Available online at www.sciencedirect.com

ScienceDirect

BBRC

www.elsevier.com/locate/ybbrc

ELSEVIER Biochemical and Biophysical Research Communications 351 (2006) 71-77

Quantitative monitoring of autophagic degradation

Akinori Kawai, Syuichi Takano, Nobuhiro Nakamura, Shoji Ohkuma *

Division of Life Sciences, Graduate School of Natural Science and Technology, Kanazawa University, Kakuma, Kanazawa, Ishikawa 920-1192, Japan

Received 21 September 2006
Available online 12 October 2006

Abstract

We developed a quantitative method for analyzing the induction of autophagy using a CHO-K1 cell line stably expressing a green
fluorescent protein (GFP) in mitochondrial matrix (mtGFP-CHO). When mtGFP-CHO cells were incubated with a medium depleted
of amino acids and serum, the GFP fluorescence was decreased concomitant with degradation of the protein. Biochemical and morpho-
logical analyses strongly suggested the degradation of mtGFP was mediated by bulk and non-selective degradation of mitochondria by
autophagy. Quantitative measurement of the mtGFP degradation was performed by measuring the GFP fluorescence and DNA content
by a fluorometric method and calculating the relative GFP intensity of DNA content, which approximated mean GFP fluorescence per
cell. Using this method, we showed for the first time that different inducers, such as amino acids and serum starvation or rapamycin
treatment, promote autophagy with different kinetics. This method is easy, relatively quick, and may be easily adapted to high through-

put screening for novel drugs that enhance or inhibit autophagy, and also for genes that regulate or modulate autophagy.

© 2006 Elsevier Inc. All rights reserved.
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Macroautophagy, usually referred to simply as autoph-
agy, is an intracellular bulk degradation system that is
induced when cells are forced to restructure their compo-
nents or correct redundancies under nutrient starvation,
hormonal stimulation or cell differentiation, and develop-
ment (for reviews, see [1-6]). When cells are starved, they
induce autophagy, degrade, and reuse non-essential parts
of the components to enable energy production and mate-
rial supplies, such as amino acids, for maintaining the
essential cellular functions required for survival [2]. In
autophagy, double membrane structures, known as limit-
ing membranes, are formed de novo in the cytoplasm,
which enclose and capture a portion of the cytoplasm
including organelles, such as mitochondria, to form auto-
phagosomes. The autophagosomes then fuse with endo-
somes or lysosomes that contain degradative enzymes
and become autolysosomes, commencing the degradation
of their contents [4]. It has been thought that the degrada-
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tion by autophagy is non-selective and that constitutive
basal level autophagy accounts for the turnover of long-
lived proteins [2,3,7]. However, growing evidence indicates
that autophagy can also participate in selective degradation
of cytoplasmic materials including protein aggregates,
impaired mitochondria, peroxisomes, and even invading
pathogens (for reviews, see [5,8,9]).

Autophagy has been traced by biochemical and mor-
phological methods (reviewed in [10]). Generally, biochem-
ical methods are quantitative but rather time-consuming
and it is inherently difficult to distinguish autophagy from
other intracellular degradation pathways, such as the ubiq-
uitin-proteasome pathway and microautophagy [8,11,12].
On the other hand, morphological methods are simple,
and less time-consuming, although they are rather qualita-
tive and have difficulty in quantitation. Using GFP fused
LC3, a mammalian Atg8 orthologue, the formation of
autophagosomes in mammalian cells can be monitored in
live, enabling morphological quantitation [13,14]. Howev-
er, as LC3 dissociates from autophagosomes after fusion
with lytic compartments [13,14], precise quantitation of
autophagosome formation or induction of autophagy is
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not possible. Furthermore, morphological methods are dif-
ficult to apply for high throughput screening. Under these
circumstances, we attempted to establish an alternative
quantitative monitoring system for autophagy. We have
chosen mitochondria as a marker because mitochondria
are a well-established and easily traceable cytoplasmic
component in autophagic degradation [1,3,15]. In addition,
as mitochondria are large organelles and are thought to be
degraded mainly by macroautophagy [15,16], they are able
to serve as a specific marker for macroautophagy.

