while spleen demonstrated the least (Fig.
4A and B, and Table 1). In liver, LC3b-II
accumulated almost linearly with time
after leupeptin injection, whereas in lung,
kidney and spleen LC3b-II levels reached
a plateau by 60 min post-treatment. In
heart there was a strong initial increase
in LC3b-1II signal that then declined after
60 min, perhaps reflecting inactivation of
the drug in heart tissue or redistribution
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to other organs (Fig. 4A and B). In addi-
tion to LC3b, leupeptin treatment also led
to accumulation of LC3a-II (Fig. 4C), and
p62, an LC3b-binding protein that targets
ubiquitinated protein aggregates to the
autophagosome (Fig. S2).%% Leupeptin
treatment led to the accumulation of p62
monomer, as well as SDS-stable, slower
migrating p62-cross reactive complexes
(Fig. S2A). The effect of leupeptin on p62
was readily detectable in the LE fraction
(Fig. S2A), but was obscured when analyz-
ing total liver extract (Fig. $2B), implying
only a minority of p62 is targeted for deg-
radation in lysosomes under basal condi-
tions. Interestingly, levels of GATE-16 and
GABARAP, both LC3b-related proteins,'
did not increase in liver after leupeptin
treatment even up to several h post-injec-
tion (Fig. 4C and data not shown).

While GABARAP and GATE-16 are
highly similar to LC3b at the tertiary-
structure level,“ they are only roughly 30%
homologous to LC3b at the amino-acid
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level. As such the apparent differences in
turnover between the LC3 protein homo-
logues might be explained by a lower vul-
nerability of GATE-16 and GABARAP to
leupeptin-sensitive proteases, rather than a
true difference in turnover rate. To exam-
ine this possibility, we directly measured
the half-lives of the LC3-family proteins in
vivo. We reasoned that if LC3b was indeed
degraded more rapidly than GATE-16
and GABARAP, then LC3b should have
a shorter half-life. Moreover the decay of
LC3b should be strongly attenuated by leu-
peptin, consistent with lysosomes being the
dominant site of LC3b clearance. To inves-
tigate these hypotheses, we injected mice
with cycloheximide (CHX), a classic inhib-
itor of translation used to determine protein
halflife in vitro and in vivo.”* CHX was
previously shown to rapidly inhibit protein
translation in mouse liver when adminis-
tered via ip. injection.”* Importantly,
while prolonged exposure to cycloheximide
can inhibit macroautophagy, short term
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Figure 2. Subcellular fractionation and localization of LC3b following leupeptin treatment. Mice
were treated with PBS or leupeptin (20 mg/kg i.p.) and sacrificed 1 later. Lung homogenates (3 mg
total protein pooled from n = 3 animals per group), were separated by centrifugation through a
30% Nycodenz density gradient. Fraction 1 represents the lowest density fraction and fraction 8
the highest density fraction. (A) Acid phosphatase activity, a marker of lysosomal membranes, was
measured for each fraction (10 pl per fraction). (B) Western blot analysis for the indicated proteins
(10 wl per lane). Peak fractions for acid phosphatase activity, indicating the presence of lysosomes,
are underlined. Data are representative of three independent experiments.

treatment with CHX (on the order of 1 h)
was shown not to impair macroautophagic
flux.**>° We found that CHX treatment led
to a dose-dependent decrease in LC3b and
LC3a levels in mouse liver (Fig. 5A). We
observed that the optimal dose of CHX
was 40 mg/kg, a dose previously shown to
inhibit translation by over 95% in mouse
liver.”” At this dose, LC3b-II levels were
reduced by approximately 80% one h after
CHX administration (Fig. 5B). In con-
trast, CHX treatment had a minimal effect
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on the levels of GABARAP and GATE-16
(Fig. 5A).

To determine the kinetics of LC3 pro-
tein decay, mice were sacrificed 0-90 min
after CHX injection. We found that, in
liver, LC3b-II and LC3a-II decayed with a
half-life of roughly 10 min in the presence
of CHX (Fig. 6A and B). Pretreatment of
the animals with leupeptin 60 min prior
to CHX administration stabilized levels of
both LC3b-II and LC3a-1I (Fig. 6A and
B). Specifically, leupeptin pre-treatment
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led to retention of LC3b-II and LC3a-11
signal in the LE fraction but not in the
cytosolic fraction (Fig. 6A and B). Levels
of GABARAP and GATE-16 were not
significantly affected by CHX treatment
(Fig. 6B). Levels of p62 in total liver
extracts were also not reduced by CHX in
the 90 min timeframe we analyzed (Fig.
S2C), suggesting only a minority of p62
proteins are targeted for rapid degradation
in lysosomes.

To investigate whether the organ-spe-
cific differences that we observed in LC3b
turnover using the leupeptin assay coin-
cided with measurable differences in half-
life, we compared the half-life of LC3b in
the lungs versus the liver in CHX-treated
mice. We found that LC3b-II decay in
lung was more gradual compared to liver,
with an approximate half-life of 30 min
as opposed to 10 min (Fig. 6C). The
three-fold difference in LC3b-II half
life between lung and liver was similar
to the approximately 2.9-fold difference
in LC3b-II accumulation between these
organs after leupeptin treatment (Table 1).