Materials and methods

Reagents. Chloroquine diphosphate, ammonium chloride, bafilomycin
A\, leupeptin, pepstatin, and rapamycin were purchased from Wako Fine
Chemicals (Osaka, Japan). 3-Methyladenine, protease inhibitor cocktail,
and lactacystin were purchased from Sigma-Aldrich Corp. (St. Louis,
MO, USA). Cycloheximide and DMSO were purchased from Nacalai
Tesque (Kyoto, Japan). Anti-ubiquitin antibody and chymostatin were
purchased from Calbiochem (San Diego, CA, USA). Antipain was pur-
chased from Bachem AG (Bubendorf, Switzerland).

Cell line and culture conditions. CHO-K1 cells (a Chinese hamster
ovary cell line) were maintained in Ham’s F-12 medium (Gibco-BRL)
supplemented with 10% FBS (growth medium) containing 100 U/ml
penicillin and 100 pg/ml streptomycin at 37 °C under 5% CO,. Medium
depleted of serum was Ham’s F-12 medium without supplements. Amino
acids depleted medium was formulated with the recipe of Ham’s F-12
medium without amino acids.

Transfection and production of a stable cell line. pPCAGGS-GFP (GFP
expressing in the cytoplasm) and pCAGGS-pOTC-GFP (mtGFP) were
kindly donated by Dr. Masataka Mori (Kumamoto University, Japan).
pGFP-LC3 was kindly donated from Dr. Tamotsu Yoshimori (Osaka
University, Japan). CHO-K1 cells were transfected with the plasmids
using Effectene (Qiagen, Hilden, Germany). Stable transfectants were
selected and maintained with growth medium containing 100 U/ml peni-
cillin, 100 pg/ml streptomycin, and 500 pg/ml G418 (Sigma-Aldrich).

Starvation. 2 x 10° cells were seeded in a 6-cm dish and cultured with
growth medium containing 100 U/ml penicillin, 100 pg/ml streptomycin,
and 500 pg/ml G418 for 48 h. Cells were washed twice with experimental
medium and cultured in the same medium for the indicated time. Where
indicated, 100 pM chloroquine diphosphate, 40 mM ammonium chloride,
10 mM 3-methyladenine, 100 nM Bafilomycin A; (with 0.01% DMSO),
100 nM rapamycin (with 0.01% DMSO), 10 uM lactacystin (with 0.1%
DMSO) or 0.1% DMSO was added to the medium.

Fluorescent microscopy. For labeling lysosomes, mtGFP-CHO cells
were pre-incubated with a growth medium containing antibiotics and
500 pg/ml of Texas Red dextran (Molecular Probes, Eugene, OR, USA)
for 16 h. Cells were incubated with a growth medium or starvation
mediums containing protease inhibitors (pepstatin, leupeptin, antipain,
and chymostatin) for the indicated time at 37 °C, washed 3x with phos-
phate-buffered saline (PBS), and fixed in 4% paraformaldehyde. Cells were
observed under a laser scanning confocal microscope (LSMS510, Carl
Zeiss, Jena, Germany). For quantitation, average fluorescent intensities of
the cells were measured by ImageJ (NIH, USA). A cell area was manually
enclosed using freehand line selection and the mean intensity then mea-
sured. For each image, 20 cells were randomly selected and the mean
calculated. This was then subtracted from the mean background obtained
by the measurement of three randomly selected areas with no cells in the
same image.

Fluorometric analysis. This was performed as described previously with
slight modifications [17]. Briefly, cells were washed and lysed with SDS-
containing buffer and sonicated. GFP fluorescence was measured using a
fluorometer (F-4500, Hitachi, Tokyo, Japan) at 480 nm for excitation and
510 nm for emission. The DNA content was measured using Hoechst
33258 dye [18].