Finally, to confirm that the rapid decay
of LC3b seen in presence of CHX was a
product of translational inhibition rather
than an off-target effect, we measured
LC3b half-life in the presence of puromy-
cin, a chemically distinct inhibitor of trans-
lation (Fig. S4).”' At a puromycin dose of
300 mg/kg i.p. (a dose sufficient to inhibit
liver translation by 90%°'), LC3b-II levels
rapidly declined similar to CHX treat
ment, although the half-life was somewhat
longer (approximately 38 min as opposed
to 10 min). In summary we found that leu-
peptin treatment can be used to measure
LC3b protein turnover in multiple organs,
and that LC3a and p62 can serve as sur-
rogate markers for flux measurements.
However, while the LC3b homologues
GABARAP and GATE-16 can be recov-
ered from the LE fraction, their rate of
degradation within lysosomes was slower
despite their structural similarity to LC3b.

Validation of the leupeptin assay for
measuring macroautophagy regulation
in vivo. To test the sensitivity of our leu-
peptin assay for detecting regulation of
macroautophagy in vivo we measured
LC3b turnover in the setting of calorie
starvation, which is a known stimulator
of macroautophagic activity (Fig. 7). As
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Figure 3. Ultrastructural changes in autophagosomes and lysosomes induced by leupeptin treatment. (A) Representative electron micrograph at
1,900x of a hepatocyte from a PBS treated animal. Scale bar = 2 pm. (B) Representative micrograph at 1,900x of a hepatocyte 60 min after injection of
40 mg/kg leupeptin. A bile canaliculus (BC) is denoted by a yellow arrow. Scale bar = 2 pm. (C) 5,800x magnification of the framed area in (B) demon-
strating engorged lysosomes and late autophagosomes (yellow arrowheads). The nucleus (N) and a representative mitochondria (M) are labeled in
blue. Scale bar = 500 nm. (D) Morphometric analysis of autophagosome (AV) and lysosome cross-sectional area in hepatocytes as a fraction of total
cytoplasmic area. Filled bar represents the mean + SD for leupeptin treated livers and the open bar represents the mean + SD for PBS treated livers

(n =4 animals per treatment pooled from two independent experiments; n = 20 randomly selected hepatocytes per specimen). LC3b western blots
for all eight liver specimens that were included in the morphometric analysis are depicted above the bar graph. *p = 0.01, Students 2-tailed t-test. (E)
Scatter plot depicting the induction of AV-lysosome area versus the induction in LC3b-Il content in the LE fraction of the four leupeptin-treated livers
depicted in (D). A linear regression line is also depicted.

judged by the leupeptin assay, starvation
increased mean LC3b-II turnover in liver
from 37.90 to 53.94 ng LC3b-II per mg
total protein (a 45% increase), compared
to control fed mice (Fig. 7C and Table
2). These differences were statistically
significant (p = 0.04, Student’s 2-tailed
t-test, Table 2). Re-feeding the mice after
the starvation period, a maneuver which
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stimulates mTOR activity,” significantly
inhibited macroautophagic flux (Fig. 7
and Table 2).

Previously, beclin I heterozygous
mice were shown to have impaired mac-
roautophagic activity as evidenced by
reduced GFP-LC3b clustering in muscle
in response to starvation.”® This pheno-

type was seen in conjunction with a 50%
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reduction in Beclin 1 protein in heterozy-
gous animals.”> However many generations
of inbreeding since the initial description
of the beclin I depleted strain may have led
to a reduction in the gene-dosage effect
due to negative selection pressure. Indeed
one later report found near normaliza-
tion of basal levels of Beclin 1 protein in
the heterozygous animals.’® Therefore we
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Figure 4. Kinetics of LC3 accumulation in different organs after injection of leupeptin. Mice were
injected with 40 mg/kg leupeptin and sacrificed at the indicated time points. (A) Western blot
analysis of LC3b in the LE fraction of each indicated organ (10 .l per lane, n = 4-5 animals per time
point). LC3b-Il is indicated by an arrowhead. LAMP-1 in liver is shown as a loading control (see Fig.
S3 for additional controls from other organs). (B) Quantification of LC3b-Il content in the LE frac-
tion normalized to total protein (see also Table 1). Each point represents the mean + 1 SD. Data are
representative of two independent time-course experiments. (C) Western blot analysis of LC3a,
GABRAP and GATE-16 content in the liver LE faction 90 min after treatment with PBS or 40 mg/kg
leupeptin. LAMP-1 is shown as a loading control. Data are representative of three independent

wondered whether more contemporary
generations of beclin 1 heterozygous mice
retained the original defect in macro-
autophagy. To investigate this, we com-
pared basal macroautophagic flux in the
livers of beclin 1"+ and beclin I*"~ animals
using the leupeptin assay (Fig. 8). We
found a mild decrease in LC3b turnover
in beclin I*" mice compared beclin I*"
litter mates that did not reach statistical
significance via the leupeptin assay (Fig.
8). We also noted a mild prolongation
in LC3b-II halflife in beclin 1"~ mice
compared to wild-type litcter mates (Fig.
S5). However, there was a more signifi-
cant reduction in p62 turnover in beclin
I"" animals compared to wild-type litter
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mates (Fig. 8). Surprisingly, these differ-
ences were evident despite the fact that our
contemporary colony of beclin 1 heterozy-
gotes no longer demonstrated a reduction
of Beclin 1 at either the protein or mRNA
level, at least in the livers of 6—8-week-old
male animals (Fig. S6). Taken together
we found that the leupeptin assay is suf-
ficiently sensitive to detect regulation
in macroautophagic activity caused by
nutritional manipulation or by macro-
autophagy gene deletion.

Discussion

In this study we established a new in
vivo assay for measuring LC3b turnover,

Autophagy

which is a popular approach for estimat-

1622 1n our

ing macroautophagic flux.
assay, leupeptin is administered to mice
via i.p. injection, producing an increase in
LC3b-II signal in autolysosomes that can
be quantitatively measured. Previously
leupeptin has been used to measure LC3b

1055 and also

turnover in tissue culture cells
to detect the sequestration of cytosolic
enzymes in lysosomes in vivo.’®” Our
protocol combines aspects of these earlier
reports to enable the quantitative mea-
surement of LC3b turnover via macro-
autophagy in vivo.

Currently there is a need for new meth-
ods to measure macroautophagic flux that
are technically simple, and which can
complement or refine previously described
approaches. For example, the bulk protein
degradation assay has been used in vivo,”
but it is cumbersome and has not been
extensively employed in animal models.
Static levels of p62 have been advanced
as a marker for macroautophagic flux in
vivo, with reduced levels of this protein
indicating increased catabolic activity.”
However static levels of p62 represent a
balance between new protein synthesis
and clearance, and so this readout requires
validation to ensure that changes in p62
quantity are not a function of altered tran-
scription or translation rather than deg-
radation. It may be more straightforward
to directly measure p62 turnover using
the leupeptin assay rather than trying to
infer its rate of turnover based on steady-
state levels. Ju et al.** developed an assay to
measure macroautophagic flux in skeletal
muscle based on the decay of transfected
polyglutamine-luciferase fusion proteins.
This assay directly measures macroau-
tophagic flux but relies on the clearance
of exogenous substrates that are overex-
pressed, and has not yet been extended
to other organs beyond muscle. The lyso-
somal inhibitor chloroquine has been used
to measure endogenous LC3b turnover
in heart muscle.”® While straightforward,
the use of chloroquine has not been vali-
dated for measuring macroautophagic
flux in other organs. Chloroquine also
has anti-inflammatory effects,”®*® which
make it less desirable for measuring mac-
roautophagic flux in the setting of animal
models of inflammation or
Finally, Ju et al.*

infection.
recently developed an
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LC3b turnover assay to measure macro-
autophagic flux in skeletal muscle using
colchicine treatment. As with previous
efforts their assay has so far been validated
for only a single organ (skeletal muscle).**
Moreover their assay requires a two-day

treatment with colchicine,?*

and so pro-
vides a two-day average of LC3b turnover
that may miss dynamic changes in mac-
roautophagic flux that occur over shorter
time-frames.

The leupeptin assay we describe here
offers some advantages over these previ-
ously described methods to measure mac-
roautophagic flux. First, our assay detects
the turnover of endogenous LC3b, LC3a
and p62, as opposed to exogenous polyglu-
tamine repeat-luciferase fusion proteins®
or GFP-LC3b whose rate of decay might
differ from endogenous LC3b.?” Second,
we validated the leupeptin-based assay
in multiple solid organs including liver,
heart, lung, kidney and spleen. Third, by
utilizing a lysosome and autophagosome
enriched fraction for measuring flux, our
method adds a level of specificity that
is not present when analyzing unfrac-
tionated lysates. Fourth, we employed
a straightforward means of quantifying
macroautophagic flux by extrapolating the
intensity of LC3b-II against a standard
curve of purified GST-LC3b. Finally, our
method offers an alternative to chloro-
quine and colchicine for the in vivo mea-
surement of LC3 protein turnover. While
both of these compounds are effective at
increasing LC3b-II levels they are potent
anti-inflammatory agents that interfere
with TNFa activity.*®* As such, the leu-
peptin assay may be advantageous when
measuring macroautophagic flux in mouse
models of infection or inflammation.