Western blotting. mtGFP-CHO cells were washed with PBS and lysed
in lysis buffer (0.1 M Tris—HCI [pH 6.7], 4% SDS). The lysate was soni-
cated (Sonifier 250D, Branson, Danbury, CT, USA) and protein con-
centration was determined by BCA protein assay kit (Pierce Chemical
Company, Rockford, MI, USA). This was then adjusted to 0.1 M DTT,
0.2 M sucrose, and 0.02% BPB, and analyzed by SDS polyacrylamide gels
electrophoresis (15% or 12.5% polyacrylamide gels). Proteins were then
electrophoretically transferred to polyvinylidene difluoride membrane
(Immobilon, Millipore Corp., Bedford, MA, USA) using semi-dry transfer
blotter. The membranes were then incubated with the rabbit anti-GFP
polyclonal antibody (Santa Cruz Biotechnology, CA, USA), mouse anti-
actin monoclonal antibody (Chemicon international, CA, USA), rabbit
anti-ubiquitin polyclonal antibody (Calbiochem) or rabbit anti-LC3
antibody (kindly donated by Dr. Tamotsu Yoshimori, Osaka University),
and then anti-rabbit or anti-mouse secondary antibody conjugated to
horseradish peroxidase (1:5000) (Santa Cruz). The reaction was visualized
using the ECL detection system (Amersham Pharmacia Biotech, Uppsala,
Sweden) with a luminescence analyzer (LAS-1000, Fuji Film Corp.,
Tokyo, Japan). Densitometry was performed with Image Gauge (Fuji
Film Corp.).

Results and discussion

Monitoring the degradation of mitochondrial matrix marker
protein (mtGFP)

To monitor mitochondrial degradation, CHO-K1 cells
stably expressing a green fluorescent protein (GFP) in
mitochondrial matrix (mtGFP-CHO) were produced using
a GFP fused with a pre-sequence of mitochondrial orni-
thine transcarbamylase (mtGFP) [19]. When mtGFP-
CHO cells were examined for the localization of GFP
under a fluorescent microscope, cytoplasmic dots or
thread-like structures, typical of mitochondria, were
observed (Fig. 1A, right panel). These structures were pre-
cisely co-stained with MitoTracker Red CMXRos (Invitro-
gen), which specifically and vitally stains mitochondria,
(unpublished observation) indicating that the mtGFP was
properly targeted to mitochondria and suitable for further
analyses.

First, we tried amino acid starvation, which has been
widely used to induce autophagy in cultured cells [13,20].
When mtGFP-CHO cells were treated with a medium
depleted of serum and amino acids for 12 h, fixed, and
observed under a confocal microscope, the fluorescence
of the mitochondria was significantly lower than the con-
trol cells, although the structure and distribution of
mitochondria was not significantly affected (Fig. 1A).
The average intensity of fluorescence per cells was
reduced to about 60% (Fig. 1B). Western blotting analy-
sis was performed to confirm that the reduction was
caused by the degradation of mtGFP. As expected, star-
vation apparently reduced the amount of mtGFP
(Fig. 1C). The reduction was about 80% when quantified
by densitometry (Fig. 1D). This result indicated that the
reduction in the GFP fluorescence was mostly caused by
degradation of the protein. However, the rate of fluores-
cence reduction was significantly higher compared to that
of the protein amount. This may be caused by quenching
of GFP fluorescence preceding degradation, or more
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Fig. 1. Degradation of mtGFP after amino acid and serum starvation. (A) mtGFP-CHO cells were cultured in normal growth medium (left panel) or
medium depleted of amino acids and serum (right panel) for 12 h and examined by a confocal microscope. A sliced image with the largest cytoplasmic area
is shown. Bar = 20 pm. (B) The average fluorescent intensity in a cell was quantified as described in Materials and methods. The result shown is an average
of three independent experiments. Error bars indicate SEM. (C) mtGFP-CHO cells were treated as in (A) and lysates were prepared, and analyzed by
Western blotting using anti-GFP antibody as described in Materials and methods. The same amount of protein (30 ug) was loaded into each lane. A
representative picture of three experiments is shown. (D) The bands in (C) were densitometrically quantified and the ratio of the starved cell sample to the
control was calculated. The result shown is an average of three independent experiments. Error bars indicate SEM. (E) Cells were incubated with normal
growth medium (normal) or starvation medium (starvation) for the indicated time, harvested, and lysed. The GFP fluorescence and the DNA content of
the samples were analyzed using a fluorometer as described in Materials and methods. The fluorescent intensity of GFP per DNA content was calculated
and expressed as the ratio to the non-treated control cell sample. mtGFP, mtGFP-CHO; GFP, CHO expressing GFP in the cytoplasm.

likely, by limitations in the morphological quantitation
method.