In validating the leupeptin assay we
made several novel observations of basal
macroautophagic activity. First, we found
that the amount LC3b-II accumulation
after i.p. injection of leupeptin differed
considerably between organs, and was
highest and most sustained in the liver
(Fig. 4 and Table 1). Potentially, this
could reflect a differential potency or bio-
availability for leupeptin in different organ
types.®®* An alternate explanation for our
data is that liver harbors higher levels of
basal macroautophagic activity. Such a
conclusion might be supported by the
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Table 1. Comparison of basal LC3b turnover in different mouse organs

LC3b-Il in LE fraction LC3b-Il in LE fraction LC3b-II flux (Difference in

Organ (PBS) [ng/mg total (Leupeptin) [ng/mg LC3b-Il between leupeptin
protein] total protein] and PBS treated mice)
Liver 269+3.8 69.1 + 24.7 (0.041) 421 £24.7
Heart 429+79 57.7 £ 6.4 (0.032) 148 £ 6.4
Lung 22.0+3.2 36.4 + 8.5 (0.024) 14.4 £8.5
Kidney 20.2+4.8 33.5+4.9(0.001) 13.3£4.9
Spleen 26.1+6.2 37.1 £8.9 (0.220) 11.0£89

Mice (n =4 per group) were injected with PBS or 40 mg/kg leupeptin and sacrificed 60 min-

utes later. LE fractions were prepared from the indicated organs as described in Materials and
Methods and analyzed via western blot analysis for LC3b. LC3b-II content was quantified from
densitometric analysis of western blots (Fig. 4A), using a standard curve of GST-LC3b protein run
alongside for extrapolation. Values represent mean LC3b-Il content normalized to total protein +1
SD. p-values (parentheses) were generated using the Student’s 2-Tailed t-test comparing LC3b-II
levels in leupeptin-treated versus PBS-treated animals. Values for LC3b-II flux were generated by
subtracting the LC3b-Il content in leupeptin-treated animals from the mean value for PBS-treated
animals.
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Figure 5. Cycloheximide decreases LC3b and LC3a protein levels in a dose-dependent manner.
Mice were injected with 0-40 mg/kg cycloheximide and sacrificed 1 hlater. (A) Western blot analy-
sis of indicated proteins in liver total extract (20 pug per lane). LC3b-Il and LC3a-Il are indicated

by arrows. Western blot analysis of Lactate Dehydrogenase (LDH), a known long-lived protein, is
shown as a negative control. (B) Quantification of LC3b-II signal, normalized to LC3b-Il content in
the control-treated (PBS) animals. Bars represent the mean + 1 SD. *p < 0.05 (Student’s two-tailed
t-test).
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Figure 6. Kinetics of LC3b decay after injection of cycloheximide. Mice (n = 2-3 per group) were injected with 40 mg/kg cycloheximide and sacrificed
at 0-90 min later. Additionally, mice were pretreated with 40 mg/kg leupeptin 1 h prior to administering cycloheximide (“Leup.”), and then sacrificed
60 min after the cycloheximide dose. (A) Western blot analyses of LC3b in liver total extracts (“Total”, 20 pug per lane), cytoplasmic fractions (“Cyto”, 10
wl per lane) and LE fractions (“LE”, 10 pl per lane). LC3B-Il is indicated by an arrowhead. Analysis of B-actin in liver total extract is shown as a loading
control. Data is representative of two independent time-course experiments. (B) Western blot analysis of LC3a, GABARAP and GATE-16 levels in liver LE
fractions (10 pl per lane). LC3a-Il is indicated by an arrowhead. Analysis of -actin is shown as a loading control. (C) Analysis of LC3b decay in lung total
extracts after injection of cycloheximide (10 wl per lane). Quantification of LC3b-Il decay in liver and lung total extracts is graphically depicted below.
Open circles represent liver and closed squares represent lung. Each data point represents the mean + 1 SD. *p < 0.05 lung versus liver by Student’s

shorter half life of LC3b-II we observed in
liver compared to lung after cycloheximide
treatment, a compound which is chemi-
cally dissimilar to leupeptin (Fig. 6C).
Irrespective, a direct comparison of flux
between organs is potentially misleading,
since macroautophagy likely contributes
to cellular homeostasis somewhat differ-
ently in different specialized tissue types.
Nevertheless, the fact that LC3b-II turn-
over is very robust in the liver may suggest
that macroautophagy plays a significant
role in the physiologic contributions of this

organ even under nutrient-rich conditions.
More research is needed to clarify the role
of macroautophagy in metabolism.
Second, we found that LC3b turnover
is very rapid, with a halflife of approxi-
mately 10 to 40 min, depending on the
organ studied and the translation inhibi-
tor used. This data is consistent with the
results of Schworer et al.”° who determined
the half life of autophagosomes in hepa-
tocytes to be roughly 8 min, based on an
EM analysis. Our results are also in line
with those of Fass et al. who estimated the

average life span of GFP-LC3 puncta to be
35-40 min.

We also found that the LC3b-related
proteins LC3a, GABARAP and GATE-16
were turned over with different kinetics in
liver. LC3a-II levels were enhanced by leu-
peptin treatment similar to LC3b and also
had asimilar half-life after CHX treatment,
while GABARAP and GATE-16 were not
as rapidly turned over in our assays. This is
striking because all three of these proteins
have conformational structures that are
similar to LC3b, and all have been shown

Figure 7 (See opposite page). Comparison of LC3b turnover in starved and refed animals. Mice were fed ad lib., calorie-starved for 18 h or starved for
17 h and then given access to food for 1 h (“Refed”). The mice were then injected with leupeptin (40 mg/kg) or PBS and sacrificed 1 and 3 h thereafter.
(A) Western blot analysis of LC3b levels in liver LE fractions (10 pl per lane). (B-D) Quantification of LC3b-Il in the LE fractions of mice fed ad lib. (B),
calorie starved (C) and refed (D). Closed squares represent the mean + 1 SD of PBS treated mice (n = 3) and open squares represent the mean +1 SD of
leupeptin treated mice (n = 3). (E) LC3b-Il turnover (flux), defined as the LC3b-Il content in leupeptin treated animals minus the mean LC3b-Il content

in the PBS-treated animals. Each symbol represents the mean + 1 SD (n = 3). Red squares represent results for calorie-starved animals, black squares
for ad lib.-fed animals and blue triangles for refed animals. *p < 0.05 1-tailed Student’s t-test. *p < 0.05 2-tailed Student's t-test. Data is representative of
three independent experiments. See also Table 2 for additional results.

636

Autophagy

Volume 7 Issue 6



A Duration of Treatment

_A—
— —~

1 Hr. 3 Hrs.

Leupeptin: - + - + MW [kDa]

Ad LD, | e e 17

SLArVAtioN | s s s o w o amana 17

Refed (2 2 S S8 aBiiaad|

B 100 C 100
20 —O—Ad Lib: Leupeptin 90 1 —O— Starvation: Leupeptin

S —=—Ad Lib: PBS ) —=- Starvation: PBS

£ 80 - £ 80

L 4

& 70 - E 70 -

S S

S 60 P 60

f=2 =]

£ 50 £ 50

3 @

o 40 2 40

(= [=2]

S 30 %\i S 30 -‘\.

8 20 1 B 20 1

9 ut

=10 - 10 1

0 ; 0 - K :
0 1 2 3 4 0 1 2 3 4
Duration of Treatment [Hours] Duration of Treatment [Hours]

D 100 E 8o

— 90 | ~©—Refed: Leupeptin —e-— Starvation

£ —#-Refed: PBS 701  —m-AdLib. I

= 80

° — —— Refed

x £ 60 %
5 0 E

° 60 | Fa 507 i
[=] w o -

€ 50 1 =S 40

3 s o

o 40

=] 3 E 30 1

E 30 - M g

i @ 20 L

8 20 =

= 10 10

#
0 T T T 0 : !
0 1 2 3 4 0 1 2 3 4
Duration of Treatment [Hours] Duration of Treatment [Hours]

Figure 7. For figure legend, see page 636.
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Table 2. LC3b turnover is stimulated by starvation and suppressed by refeeding

LC3b-Il [ng per mg total protein]

Treatment: Fed ad lib.
PBS 3791 £13.93
Leupeptin 78.18 + 19.79

Change After leupeptin

(LC3b-11 flux) 37.21 £ 10.38

Starvation Refed
49.77 + 25.97 36.20 + 11.39
109.21 £ 23.57 39.21 £9.88

53.94 + 14.28" 3.00 + 2.17*

Quantification LC3b-Il content in liver 3 hours after injection with 40 mg/kg leupeptin or PBS.
Data is pooled from 2 independent experiments (n = 9 for ad lib. diet; n = 9 for animals calorie-
starved for 18 hours; n = 6 for animals refed for 1 hour after 17 hours of starvation). Values repre-
sent the mean 1 SD. "p = 0.04; “p < 0.001 Student’s 2-Tailed t-Test versus mice fed ad lib.

to be targeted to autophagosome mem-
branes.”* Moreover, a recent proteomic
screen for ATG8/LC3 interacting pro-
teins found that the known mammalian
LC3 homologues largely share the same
interacting proteins.® One explanation
for our findings is that LC3b and LC3a
might be more abundantly recruited to
the interior of developing autophagosomal
membranes compared to GABARAP and
GATE-16, and so the steady-state lev-
els of LC3a and LC3b are more greatly
influenced by macroautophagic turnover.
In fact, a recent functional analysis of the
LC3 and GABARAP subfamilies in HelLa
cells suggested that LC3b is recruited to
autophagosome membranes during the
elongation phase of their biogenesis.” In
contrast GATE-16 is required for sealing
of the nascent autophagosome membrane
and dissociation of the ATG5-12-16L
complex. This might imply that GATE-
16 and its close homologue GABARAP
are enveloped by autophagosomes in lower
quantity than LC3b and LC3a, thereby
explaining the different turnover rates of
these proteins in our assays.

Finally, our assay confirmed that beclin
I heterozygous mice have mildly decreased
macroautophagic flux under basal con-
ditions. While this result was intuitively
expected, a quantitative measurement of
flux in these mice in vivo had not previ-
ously been reported. Flux measurements
are important in mutant mice, such as

beclin 1 heterozygotes, where the defect in
macroautophagy is partial and selection
pressure over many generations of inbreed-
ing can lead to phenotypic drift. Given the
growing availability of genetically altered
mice containing complex mutations or
deletions in macroautophagy genes it will
be important going forward to perform
in vivo measurements of macroautopha-
gic flux when using these mice, in order
to better understand the contribution
of macroautophagy to the observed phe-
notypes. Moreover, the assays described
here provide a way of analyzing poten-
tial synergisms between macroautophagy
gene mutations and external factors such
8 age’()()