To evaluate these possibilities and furthermore develop
a simpler, less time-consuming, and quantitative method,
we employed fluorometry developed in our laboratory pre-
viously [17]. Cells were incubated with normal growth
medium or starvation medium for 1-36 h and the fluores-
cent intensity of GFP per DNA content, which approxi-
mated mean GFP fluorescence per cells, was analyzed.
The fluorescence was unchanged after incubation with con-
trol normal medium for up to 36 h (Fig. 1E, mtGFP, nor-
mal). In contrast, starvation induced a gradual reduction in
GFP fluorescence (Fig. 1E, mtGFP, starvation). The ratio
of the reduction after 12 h starvation was about 80% and
this was in good accordance with the level of mtGFP deg-
radation determined by Western blotting (Figs. 1C and D).
Therefore, we concluded that the degradation of GFP
simultaneously proceeded with the quenching of the fluo-
rescence so that the loss of fluorescence reflects the degra-
dation of protein. Intriguingly, GFP fluorescence was
almost unchanged for the first one to two hours of starva-
tion. The fluorescence was then dramatically reduced after
3 h of starvation (less than 90% was left). As the induction

of autophagy has been reported to peak after 2 h of starva-
tion [13], it is probable that the latency in the reduction in
mtGFP fluorescence reflected the time required for the for-
mation of autolysosomes. A steady reduction in GFP fluo-
rescence was observed with longer incubation, indicating
the continuous degradation of mtGFP by starvation.

Mitophagy, the specific degradation of mitochondria by
autophagy, was reported to be induced by mitochondrial
damage [21-25]. Thus, we tried to evaluate whether mtGFP
was degraded specifically or non-specifically by the classical
bulk degradation mechanism of autophagy [26]. For this
purpose, we generated CHO cells stably expressing GFP
in the cytoplasm and quantified the reduction in the GFP
fluorescence by the same fluorometric method. As shown
in Fig. 1E, the kinetics of the decrease in fluorescence were
almost the same as for mtGFP, strongly suggesting that the
degradation of mtGFP was mediated by a bulk degrada-
tion mechanism by autophagy under amino acid and serum
starvation. As the degradation of mtGFP was thought to
be coincident with the disruption of mitochondria in auto-
lysosomes (further discussed in the next section) and more
specifically to reflect macroautophagy, only mtGFP-CHO
was analyzed hereafter.
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mtGFP is degraded by autophagy

We took several approaches to confirm that the degra-
dation of mtGFP was caused by autophagy and not by
another cytoplasmic degradation mechanism, such as the
ubiquitin-proteasome system.

First, we carried out a morphological analysis to look
for evidence of autophagic degradation of mitochondria.
If mitochondria are enclosed in autophagosomes and fused
with the lysosomal compartment, co-localization of lyso-
somes and mitochondria has to be observed. To label lyso-
somes, mtGFP-CHO cells were loaded with Texas Red
dextran as described in Materials and methods. The cells
were then starved and the distribution of mitochondria
and lysosomes analyzed by confocal microscopy. To better
preserve the autophagocytosed mitochondria, cells were
treated with protease inhibitors. When control cells were
analyzed, the distribution of mitochondria and lysosomes
was clearly distinct and virtually no co-localization was
observed (Fig. 2A, top panels). In contrast, apparent close
apposition of mitochondria and lysosomes was observed

after 6 h of starvation (Fig. 2A, bottom panels and B, yel-
low spots). Careful inspection of the cells, by reconstruct-
ing 3D images of the cells, revealed actual overlapping of
mitochondria and lysosomes suggesting the engulfment of
mitochondria in autolysosomes (Figs. 2B and C). In most
of the cells, one or two of these structures were observed.
The low number of these structures may reflect rapid
breakdown of mitochondrial integrity and dispersal of
mtGFP in autolysosomes and/or partial degradation of
mtGFP that was not completely inhibited by added prote-
ase inhibitors. In any case, the observation of mitochondria
in lysosomes suggests that the mitochondria are auto-
phagocytosed and delivered to autolysosomes.

Second, we tested whether compounds that inhibit
autophagy affect the degradation of mtGFP. Chloroquine
diphosphate and ammonium chloride are basic compounds
that have been reported to raise the pH in an acidic com-
partment [27]. Bafilomycin A; is a selective inhibitor of
V-ATPase and also raises the pH in an acidic compartment
[28]. These compounds have been shown to inhibit the for-
mation of autolysosomes, probably by inhibiting the fusion

X

Fig. 2. Co-localization of mitochondria with lysosomes in starved cells. mtGFP-CHO cells were loaded with Texas Red dextran and then incubated in
normal growth medium (A, top panels) or medium depleted of amino acids and serum (A, bottom panels, B and C) for 6 h in the presence of protease
inhibitors. Cells were fixed and observed using a confocal microscope. (A) A sliced image with the largest cytoplasmic area is shown. Left panels, mtGFP;
center panels, Texas Red dextran; right panels, merged pictures. Bar = 10 um. (B) Left gallery; representative sliced images with clear co-localization of
mitochondria with lysosomes. Panels are in the same arrangement as in (A). Bar = 10 um. (C) Areas marked by white squares in merged pictures of (B)
were enlarged and presented with sliced images of the z-axis of the corresponding areas. Top, x—z images; bottom left, x—y images; bottom right, y—z
images. Green, blue, and red lines in the panels indicate the planes for x—z, x—y, and y—z images. Bar = 2 pm.
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Table 1
Effect of autophagy inhibitors on mtGFP degradation

The rate of inhibition (%) (n = 3)

Chloroquine 40.0 £ 4.0
Ammonium chloride 47.1+6.7
Bafilomycin A, 493478
3-Methyladenine 53.2+4.8

mtGFP-CHO cells were cultured in a medium deprived of amino acids and
serum in the presence of the indicated inhibitors for 6 h. The cell lysates

were fluorometrically analyzed as described in Fig. 1.

between autophagosomes and lysosomes [29,30]. 3-Methy-
ladenine is an inhibitor of phosphatidylinositol-3-kinase
(PI3K), which specifically inhibits macroautophagy [31].
When mtGFP-CHO cells were incubated with amino acid-
and serum-free starvation medium for 6 h in the presence
of any of these compounds, the degradation of mtGFP
was inhibited by 40-50% (Table 1). These results suggest
that the degradation of mtGFP is mediated by autophagy.

Third, the induction of autophagy was confirmed bio-
chemically. LC3 is a mammalian orthologue of yeast Atg8p
and known to be converted to a higher mobility isoform
and localized on newly formed autophagosomes in
response to the induction of autophagy [13]. Incubation
of mtGFP-CHO cells in amino acid and serum depleted
medium strongly induced the conversion of LC3-I to a fast-
er migrating LC3-II isoform (unpublished observation and
Fig. 3A) suggesting the efficient induction of autophagy in
our experimental system.

Finally, we investigated the involvement of the protea-
somal degradation system in mtGFP degradation. The
inhibition of proteasomes can be monitored by accumula-
tion of ubiquitinated proteins, which is detected as smear
bands with lower mobility, by Western blotting of a cell
lysate with anti-ubiquitin antibody [32]. mtGFP-CHO cells
were incubated with starvation medium in the presence or
absence of lactacystin, a proteasome inhibitor [33], lysed,
and analyzed using anti-ubiquitin antibody (Fig. 3B).
There was no significant accumulation of ubiquitinated
proteins in mock treated starved cells (Fig. 3B, DMSO).
In striking contrast, massive accumulation of ubiquitinated
proteins was detected in lactacystin treated starved cells
clearly indicating inhibition of the proteasomal degrada-
tion system (Fig. 3B, Lact). In contrast, accumulation of
LC3-II was not affected, indicating that inhibition of the
proteasomal degradation system did not interfere with
the induction of autophagy (Fig. 3A, compare DMSO
and Lact). Under these conditions, no significant inhibition
of the degradation of mtGFP was observed (Fig. 3C).
Therefore, the proteasomal degradation system appears
not to be involved in the degradation of mtGFP.