as diet,**" gender,® and circadian

thythm.”®

Currently, LC3b turnover is one of
the most commonly utilized means for
inferring macroautophagic flux.?> While
our experience confirms the value of
LC3b turnover assays for in vivo mea-
surement of flux, it is worth noting some
caveats to this approach. LC3b is specifi-
cally recruited to autophagosome mem-
branes and as such the quantity of LC3b
engulfed by a given autophagosome is a
function of its surface area. In contrast,
the rate of bulk degradation generated
by the macroautophagy system is a func-
tion of the volume of cytoplasm being
sequestered by autophagosomes. This
distinction is important because auto-
phagosomes produced under starvation

conditions are roughly 50% larger than
those produced under basal conditions,”
and therefore have a lower surface area
to volume ratio. As such the quantitative
relationship between LC3b turnover and
bulk protein turnover can vary to some
degree. Utilizing assays based on p62
or NBR-1 turnover” will not circum-
vent this issue because the engulfment
of these proteins by autophagosomes is
dependent on binding to LC3b-II,%7"72
and so these proteins are themselves indi-
rectly membrane-associated. One addi-
tional caveat of LC3b turnover assays is
the assumption that LC3b is recruited
to autophagosome membranes at similar
densities irrespective of the stimuli used to
elicit autophagosome production. To our
knowledge there is no literature directly
addressing this point but, interestingly,
autophagosomes produced in response to
starvation have higher fusogenic activity
in vitro than autophagosomes produced
in the basal state.” Since yeast ATGS8 can
promote the vesicle tethering and hemi-
fusion in vitro,”? it may be important to
investigate the degree to which LC3b den-
sity on autophagosome membranes might
vary under differing stimuli. Finally,
LC3b turnover assays will not detect deg-
radation occurring through the recently
described non-canonical macroautophagy
pathway because autophagosomes pro-
duced by this process do not incorporate
LC3b.”* Although these caveats should be
kept in mind when interpreting results,
we found that the approach of measuring
LC3b turnover is clearly capable of detect-
ing physiologically relevant differences in
macroautophagic flux between organs
and between animals of different genetic
backgrounds. As such it represents both a
powerful and feasible approach for gaug-
ing macroautophagic flux in vivo.

In summary, we demonstrate a useful
leupeptin-based assay for estimating mac-
roautophagic flux in vivo. This method
should prove valuable for investigating the

Figure 8 (See opposite page). Analysis of basal macroautophagic flux in beclin 1+ and beclin ¥ mice using the leupeptin assay. Mice were injected
with PBS or 40 mg/kg leupeptin and sacrificed 0-180 min later (n = 3-4 mice per time point). (A) Western blot analysis for LC3b (top part), p62 (middle
part) and B-actin (loading control; lower part) are shown. Each lane represents the liver LE fraction derived from an individual animal (10 wl per

lane). The positions of LC3b-II, p62 monomer and B-actin are depicted by arrows. (B) Quantification of LC3b-II content (left graph) and p62 content
(right graph) derived from the western blots depicted in (A). Symbols represent the mean + 1 SD (n = 3-4). Solid lines represent values for beclin 1+*
animals and dashed lines represent values for beclin 1+ litter mates. *p < 0.05 wild-type versus beclin 1 mice (Student’s 2-tailed t-test). (C) Bar graphs
depicting LC3b-1l and p62 flux in liver 1 and 3 h after leupeptin treatment. Solid bars represent mean + 1 SD (n = 3-4) for beclin 1+ mice and grey bars
represent mean results for beclin 1+ litter mates. *p < 0.05 beclin 1% versus beclin 17+ mice (Student's 2-tailed t-test).
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regulation of macroautophagy in mam-
malian models of complex diseases.

Materials and Methods

Reagents. LC3b antibodies were obtained
from Novus Biologicals (NB 100-2220
and NB600-1384), LC3a antibodies were
obtained from Abcam (ab52628). We veri-
fied that our LC3b and LC3a antibodies
were selective for their specific homologues
by western blot analysis against purified
GST-LC3b and LC3a-His fusion proteins
(data not shown). Antibodies to GATE-
16 were obtained from Abcam (ab52470).
Antibodies to GABARAP (SC-28938),
LAMPI (SC-19992), LAMP2 (SC-
71492), B-actin (SC-69879), Cathpesin B
(SC-13985), Cytochrome C(SC-7159) and
a-tubulin (SC-12462), were obtained from
Santa Cruz Biotechnologies. Leupeptin
hemisulfate (L-2884 and L-8511), chlo-
roquine (C6628), cycloheximide (01810),
bafilomycin Bl (11707), p62-antibody
(P0067) and puromycin dihydrochloride
(P7255) were obtained from Sigma. GST-
LC3b fusion protein was generated by
transformation of pGST-LC3 (a generous
gift of Tamotsu Yoshimori), into B21DE3
cells (Strategene 200131) as described in
reference 14. Recombinant p62-His, pro-
tein (NBP1-44490) was obtained from
Novus Biologicals. Recombinant His -
LC3a protein (UL-430) was obtained
from BostonBiochem.

Mice. C57BL/6NCrl male mice (6—8
weeks old, 20-25 g) were obtained from
Charles River Laboratories. Beclin 17+
and beclin I"" mice were a generous gift
from Beth Levine.”® Mice were housed
in shoe box-type cages under a 12 h day/
light cycle and fed a standard 20% pro-
tein rodent diet, according to the regula-
tions of the American Association for the
Accreditation of Laboratory Animal Care.
For experiments involving calorie starva-
tion, food was withdrawn for 17-18 h but
water was provided ad libitum (ad lib.).
For all experiments mice were euthanized
with phenobarbital (120 mg/kg i.p.) and
exsanguinated via direct cardiac puncture.
All animal experimental protocols were
approved by the Harvard Medical School
Institutional Review Board.

Leupeptin assay for measuring mac-
roautophagic flux. Mice received i.p.

640

injections of 0.5 ml sterile Phosphate
Buffered Saline (PBS, GIBCO 10010)
or 0.5 ml PBS containing 9-40 mg/kg
leupeptin hemisulfate. In other experi-
ments (Fig. 1), mice alternatively received
28-112 mg/kg chloroquine in PBS or
0.1-0.3 mg/kg Bafilomycin Bl in PBS.
After injection, the mice were returned
to their cages and provided free access
to food and water unless they were being
subjected to calorie-starvation for experi-
mental purposes. At specified time points
after injection, the mice were euthanized
and their solid organs were manually dis-
sected and flash frozen in liquid nitrogen.
In experiments in which macroautophagic
flux was compared between treatments
(for example starvation versus fed; Fig. 7)
or genotypes (beclin 1*"* versus beclin 17",
Fig. 8), care was taken to dissect the dif-
ferent experimental groups in parallel to
ensure they were exposed to leupeptin for
equal amounts of time. Since ischemic
conditions can potentially affect macroau-
tophagic flux, we sought to minimize the
time between euthanizing the animals and
flash-freezing their organs (preferably less
than 5 min per animal). Organ extracts
were prepared using a 15 ml capacity
dounce homogenizer (Belco Glass Inc.,
NC9791614). For liver extracts the left
lobe was placed in 7 ml of detergent-free,
cold Homogenization Buffer (10 mM Tris
pH 8.0, 5 mM EDTA, 250 mM Sucrose, 1
protease inhibitor tablet per 50 ml (Sigma,
$8830)), and subjected to 10 strokes with
the “loose” pestle and 15 strokes with the
“tight” pestle. The crude homogenate was
then centrifuged at 700 g for 10 min at
4°C to pellet nuclei and debris and the
supernatant was saved (post-nuclear S1).
To obtain a lysosome enriched (LE) frac-
tion, 2 mg of post-nuclear S1 in 1 ml
homogenization buffer was transferred to
1.5 ml microcentrifuge tubes and centri-
fuged at 20,000 g for 30 min at 4°C." The
supernatant was kept and labeled cytoplas-
mic fraction. The pellet was washed twice
with 1 ml cold Homogenization Buffer
and re-suspended in 200 pl of 1x LDS
SDS-PAGE Sample Buffer (Invitrogen,
NP0007) containing 1 mM DTT (labeled
LE fraction). The LE fraction was directly
solubilized in SDS-PAGE sample buffer
to ensure maximum recovery of LC3b in
line with prior suggestions.” To quantify

Autophagy

LC3b levels we performed western blot
analysis, with a standard curve consisting
of purified GST-LC3b protein run along-
side in the same gel (range 10 ng—0.1 ng
protein per lane). While it is preferable to
perform SDS-PAGE on the LE fraction
directly after it is prepared, we found this
fraction was stable for up to two freeze-
thaw cycles in SDS-PAGE sample buf-
fer when the samples are stored in liquid
nitrogen (data not shown). The blots were
analyzed by densitometry and LC3b or
p62 band intensity was converted to pro-
tein quantity by extrapolation from the
standard curve using regression analysis
tools in Microsoft Excel 2003 (Microsoft
Corporation). GST-LC3b content was
converted to endogenous LC3b content
by multiplying by a factor of 2.5, and this
value was then normalized to mg of total
protein. To standardize our quantification
methods, we defined macroautophagic
flux as the difference in LC3b-II quantity
on western blots obtained in the presence
versus the absence of inhibitor. For experi-
ments where p62 turnover was quantified
(Fig. 8), we defined flux as the difference
in the sum of all p62-cross reactive bands
greater or equal to 62 kDa in order to
include consideration of the high-molecu-
lar weight species. Since the recombinant
protein we used for p62 quantification was
a 40 kDa partial fragment we adjusted the
extrapolated values by diving by a factor of
1.55 and this value was then normalized to
mg of total protein.