Taken together, these results strongly suggested that in
our experimental system the degradation of mtGFP was
mostly caused by autophagy, probably by bulk engulfment
of mitochondria in autophagosomes and consecutive for-
mation of autolysosomes.
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Fig. 3. Effect of proteasome inhibitors on mtGFP degradation. mtGFP-
CHO cells were cultured in normal growth medium or medium depleted of
amino acids and serum-containing lactacystin (Lact) or mock carrier
solvent (DMSO) for 6h. (A,B) The cell lysates were subjected to
immunoblotting analysis using an antibody against LC3 and actin (A)
or ubiquitin (B). (C) GFP fluorescence of the cell lysates was measured as
in Fig. 1E.

Kinetic analysis of autophagy

The fluorometric assay was relatively easy and less time-
consuming and was well suited for the kinetic analysis of
autophagy. Using this method, detailed quantitative mea-
surement of autophagic activity is possible. To start, we
challenged the cells with several different conditions that
have been shown to induce autophagy and analyzed the
kinetics of autophagic induction. We compared rapamycin
treatment and amino acid or serum starvation, which have
all been shown to induce autophagy but by activation of
different points in the autophagic signal transduction
machinery (see reviews for [5,34]). As mentioned in
Fig. 1E, dramatic induction of autophagic degradation
was observed under double depletion of amino acids and
serum after 3 h of treatment. In contrast, depletion of only
amino acids or only serum showed only weaker induction
of autophagic degradation at the same time point
(Fig. 4A). The continuous and gradual induction kinetics
were very similar for sole depletion of amino acids or
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Fig. 4. Kinetic analysis of autophagy induction by different autophagic inducers. (A) mtGFP-CHO cells were cultured with normal growth medium with
rapamycin or medium depleted of amino acids, serum or both for the indicated time. GFP fluorescence of the cell lysates was measured as in Fig. 1E. (B)
CHO cells expressing LC3-GFP were treated as in (A). The cells were fixed and examined by confocal laser scanning microscopy. Bar = 10 pm.

serum (Fig. 4A). Interestingly, the induction of autophagic
degradation by rapamycin was further slower compared to
the depletion of amino acids, serum or both. Significant
induction was only observable after 12h of treatment
(Fig. 4A).

To confirm that the kinetic difference was actually
reflecting that of autophagy induction, we morphologically
analyzed the kinetics of the activation of autophagy by
LC3 activation, GFP-tagged LC3 rapidly accumulates on
cytoplasmic spots during the early stage of autophagosome
formation [10,14]. A CHO cell line stably expressing LC3-
GFP was produced and treated with rapamycin or was
starved of amino acids or serum (Fig. 4B). Amino acid
and serum starvation strongly induced the accumulation
of LC3-GFP on numerous cytoplasmic spots after 3 h of
treatment (Fig. 4B). The induction of LC3-GFP dots
remained at a similar level after 6 h of treatment and slight-
ly decreased after 12 h. This correlated well with the induc-
tion of autophagic degradation (Fig. 4A). As expected, the
number of LC3-GFP dots was lower with the sole starva-
tion of amino acids or serum after 3 h of treatment and
remained at a similar level with longer incubation
(Fig. 4B). The induction of LC3 dots was even lower under
rapamycin treatment after 3 and 6 h, and then significantly
increased after 12 h of treatment. These results were in
good agreement with the kinetic analysis (Fig. 4B) and

strongly support the idea that the kinetics of mtGFP deg-
radation reflects the kinetics of autophagy induction.

To our knowledge, this is the first study to demonstrate
that different inducers promote autophagy with different
kinetics. These kinetic differences may reflect the different
steps of the autophagic signal transduction pathway that
rapamycin and amino acid or serum starvation stimulate
[5,34,35].

We conclude that mtGFP serves as a quantitative mark-
er to analyze the kinetics of autophagy induction. The
quantitative method we have developed would be easily
adapted to high-throughput screening for novel drugs that
enhance or inhibit autophagy, as well as for genes that reg-
ulate or modulate autophagy. Future application of this
analytical method will greatly benefit the understanding
of autophagy and development of new drugs and treat-

ments of autophagy-related disorders, including cancer
[36-38].
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