Density gradient centrifugation. 30%
Nycodenz density gradients were prepared
in 5 ml Polyallomar tubes (Beckman,
326819) by freeze-thawing as described
in reference 75. Lung homogenate (3 mg
pooled from n = 3 animals) in 0.5 ml
homogenization buffer was layered on top,
and centrifuged at 35,000 rpm (116,000
RCFan) in a Beckman sw55Ti rotor at
4°C for 1 h. 400 pl fractions were col-
lected from the top and 10 pl from each
fraction was analyzed by western blot for
LC3 proteins or protein markers of cytosol
(o-tubulin), mitochondria (Cytochrome
C) or lysosomes (LAMP-1, Cathepsin B).
Fraction 1 represented the lowest density
fraction and fraction 8 the highest den-
sity. Alternatively, 10 wl of each fraction
was assayed for acid phosphatase activ-
ity, a lysosome membrane marker, using a
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commercial kit (Sigma, CS0740) accord-
ing to the manufacturer’s instructions.
EM
Approximately 2 mm thick liver fragments
were cut from the tip of the left lobe and
then fixed by immersion in 2.5% gluter-
aldehyde overnight. This was followed by

osmication in 1% osmium tetroxide/1.5%

morphometric analysis.

potassium ferrocyanide and staining with
1% uranyl acetate. The samples were
then dehydrated and embedded in Taab
812 Resin (Marivac Ltd., Nova Scotia,
Canada). 95 nm sections were cut with
the Leica ultracut microtome, picked up
on 100 pwm formvar coated Cu grids,
stained with 0.2% lead citrate and imaged
under the Philips Technai BioTwin Spirit
Electron Microscope. For each tissue
section, 20 random pictures of peripor-
tal hepatocytes were digitally captured
at 1,900x (which allowed capture of an
entire hepatocyte in the photographic
field), and at 5,800x. The microscopist
generating the pictures was blinded to
the sample identity. Morphometric analy-
sis of the 1,900x samples was conducted
by a different investigator, who was also
blinded to sample identity, using Image]
software (available at http://rsbweb.nih.
gov/ij/) essentially as described in refer-
ence 20. We defined early autophagosomes
(Avi) as vesicles fully enclosed by two-
unit membranes that contained material
of similar density and consistency to the
nearby cytoplasmic ground substance.
Structures meeting these criteria for AVi
but which were located close to a hepa-
tocyte free-margin were excluded. Late
autophagosomes (AVd) or lysosomes were
defined as vesicles enclosed by a single
unit membrane that contained dense, het-
erogeneous or partially digested-looking
material when compared to the nearby
cytoplasmic ground substance or nearby
mitochondria.

Quantitative real time PCR. Total
RNA was isolated from beclin I*"* and
beclin I"" mouse liver tissues using the
RNeasy Mini Kit (Qiagen, 74104) as per
the manufacturer’s protocol. On-column
DNase I treatment was performed at
room temperature for 15 min using the
Rnase free DNase (Qiagen, 79254) to
remove the traces of genomic DNA, and
the isolated RNA was eluted with 30 wl
of RNase-free water. RNA concentrations

www.landesbioscience.com

were measured with a Nanodrop spectro-
photometer (Nanodrop Technologies).
RNA quality was assessed in each sample
using the RNA 6000 Nano chip Kit
(Agilent Technologies, 5065-4776) on
the Agilent 2100 Bioanalyzer (Agilent
Technologies). The RNA Integrity
Number (RIN) of the samples analyzed
was 9.2 + 0.6 (mean + SD).

Reverse transcription was carried
out using the Applied Biosystems High
Capacity ¢cDNA Reverse Transcription
Kit (Applied Biosystems, 4368813). One
microgram total RNA from each sample
was reverse transcribed into cDNA using
random hexamer primers in a final vol-
ume of 20 wl as per the manufacturer’s
protocol.

Real-time PCR was performed on the
ABI PRISM 7300 Sequence Detection
System  (Applied Biosystems) using
TagMan Gene Expression Master Mix
(Applied Biosystems, 4369016) and
Pre-Designed TagMan Assays specific
to mouse beclin 1 (MmO01265461_ml),
LC3b (Mm00782868_sH) and the house-
keeping genes B-actin (Mm00607939_
s1), GAPDH (Mm99999915_g1)
and TATA box-binding protein, 7BP
(Mm00446973_m1). Among the three
house keeping genes tested, B-actin had
the least expression variation across all
samples, including across beclin I geno-
types. PCR was performed in a final
reaction volume of 25 pl and the ampli-
fication was carried out for 40 cycles.
Relative quantities of mRNA were calcu-
lated using the 24t method with B-actin
as the housekeeping gene. Similar results
were obtained when 7BP was utilized as
the housekeeping gene in lieu of B-actin.

PCR genotyping of beclin 1 hetero-
zygous animals. PCR genotyping of
genomic DNA obtained from livers of
beclin 1 strain mice was performed essen-
tially as described in reference 53. For
detecting the wild-type beclin I allele, the
sense primer 5-CTG GAC ACG AGT
TTC AAG ATC CTG-3" and antisense
oligo 5-GGG CAT GGT AGC ACA
CAG ACC TC-3" was used. For detect-
ing the knockout allele, the sense primer
5"TGC GGG CCA GAG GCC ACT
TGT GTA GC-3' and antisense primer
5-GGG CAT GGT AGC ACA CAG
ACC TC-3' was used.”
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